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Unuﬁ ghppp nwuwlwo dtrGwpy t* oyhpdwéd GepYw nwph ghunnipjwa
wibkwwpwg qupgugnn &nintphg JEUHG" hwiwywpgswshG dhnpdhl L Opw
Yhpwenipjuip Ythuwpwiwywd bwiwlwpgtph nunudGwuhpnipjul  dbe:
<wiwywpqswihb tdhnpdh qunwihwpp p huynn Gywy dh Ynnihg qniquhtne
hwynnwywl rtunipubtiph, wn pynd’ gtiphwiwywpghsbtiph, hwiwywnpg-
swihl Yiwunbpbph b Ybpewwbu gphntiph, hbswtu Gwl Sgphn, wpwqw-
gnpé dwubwghwnwgywé dpwgpwihl thwptplttph L wignphpilbtph uwntnd-
dwl, huy g ynnihg' ghunipwa ntrbu ng S2gphun hwiwpynn plw-
quywrbtpnud (ophtwy™ phihwynid, YeGuwpwinpwa dbe L wy Snintpnud)
wnbuwywh ghwbihpttph Yniwnwydwh wpyyniapnud: Wu nipnnepjwl quip-
qugiwl L wwpwdiwb hwiwp prhipwiht wewepbpwgh hwagtgptg, wju-
wtu Ynsgwd, dmbynypuyht phowdhyuyph Stpnnh huwyuinGwptpnuip, npp how-
pwynpnipnth wndtig hwubl] hwiwywpgqswiht L phghywywl thnpdbpny
unwgywd wpryntbpbbph wewyt) wunwpwy hwdwnpiw:

Urwowplynn gpeh pndwbnuyniginiip Ywqdywé t htlg wju qunwdw-
pwiununtjwip. wib hp wbuwyh dbg Gqwyh t L quihu t hbog-np swihny pwg-
OGN pnirG quipqugnn wju phwqwywentd pnthwywb nwuwgpptph, wuwh-
pwliwbbph L ghunwywl wluwnnnGtph hwdwn wohpwdtn gpuywone-
pJwb vbo nwé pwgp:

Qnph wrwohl qluntd Jwlpwdwul junuynd b hwdwywpgswihG thnndh,
dwpwyht pnpdwniibph L wdhOwpenitGtph ophGwyny vnitynyOEph Yn-
nwynpdwb dwuh: <wwnney niwnpneeynia £ nuipdyti Protein Databank (pdb)
dnpdwuwnh, L Yepgnéyt) 6O spwgph pninp nibyghnbwy hGwpwynpnipnii-
GBpp: Gpypnpn gilundd hwyhpd epyuywgywé 60 pywlunwphdhwywa b
UnGuwt Ywreinh dnunbgnuiGbpp, huy Gppnpn giluntd winpywé b onGyntjwih
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nhGwdhyuwih dtpnnh Jwipwiwuld pwgwwnpniginip: 2nppnpn gfluntd pbp-
Jwé 60 hwiwywngswihG thnpdbpnd hwdwiu ogunwgnpdynn GROMACS L
NAMD 6pwqpwihs hwpebpttpp b win tGpynt hwpbpltph hwibiwunwywh
yepinénipynip qniquihbrwgdwl inbuwGyniapg:

Jtpoht qiund Gepyuwywgywd 6o Yehuwpwiwlywl pwunwipltph L thnun-
pny htnniy piipEniywo hwiwlyuwpgtph ypw hwdwluwpqswiha thnpdny
wpywé nuntiGwuppnepynbtpp:

Qhppp Gwhiwwntugws ¢ hahbugh, phihugh b Yehuwpwnipjwb ninpuwnh
ghunwjuwinnntph hwdwp, hoswtu Gwl oqunwywp YihGh wyb nuwbnnbbph
L wuwhpwbwnGEph hwdwp, npnip hbunwppppynd 66 Yapnawy fubnhplb-
nny:

<EnpGuilyen
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Lbpywynuiu powghunwywo nwnibwuhpnipintGbph hwdwp J66 Gow-
Gwynipnth GG dbrp ptipk] hwdwywpqswiht “thnpdbpp”™: Uinbnéyty o pwq-
Jwphy 6pwgptp, npnGp hGwpwynpnignit 60 twihu httnwqnuinnhG hw-
dwywpgsh ogqlnipjwdp dnnbiwdnpb W hwdwpyw GnyGwpwnp Yspwpunwnpbi
wylt ghuinwhnpdtpp, npntp juwwwpynud GG ppwywl dhghluywb thnpdh dh-
ongny: {wiwlwpgswiht thnpdbpp hGwpwynpnipynua 60 tnwithu htwnbbint ne-
untibwuhpynn Gpunyph wdpnne pupwgpht, uwyw)l unwgywd wpnntbpbnh
&unnipyntlp unnugbint hwidwp, wiinuwdtbw)ohy, wwhwbaoynd t uuwnwnbi
(wpnpwwnnp thnpdbn:

dbnpohlt wwphlGbphe’ hwdwlwpgswiht nbuthyuwh qupqugdwi htwn
qnugpOpwg, (wjb tnwpwdénd b unwgt) dnEynyuwiht hwdwlwpgtph dnnblw-
ynpnuip hwdwywpgsh oginipjwip: {wiwlwpgqswiht tphnpdp Yuwd dnnbjw-
ynpniip nwuynd § ysGuwhOodnpdwwnphywsh hhdbwywo ninnnipynlGbbph
2wpphl: h°0s £ hpGhg 0pYwjwglnud hwiwYwpgswihG thnpdp Yud dnnbiw-
ynpnudp: {wdwlwpgswiht thnpdp Ywpbp t nhuvwpyt] npwbtu nwunudlw-
uppnipjwlb  dhowlYwy dtpnn wnbunipjwld L hpwywb thnpdh dhel: <w-
dwywnpqswiht dnnGjwdnpnudp ghunwywl Sh ninnnepints £, npb nuuntdbw-
uppnud £ dnbynywiht Ywenigquéplbtpp L $nibyghwlbpp hwiwuwjwnwu-
fuwl dnnb0bph Ywenigdw L hwqwpydwh dhongny: UnnbkjGtph Ywenigne-
Gp Ghpwnnynud t npwbu npwig pywiht GEpYuywgnud (Bplyswdh Ywd trw-
swh tnwpwdnippwb tkg) wwnndwywl, dnbYnyuwiht Yud wy dwywpnwyt-
nh htlph Ypw: UnnbjuhG hwaqwpyitbpp wiuwlwo heoph epiniénpintah
G0 huynbh pwihl dbpnnbbph L wignphpdttph dhengny: Unnbjwjht hwp-
uwpybtpp hptbg dbe Gbpwrentd GO nwuwyw (dnieyniwyht L (widlbh nh-
Guidhyuwgh, UnGunt Ywenh) L pywbunwiha (Yhuw-tdwhphy b wpdwwnwywb)
dnwnbtgnidtbpp:



1. Cwiwywpgswiha thnpd L Ytauwhadnpiwinhlw

1.1 Unnbiotph Ywenignud L injuitph htiop (pwquw)

Uthuwpwinpjwl d69 welw dJEéwpwlwy nbntiwunynipjwd unwgiwh
L wywttph dwydwl dwiwlwy whhpwdtunnipnt | werwowlnd wjl
YwinOowywpgtby niohyGpuw) inuiibtph htbpbph oglnipjwip: Stuwlwa L
thnpdbwlwb  nwuntibwuhpnipntGbtphg  unnwgywéd wpnynaplbtpp  dnin-
pwapynud GO npwybu nnywiGtph htbp® wyb hEtnwguynud twppetp whwh ub-
nhpbtpnud oquwgnpétiint Gwwwnwyny: SEuwywh L thnpdbwlwb nydjw bt-
phg quun, wydd inuiltph htapbpp pwpdwgyntd 50 Gwl hwiwywngswiha
thnpdhg unwgywd wpyntaplbpny: <wyinbh &6 ntehybpuw dh 2wpp njwi-
Gtpp htGpbp, npnOp hhitwywbnid weyw 66 0wl hnbpOoGunwihG gwbgne:
Pwqiwdwubthywiht hwiwywpgtph wnduitph htapp hhdbwywonud GGp-
Yuwjwgynud t Grwswih nwpwénipjwb dte dwuGhyatph YnnpnhGwunbtph
wbupny: Uittwhwjunbh Lk hwiwiu oquwgnpéynn indjwubph httpp tEpyw-
jugyntd t Protein Data Bank [1,2] (hGuintpOtunwghb Yu)p — www.pdb.org) fwd
.pdb plnwjtnud notgnn $wytph oglnipjwdp: Ljwnp 1.1.1-nd OEpYWwjwg-
Jwé t PDB nwitbph hbGph vnwptlwl wap’ 4yepgwé hbGwnbplbnwih
wwwnnlwywb Yuiphg: SYwibtph wyu hGph unbnénudp uuyby £ ntrlu
1972 pywywlha, 80-wywbltpht wyl gpwbgk] bt qquih wé& (Gnun 150 hw-
dwywpg), huy 90-wywaltph tpetpht wyt hwwnd tp wpntb 10000-h uwh-
dwap: b°0g ¢ hptGhg G5pYuwywglnid wyu pnpiwnp L h*05 wrwGdbwhwwnynt-
pinLbbtp nuoh: Lwh G60p, np wyu $npdwnnlb nlbh hunwy Ywinbwlywpg-
Jwd wnbup, npunbn wdklt dh winnht hwdwwwunwuluwbnd | hwdwywngp
pOnLpwqgnnn wwpwdtup: Lwp 1.1.2-nud 0GpYwjwgywé t pdb pnpdwnnh o-
phowy: MGwnp t Gwl Go6f, np wyu $npdwnnh $wyitpp hpkbghg OEpYwjwgbnid
tGt ASCIlI wnbpunwihG wytp, npnGp Ywpbih t judpwgpb) Yuwidwjwywh
wnbiputnwyhb fudpwgphgny (Notepad, Wordpad, Textpad L wj 0): UwGpwdwub
OYwpwagpbop ymbOwluwhs nwwnbpht hwiwwwunwujuwonn  pwnwnphs-
UGpp:

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 A2
ATOM 101 2HG GLUA 25 11451 6530 -5142 1.00 0.00 A2
END

Lywp 1.1.2 PDB dwyh ophlwy
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Urweohlp dtYOwpwlnipjwld wnnb t (REMARK), npunbn Yuptih ¢t gpbyi
njwy dniyniwghlb dshwgnipjwp yepwpbpnn Yuwdwjwywb hGpnpdwghw, o-
nphGwy, Gpp t wit Ywenigdty, phdhwyuwb Yuenigywdpp b wy nigyuibtp: Un-
ynpwpwn, wu nnnp hwdwpynid b owghnOwy L gwoynipjwl nbwpnd Yw-
pan ¢t pwg pnnGyt: Gplpnpn winnp wwihu t nbntynipynth hwdwywnpgh
nwppwlywl pooh wwpwdbunpbph dwuhG’ GbpYwiwglbtinyg pynupbnuwiwb fun-
pwawpnwihG pesh a(7-15 ynibwybtpnid), b (16-24 unibwybbpnd) L ¢ (25-
33 ynibwyobpnud) pwnwnphsbtpp, hbswbu Owl walyntbw)ht pwnwnphsOb-
np’ @ (34-40 ynibwyobpnud), B (41-47 ynowybepnud) Ly (48-54 yniGwy-
GGpnud): lunpwOwpnwiho poeh pwnwnphsbpp GepLuwjwgwé GO wbhquun-
ptiGtpny L pnipbnughunwywlt  nywitbph  pwgwywnupjwb  nbwpnid
npwbp nhndnud 60 npwtu BGY shwynp® a=b=c=1.0, huy wayntbuwha
pwnwnnhsbtnp, hwiwwwunwuuwwpwp, 90% <wjunGh b6 7 wnbuwyh hho-
Owywb gwbgbn, npnag woynibwiht L nwppwywi pwnwnphsbtpp GGpYw-
jugdwé G0 wynuuwy 1.1.1-n1d:

Swigh tnbuwlyp Lawlw- Swppwlwb peoh RGNnLpw-
Ynidp pUnipwqgpbpp gphstpp
Sphlyhahy T azbzc,axf+y a,b,c, a,f,x
UnGnlyhGhly M azb#c, a=y=90° a,b,c, B
Onpnendehy o azbzc,a=f=x=9° |abc
SGuinpwaenluwy a=b#c,a=f=y=90° | &€
A;anﬁwmw- c a=b=c,a=f=x=90° |4
Snhantuy R a=b=c, a, a
a=f=y<120°,%90°
<Gpuwgnluwy H a=b#c, a=p8=90°,| %¢
y =120°

Unynwuwly 1.1.1 Swppwwb peoh pntpwgphsGtipp:

ualywbp hwenpnnn P-0 GYwpwgpnud | nwpwéwywld funudpp, huy 4bp-
ohl pwnwnphsp wnihitpwiht znpwibph pwiwyh t dhwnp pegnid: Swppw-
Jwb pooh wwpwdtinpspht hwenpnntd G0 hwdwlwpgh wuwnnitbph wnw-
pwéwywb Yynnpnhbwwnbtpp, npnbp nwuwynpynud G0 huinlyw) uniGwyob-
pnud. 1-6 ATOM {wd HETATM, 7-11 ynibwybbpnud gpwagynud £ wwnndh
htippwywb hwdwpp, npht hwenpnnid | wwnndh wodwbndp 13-16 ynibwly-
Obpnud (G6p ophbwymud™ N, CA, C, HG): hlswbku Gplunid t Ghotph pwlwyhg,
wwnndbbph wewybiwagnyb wpdtpp 99.999-G t, huy wytih 166 hwdwywnqgb-
ph OQwpwgndwl hwdwp Yuuwnwnpynid b hwdwph dspwhwqwpy’ uyuwd
1-hg dhbsl 99.999-p: UGS hwdwywngbph Geplyuwywgdwb gjnwu dup MODEL

8




dnuayghnluwy wnnnnh ogqunwgnpdnuldl t, npp dt6d pwytipp pwdwtmd t hw-
dwwwuwnwuluwb dnnbbeph, npnig wewybiwgnyt phyp Ywqdnud t 9999:
<wpy t Gwl GG, np MODEL $nilyghwl ogquugnpdtint nbwpntd ytpenid
wowwydwho wbwnp t 0yh ENDMDL wnnnp: 18-20 unibwyGtpnud inpynud L,
wjuwtiu Yngqws, dnikyniyh hwwndwéh Yuwd ubqitGnp woywOnidp, hOw-
pwynpngintt tnwind wdpnng hwdwlwpgp pwdwlb] hwunywétbph Yud
utquitbwnbbph (ophGwy uuwhunwynigh pwdwlnuip punn wihbwpepnibbph’
VAL, GLU L wy0) L hwiwpwyw b hwuindwétpp™ wrwiny hbppwywh hwdwp
(23-26 yniLatipnud): <owpwynpnipinib YJw Gwbl dnjEynyh hwunywéttpp Ywd
ubqutlwntpp pongpyt) wewbdhlt shwynplbph dbe, ophtwy wihtwppntbtpp
nputu A(22 ynibwynid) Yuwd wukGp (hwhnught dngyni G6pp nhuihwpyt, np-
wtu L: Uuinndbeph oppngniw) vnwpwdéwywb X, Y L Z ynnpnhGwwnGbpp Gbnp-
Yuwjwgdwé 6O 31-54 ynibbpnid, L hwpy b G261, np npwbp npynid 66 woqu-
wnptdbtpny: Qpwdywéntpnibp (Occupancy, 1.00 by default) L obpdwuwnh-
BwOwihlb gnpénbp (Temperature factor, 0.00 by default), hwiwwwunwuluw-
Owpwp, OEpYuywgymd 66 55-60 L 61-66 ynthwyatpnud, npnGg hwenpnntd
G0 ubkqitlwnh hankGunh$hywuwnnnp (Segment identifier, 73-76 unLOwybspnd)
L wwnndh uhdynip (Element symbol, 77-78 unibwyatpned): dbpenud wohpw-
dhuninipjwb nbwpentd Ggnud £ Owl wwnndh |hgpwjhG wpdtpp (Charge on
atom, 79-80 unilbwyGtpnud), huy pnibyghnbwy ninnp wywpunynud t END
wnnnny: Uh wpp opwgpujht thwpbpltbp (ophGwy, HYPERCHEM thwpbep)
dnieynijwhG dhwgnipyntbtpp Yhgnuwy wwunytptine hwdwp wwhwbGomad to
Owbl G2t wwndbEph dhole Ywwbpp, npnbp hpwywowgynid G CONECT
$nutyghnbGwy innnh dhongny® G261y hwlwwwunwupuwltwpwp wwnndbbph
hwdwnpObpp, npnip Yuwywé 66 ppwnp htwn Ynduwiton Yuwny: Ywplnp t
Gwl GG, np pdb Pnpdwnh ninn-ynGwluht wewbdGwhwunynipjwb sasha
thnihnfuntgynibp pEpnud £ dpwgpwyht upuwwGph, L htnbwpwp wu pnpdw-
wnh wnnn-untGwluwiht wewodowhwwnynipintbbbpp wbwnp t hunwy wwh-
wwbytlo: Pwgh Ybpp Gdwé dnibyghnbwy wnnntiphg unninple GEp{uywganud
tibp Gwl pdb pnpdwitnh pninp pnubyghwbtpp.

e HEADER - wnweohl winnp, npp wwpnibwynud t duyth pbnpnznn (h-

nbﬁanr:ll:huwghnﬁ) (ID) Yynnp, nwuwlwpgnidp L wiuwehyp:
ophtwy’
HEADER MEMBRANE PROTEIN 10-MAY-08 GLA

e OBSLTE - (obsoleted) wnnmd gpymd t wnuwtph htGph dbp
qpwigiwh Ywd pwpiwgiwl wiuwpehyp:

ophGwy’
OBSLTE 20-MAY-98 1PRO GLA

e TITLE - wuwtu Ynsqwdé, thnpdh Gud Ytpindnipjwa yepbwghpp, npp
GEpyuwywglnd £ wu Ywd wjo ghrnwywa hnnpjuop (hwdwndtp ¢
REMARK niGyghwyjht):

ophlwy’
TITLE X-RAY AND NMR STUDY OF DPPC MULTILAYERS
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SPLIT — oquwgnpdéymd t wyl dwiwbwy, Gpp dwjip pwnyuwgwsé t dh
pwlh YunnObphg:

ophlwy’

SPLIT 1AQP 1AQD 1AQR 1AQD

COMPND - wyu $nibyghwb GEpYuywganud t ndjuy ghwGgiwh dwy-
pnidnGyniwiht wwpnibwynepynibp, L npn2 ntwptipnud wyt Ywpnn t
wwpntbwyb) ophbwy winibp:

ophGwy’

COMPND MOL_ID: 1

COMPND 2 MOLECULE: HEMOGLOBIN & CHAIN

SOURCE - gnyg t vwwihu inw) gpwogiwt YEhuwpwlwywl Ywd
phihwywl wnpynipp, ghinwyw Ywd panntbywd wieywbnudp:
ophbwy’

SOURCE MOL_ID: 1

SOURCE 2 ORGANISM_SCIENTIFIC: SARCOMA VIRUS

SOURCE 3 EXPRESSION_SYSTEM: E.COLI

KEYWDS - (HEADER-h hwiwpdtipp) wwpntowynud t wnfjw; gpwig-
dwl pOonupwgphsGbpp (keywords):

ophlOwly’

KEYWDS MITOCHONDRION, OXIDATIVE, METABOLISM

EXPDTA - GbpYujwganud b intintynipynia thnpdh dwuh, hoswbu Gwb
G2n1d £ thnpdh bnwGwyp:

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

NUMMDL - Gznud t dwyh db9 weyw pninp dnnbiGtph pwGwyp: HOs-
wbu wpnbl G5 GGp, MODEL YJwpnbih t oguwgnpét) Gwl wb dw-
dwowy, Gpp hwiwywnpgh wwnnitbph phyp gEpwquognud | 99.999
wndtpp:Wu pnbyghwt wwpuwwnhp t, Gpp hwdwywpgp wwpni-
Gwynmd t 1-hg wybih dnnbjotp:

ophGwy’
NUMMDL 30

MDLTYP - wwpniowymd t nbnbynigimt’ Yuwywé wunniGeph n-
pn2wyh wewbGdowhwwnynmpintbOtph hbun:

ophbwly’

MDLTYP CA, HG ATOMS ONLY, CHAIN A, B

AUTHOR - wnwjjwy dwyh gpwlgdwl htnhGwybtpp:

ophGwy’

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

REVDAT - wuwpnitbwynmd t wbnbyniginit thnthnfunigyniblGbph 4b-
pwptipjwy: Lznud £ bwb gpwigiwh uyqpiwlwa wiuwpehyp:

ophbwy’
REVDAT 2 20-0CT-08 GLY 1 REMARK
REVDAT 1 10-MAY-99 GLY 0
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SPRSDE - 6wlnigntd qniu[:gﬁwb YnnpnhOwnwhG thngpnjuntpyntl-
GGph dwuhG:

ophbwy’
SPRSDE 20-May-99 2AQP 1AQP

JRNL - G2yntd GO hbnhOwyp, ghunwywh hnnywép L wy dwipwiwu-
Utp: Qpwbgynud 6O AUTH, TITL, REF, REFN, PMID, DOI Gopwdnuy-

ghwbpp:

ophbwy’

JRNL AUTH A.H. POGHOSYAN

JRNL TITL SDS MD SIMULATION

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

JRNL PMID 3198745

JRNL DOI  ......

DBREF - ObpYuywgOnud t dwypniniBynih wewobwiht Ywrenig-
jwéph dwuhG wnbnbynignibltp, ID Yynnp, nwibbph htbpp, npnud
wnbnwnpywd t wyip, ubqitownbtph pwiwyp b wyl:

ophbwy’

DBREF 1AP A 1 250 PDB Q9KK6 3C2J 1 250
SEQRES - Utpyuwywglnud § wnihdtph’ nputu ynguwiGbun Yuwbpny
Yuwwywé wuinniltph phdhwywl Ywrenigwéplbtpp, wihGwppnibbp,
any hawpepnLobp L wyb:

ophbwy’

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

SEQRES 3 X 8 U € C€C € 6 U A A

SEQADV - Gtpyuywglnid t SEQRES L DBREF gpwlgniiGtph wwp-

pGpneynLGGEpp:
ophlwy
SEQADV 3ABC MET A -1 UNP P10725 SER 50

MODRES - Gbpyuwjwglnid t uwhuwynigbtph wd GnyGhOughG
ppnLOtph ubkquikLwnbtph dnnhphywghw:

ophlwy’

MODRES 4ABC MSE B 32 MET SELENOMETHIONINE
HET - ogquwgnpéynud £ dEYOwpwbEnt hwiwp ns-unwbnwpu dow-
gnpnltpp (residue), hGswhuhp 60 wpnuntwnhy fudptnp, hthhphwnp-
Otpp, |néhsltpp, pnGOtpp L wyb: vdptpp Gapwnpynid 56 HET, Gtk
Jwu 60 Ywqinud Yabuwpwlwlwb wnihdtpatph, npnGpe gpwigynud
t0 SEQRES pwdGnu:

ophtwy’

HET TRS 975 8

HET UNK A20 1 /UNK - unknown amino-acid

HETNAM - utnwiihu £ indjuy hetiD dhwgnupywib phihwlwo wodwOnudp:
ophbwy’

HrI:‘.!;'NMl: UNL UNKNOWN LIGAND
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HETSYN - HETNAM-h hndwGh) t:

ophluwly’

HETSYN HV6  3-METHYL-L-VALINE

FORMUL - Gbpyuwjywglnud t ng-unnwinwpun fudph phdpwywl pw-
Gwabp L thgpp:

onhlwly’

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 = wvwwhu b dnieynymd wwpnyph (helix) dwuhb inbinbynipynta,
ID Ynnp, swihp, uygpiwywh L Ybpobwlywt dbwgnpnltpp (initial and
terminal residue) L wji: Uu pwohOp ybpwptpnud t Shwgntpntbbbph
Gpupnpnwywl pwdaha (Secondary Structure Section):

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

SHEET - oquwgnpéynud t dniEynymd welw 26puntkph (sheet) dby-
GwpwOnpjwa hwdwp® gpwigtiny pninp Wwpwikinpbpp:

ophlwy’

SHEET 1 A 5 THR A 107 ARG A 10 O

SSBOND - gpwlgnud £ uwhwnwyniguyht L wnihwtwwhnughl Yu-
rnigwdpltpnud jJntpupwbgnup Gpyunydhnuwiht Yuwwh weuwjnpint-
Gp’ vnwind hwdwwwunwupuwb wwpwdbuptn, ophGwy™ Gplunydh-
nwihG Yuwh Gpywpnipintbp (npdwdé woquunptittpny), ngjwy d0w-
gnpnh hbppwlwb hwdwpp, ID Ynnp L wyjG: UkGp, np S - S Ywwh
pGntpwgntpp wewp t dnun |hak0o thnpdGwlwb ngywiGenha:

ophlwy’

sggong 1 CYSA 6 CYS A 127 1555 1555 2.03

LINK - Gunud GG dGwgnpnGtph dhob hwwnndy Yuwuwbpp, npnGp s6G
G24b; wewolwht Ywrenigwépnid:

ophbwy’

LINK 0 GLY A 49 NA NA A6001 1555 1555 2.98

CISPEP -~ gpwlgnid t wpniho Ywd wy wewuinhnbbpp, npnGp nuakl
cis  UnGdnpiwghw: Cis wbwwphnlbpp hwulwgymd &G
o = 0° £30° walyntalbpny:

ophlbwy’

CISPEP 1 SER A 58 GLY A 59 0 20.85
SITE - wwpnibwynd £ dwypndnibymp wwpthwynn shpwywiph dw-
uhl nwpwwnbuwy ntntynipynLl:

ophbwy’

SITE 1 ACl 3 HIS A 94 HIS A 96 HIS A 119
ORIGXn - GtpYyuywglnid t oppngnlw) YnnpnhGwwnGtph thnfuwytp-
wnuip wpdwé YnnpnhbwwnGbph: Gopwnptbp oppngnGwinip)nLlp
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Onitpy Onzy Onz n=1.2 Ywd 3 ¢, huy dlwhnfudwl jwihp” Ta: @n-
fuwytpwywé Ynnpnhbwinbbpp Yihasa®

Xs = 011X+012Y+013Z+T,4

Ys = 021X+022Y+023Z+T>

Zy = 031 X+032Y+033Z+4T5

ophGwy’

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 - (nyGwgynud £ ORIGXn-h htwn. tnhwppbpnigyntGl wy £, np
ynnpnhGwuwnwiht  wnbnwanfuniginuip yepwpbpnud ¢ pynpbinwiyuwG
gwlgh ywpwitwnptphl (CRYST1 gpwbgiwbp):
ophOwy’

SCALE1l 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 Jwd 3) - ybpwptpynud t dwunphgwiht thnjuwytp-
wnLdatph:
ophGwy’

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 - gpwignud b otpdwuwnnh8wlh wGhgnunpny gnpdwyhgp:
Npwtu gnpdwlgh shwunp yepgynud t x10° 42:

ophbwy’
ANISOU 108 N GLY A 15 2407 1855 1541 520 -122 N
e TER - gpwlgnui | ATOM/HETATM-ny ObpYujwgywé npuyh wyjwp-
wp:
ophGwl’

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 - ybpwptingnud t dwyh wwpwdbnptphG® wninnbph, new-
Gtph, dnnnuOtph, ywpnypotph pwowyp b wyl:

ophlwy’
MASTER 50 0 0 0 0 0 ©0 5 110 S5 0 15

Uu $npdwwnh wybih dwopwiwuG pwguwwnnpnipintip Yuptih £ qunlty
http://www.pdb.org huntplbuinwht ywwnnbwlwb Yuypnud:

SYjwitbnh dESwiwuGnipntGp wwhynd £ ytpnhhywy $npdwnnny, b hw-
dwpjw pninp ghnwywo dpwapuyhl hwptpltnp w2luwwnnud G0 wjuwhuh
dwytph htiwn: Ywl Gwl wy Pnpdwnltp Ywd tnyuitbph htoptp, npnGghg
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LO" Protein International Resource (PIR) L Non Redundant Proteins database
merged Regular release (NRPR)”, SWISS-PROT [3], GenBank™, L Genpept
nwilph hthpbpp, twppbp dpwgnwiht hwwnnty $npdwnbbp’” MOL™,
HIN, XYZ, ML2 L wjt: GROMACS [4,5], NAMD [6] L AMBER [7] dnwgpwjhl
hwjinth hwpebpltpp, npnbp Gwjuwwntujwé GO dnEyntwiht nhbwdhywywo
nwunuiGwuppnipntGtph bwdwp, npwbtu ulqplwywl dninpwiht wWwpw-
dGuwn ogquwgnpdnud GO Ybpp Gwé pdb pnpdwunp: Wb hwdwpynid £ Gwb
Glpwht wwpwibp dh wpp é6pwgpwiht hwpebpltnnud: Uhw upwbp tha
pdb $npiwwnh wrewbdtwhwwnynipntblbpp, npnbp pwgh Grwswt Ynnpnh-
Gwwnbbphg L pynepbnuiywb peoh wwpwdtinnbphg, tnnwihu 66 Gwb nw) hw-
dwywpgp GYwpwagnnn wwnwdbwptph wipnng uwtyunpp® uyuwsd wrwelw-
Jhb-Gpynpnpnwywa Yurenigywépltphg dhosh htnhawybtph hnnudbtpp:

1.2 hauinbpOGwnwih0 tnwiotph htbptp L ubiwOawhy dnuinbgnLd

Pwgh unnwuwnhy nywibtph htbpbphg, npnbp werwownyynid GO wju Ywd
wja 6pwgpuwht thwpebpltph Ynndhg hntlg huy dpwqptphG hwwniy pnp-
dwunbbtpny, (wjbt Yhpwentp)ntb 60 qunt| Gwl, wjuwtu Yngwé, hnbpabunw-
Jh0 uwd gwlgwiht wnywibtiph htoptpp: Ypwlghg dtyht wpnbl wanpuw-
nwpdt Gop (funupp YGpwptpniud t PDB-h dnpdwwnhl — www.pdb.org gut-
gwjht hwiwywnpgh), npp hGwpwynpnipinta £ twihu thbwnptp thnpdtwywa
L wnbuwywl wpnyntopbtph hhdwt ypw pwqiwdwubhyuiht hwdwywngh &-
rwswh Ynnpnhbwunwiht dhwynpbtipp: Awgh yspnhhw) gwigwiht hwiw-
ywpahg, gnjnipynth nobl pwqdwphy wy whwh gwbgtp, npnbp hhdbwyw-
Gnud nuipbpp wwhnud GG pdb $npiwwnny: Uwlwt wnjuibbph pwqiw-
quintpjnibp wiklLho k| sh Gawlwynud, np wyt Yupgquynpywé t: Annpnyhl
ytnpotnu hOwntGuhy qupqwlnud t dh Gnp ninnnipnll’  wbdwawnhly Ep
(Semantic Web) Ywd uvbdwiwnply dninbgntdp, npp wpuwwnbuywd b gwigw-
Jha nnyuiiatph thaunpnidp hbunwgbtine L ywpgquynptint hwdwp: Wu dnuinb-
gnudp wewe t pwyt 2001 pwywahb Bhd REpGtpu-Lhp [8] ynndhg L hw-
nhuwbnud t hGinbpGEwnwiht gwigh qupqugiwb hhdbwywb ninnppnLbGt-
nhg dtyp, nph Gwwunnwyb t gwiagnd welw dGdwpwlwy nywibbph dkpbk-
Gwjwyw Jwynuip:

hOswtu hwynbh £, haunbpaEnuwht gwagbpp GYwpwgpynud G0 HTML
panwydwh pwybph dhengny, npnbp hwinhuwlnd O opjtyunbbph wntipu-

* http:/pir.georgetown.edu/

** http://www.dna.affrc,go.jp/

*** http://www.yeastgenome.org/
**** http://www.symyx.com/
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tnwyhb Ynnwynnpdwb wvnwppbp: SEputnuwhl Ynnwynpnidp hpkohg Obplujwg-
Gnud t, wyuwgbiu Yngwd, “Uknw-indpuibbp” (Metadata tags): RtptiGp Gh oph-
Gwy HTML dwyihg.

<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">

Jdtpnhhywy dnibyghnbuwy winntpp hGwpwynpnigynia GG wnwhu hwdw-
YwnghsGbphl pOnipwagnt) L tnwpwbowunt) hGnGptewnwhb Eebpp:

StpuunwhG Ynnwynpdwb L ybpgnidnipwl ghnfuwpbt ubdwOwnhy dnunk-
gnidp wrwownynud t Resource Description Framework (RDF) ulubdwG, npl
hpwowywgynd t htwnbyw| pbnipwagphstph’ w) nuohybpuwy honbwhdhyw-
wnnpltph (Universal Resource Identificator — URI) L p) dGunw-unywitbph
O4wpwgpdwl (Gqnibph (Web Ontology Language — OWL) Ghpnpdw@ 20np-
hhy: hGwnkOuhy qupqugnn ubdwawhy dnuinbgnudp hwunwwbu Yhpwetith ¢
YEauwpwOowywo hwiwywpgbph wywiGbph hkopkph Ywinbwywpgiwb hw-
Jwp. hwwnuwwbu Jupbih £ 026 NextBio hOwnbpGtunwiht Gwluwghép, npp
hwlnhuwbmd § thunpiwb ubiwbwnhly ubpybp-hwiwywnpg: Ywinbwywnpg-
yws thGunpdwlb NextBio hwdwlwpgh Sheongny Ywnbih t unwbw) ng Shuyl
wngwy dnEynyuwiht dhwgnipjul Yuwemgywépp, Gpw phahyw-phdhwywh
pGnipwgptpp, wyl Gwb wio ghuvwlwt bnpwébtp, npnGp wreGsynid GO
thGunpynn dhwynph htwn: W0 Gwbl hGwpwynpnipinto | vnwihu Yudwjwywo
oguwgnpénnh gpwigyti hwdwlywnpgnid, Obpdmét nuidbp, ghunwlwh
hnnwéGtn, hwatidwwnb) Gepdnueywé ndjubbpp wpnbo huly wew wnyjwg-
Gtph htun L wy(G:

UtidwGuinhy dnuntignidp gunbynud £ nhGwdhy qupqugdwa thpnud L dwiu-
Gwynpwwbu YEhuwpwlwywh dhwgnipnibttph hwiwp qunt t pwuyuwlwohG
(wjb Yhpwenipynia [9,10]:

1.3 UWdhOwppniGtin L wnbnGynipjwb Ynnwynpnud

{uyinGh £, np wihGwpepenlbbpp gwépwiniGyniwiht Shwgnipinibbbp 6O
pwnlugwé wanuwiht L wéfuwstuht pniblghnbwy fudptiphg: Uju dhwgnt-
pinabtpp pwgwrehy Ywplnpnignis bkt YEGuwpwlinpiwl dbe (uwhuw-
Yniglbtipp hwonhuwantd G0 wohGwpepnibtphg pwniugwsd qéwihl npwhtn):
<wjwnlh GO hhaOwywbnwd 20 wihGwepentaap (wyntuwy 1.3.1):

http://www.nextbio.com
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Uoywonudp <wy.| fhdhwywl | Stuwyp |Ynnp| YnnnGGbpp
pwlOwdlp
Uppwnhy
wGhG (Alanine Ala [ ns pubnw-|A GCU, GCC, GCA,
Uwaha ( ) )
\( JhG, sbqnp GCG
N
Q) hght (Glycine) Gly H.° ns plbrw-(G GGU, GGC,
! Jha, sbqnp GGA, GGG
dwyha (Valine) Val )\j ns pubnw-|V GUU, GUC, GUA,
! Jha, skqnp GUG
Lkght (Leucin) Leu j’ ns plbpw-|L UUA, UUG, CUU,
\7/\.5 Jht, shqnp CUC, CUA, CUG
hqnibhght (Isoleucine) lle \/KK'? ns plbnw- |1 AUU, AUC, AUA
) JhG, stqnp
Yhpurnhly hhnpnpufy
UtiphG (Serine) Ser /\/ﬁ’ plbnwjha S UCU, UCC, UCA,
o 7 sthgpwiynp; UCG, AGU, AGC
N Jué
@nbnGha (Treonine) Thr j\(f’ pubnwiht [T ACU, ACC, ACA,
sthgpwynpd ACG
" Jwé
Gpypnpnwlywo
Mpn(hG (Proline) Pro j/,‘,’ ns plbnw-|P CCU, CCC, CCA,
Jhb, skqnp CCG
G
O6mdp upwpmiGuwlynn 5
Utiphnh( (Methionine) Met 8 } ng plbnw-|M AUG
\/\,',) Jha, geqnp
Shuwntht (Cysteine) Cys /\;? pubnwiht |C UGU,UGC
s sthgpwynps
N Jwsé
oRYwht
Uuwywpunwppent (Aspartic Asp o f plubruyhG |D GAU, GAC
Acid) j{ T [thgewnn-
Jwd
Uuwwpwghl (Asparagine) | Asn o Y\)r pltrwiht [N AAU, AAC
T alﬂiewtlnn-
QinipwdhGwppnt (Glutamic Glu 7 pubnwihl |E GAA, GAG
Qnipwdhb (Glutamine) Gin JZ/\J, plbnwiht [Q CAA, CAG
N |
thgpwinp-
N Jué




iyt
LhqhG (Lysine) Lys “\/\/ \')‘P putrwht |K AAA, AAG
N thgpwynp-
Jwé
UnqhGho (Arginine) Ag |, 4" | pubnusne TR CGU, CGC, CGA,
"W thgpwynp- CGG, AGA, AGG
N qwe
<puwnhnh( (Histidine) His N | pubnwiht |H CAU, CAC
¢J % |ingewynp-
Jwé
Upndunnply
DEOh W wih Phe ? |ns plbnw-|F Uuu, uuc
(Phenylalanine) m 1hG, skqnp
Shpnqht (Tyrosine) Tyr © |ns plbnw-|Y UAU, UAC
o m IhG, sbqnp
Sphwundwl (Triptophan) Trp ? Ins plubnw-|W UGG
g w  |sho. sbanp

Uryntuwy 1.3.1 RGnLpjwl dkg hwinhwnn 20 hhiGwlw( wihGwppnibtpp:

UGywOnuip Ynnp £hihwywl pwGwdlp
bqopupnrhpninlybwlwl pent — UG
UntGhl (Adenine) A NH,
<L
N
Qniwbh0 (Guanine) G
N NH
<A
N
8hunnght (Citosine) [o] Ny
- ( n
ke
dh{ (Thymil T
BhuhG (Thymine) v.f,.,
(]

2 U. MnnnujwG, U. SwhhijwG
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Nhenamlywlywo ppnt — NUIG
UntGhG (Adenine) A NH,
ag
N
QnuwlhG (Guanine) G 9
a0y
N N/)\NH,
8hunght (Citosine) C NH,
<N
|
oo
Ninwghy (Uracil) u fj\
(X

Uryniuwy 1.3.2 NYLGB-h L NLRB-h YwenigywdspuhG dhwynpbbpp:

Lbpyuwjwgywé 20 wihtwppntbtpp Ynnwynpynd GG gb&alwnply Ynnny,
npp uwyhwuwynigbbph wihbwppntbtph hwonpnwywbnipjwl GEpYwywgniil t
wd Ynnwynpnuip  GnuynuinhnuihG  hwenpnwwbnipjwl  oghnipjwdip:
ALB-nLl welw 66 4 inhwh Gnuytnuinhnbbp’ wnkGhG(A), gnuwGha(G), ghunn-
qht(C) L phdhG(T), npnbp Ywqdimd 66 gtltwhy Ynnh wypniptlp: NUGB-h
Oywpwgpdwl hwdwp phihtp phnjuwphOynud t Gdwbwwhwy GnyEnunhnny’
nirwghiny (U) (wryniuwy 1.3.2):

UdhOGwppnbtpp O5pYuywgynud 60 uwnnwbnwpun hwwwynuitepny Jud
0ty vnwrewlh hwiwywpgny, npp L hwonhuwbnud £ Ynnp: UshGwpenibbpp
nwuwywnpgynid GG puin R-fudptph’ ng pLtirw)hl, pLtirwihla sihgpwynnywd,
pLGrwiht npwywl b pwgwuwywb thgpwynpyws (pH=7), htswtu Gwl puwn
dnbyghnGwy fudph’ wihpwinhy, wpndwwnhy, htnbpnghylhy L Bplipnpnw-
Ywl: UnwGnwpun wihtwppntbtpp Gepjuwywgynid &6 wuinndlObph Grwswih
YnnpnhGwwnbtiph wnbupny L weyw 60 hwdwpw pninp hwjinGh SpwgpwihG
thwptipltnnLy:

UnnnGp Ynnwynpnud £ uiphGncyinhnbbpp LW hwOnhuwOnud b gG0EnhYyw-
ywa Yynnp shwynpp® GEpyuwywgdwéd Gnytnuinhnuiht stwgnpnitph Grjwyny
L unynpwpwp nhwndnud t npwbiu Ynnwynpdwéd dEY wshGwppywht shwynp:
Urynuwy 1.3.1-mud GEpjuywgywé B0 unwbnwpun wihtwppnlOtpht hwiw-
wwuwnwuluwbnn YnnnGGtpp: Bwbh np gnnupnth nlbsh 4 vwppbp Gnuybin-
inhnltp, www powywo t, np Ynnnbobph phyp hwywuwp t 64-h, npnGghg
61-p Ynnwynpmd 60 npnawyh wdhbwpepenibtp, huy dOwgwdé 3 YnnnGlkpp
pOntpwgpnd G0 wnihwtwunhnwiht 2npwih wywpwp b Yngynd G0 uunnwy-
YnnnGGGpp (UGA, UAG L UAA):
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2. RJulwnwphdhwlw( dnuntgnidp L UnbGwnt Ywein

hoswbu hwyinbh b, pwbunwitiuwohywlwo dnuintgdwb hhdpnud pblywé §
Cpbnhbgbph bwjwuwpdw (nénip” hhdbwéd PnpG-Owtthbdtph dnunw-
ynpnipjwl Ypw [11]: Qnpstwywbned ogunwgnnéynid &b 2 hhdGwlwl pyw-
tnwibjuwGhywywb dninbgnuibp’ Yhuw-tdwbhphy (semi-empirical) L ng td-
whphy Ywid wpdwunwywh (ab-initio): dbpehlp dwiwlwlwihG wenwiny
Swhuuwwnwn t, vwyuwyG hwywpyh nbuwymohg' wybtith 82gnhun: Uannw-
nwrOwlp Gywéd dbpnnltphl:

2.1 Yhuwtdwhphy dnuinbgnid

COnhwOnp wrdwdp, pwqiwdwulthyuyht hwiwywpgbph 0dwGwwnhy
hwydwpylepp hpdtwé 66 <wpuwph-dnyh wllwlu tYPNGGEph dnnbih
ypw, hwiwdwjt nph jntpupwbgnp bi6Yupnb wpdymd b oowgwd tibLyuin-
npnO0Bph L Shontybbph Ynnohg untinéywd Shohbwgywd nwwnnud: Unitynt-
{wyhb ¥; opphinwibtipp (UO) hwiwnynu B0 wwnndwlwl @ ; opphuinw)GBph
(UO) qéwhl Yndiphbwghwltp®

¥, =) C,®, (2.1.1),
J

npinbn C; qnpowlhglbpp OEpYwywglnid &G dniGYnijuyhl opphunw) Gepned

wundwlywb opphuinwibtph O6pnpdwt  JwubwpwdhGObpp L npnynud GO
htwnlyw; wrebsnpjwip, npp hwwnbh | npwtu Nnunwth  hwywuwpnud
[12,13])

> F,C, =Y 8,C,E, (2.1.2),
7 i

npuntin E;-tnpl opphunwybbiph tobpghwabnt 66 Ywd W, -h ubhwlwb wpdtp-
Gbpp, Sy - wunndwlwl opphunwibbph Yepwéwéydwa tatnghwl £, npp hw-
Yuwuwp t Sy =<®, |®, >, huy F,-p dnyh owtpwwnnph dwwnphguih kib-
aGOwnbbn0 60" Fy, = H, + G, - hwiwwwwnwuluwlwpwp H,, - d&yY tibyunpn-
Owphto hwdhjunnGywbh dwuwnphgwht bEdGOnOERG 66, npnGp Gepwenud &G
wnwntGghwy L Yhtbwhy takpghwa, huy G, -0° ElEYwpnGOEph wnuntOghwip

pOnpwgpnn kGSGOWNGEPD: NnuunwOh hwdwuwpmop (2.1.2) hpkGhg Gepyuw-
jwgbnid t qéwiht hwywuwpnuibbph hwdwywpg, nph (neénLip unwbwint
hwiwn wohpwdtwn t hwiwywngh nbunbpihGwowp hwwuwpbglty qpngh:
<Eunbwpwip
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|F, -S,El=0 (2.1.3)
Ywiudwd nddwl wnbuwyhg' Yhuwtdwhphy bnwbwyh nish tnwpptn dnnh-
Phywghwbtp: Ypwap pninphl hwynth 60 npwtiu {nybth b nhytptoghwy
ybpwéwéyh dtpnnltp: {nytih dtpnnp (Extended Huckel — Huckel) [14] sh
ogquwgnpdnuld hplwhwiwdw)otgywd nwawnh (Self-Consistent Field — SCF)
onwnwynpnipintip L owpuwwnbugwé b dntynywiht opphunwiGtiph hwqwp-
yh hwidwp:

Nhdbpbaghw Ytpwowdyh dtpnnatpp Ywpth t GGpYuwjwglt) htGunlywy
ﬁnmwdnnmpjmu[nbnh auny’

Nhdtptaghw; Yybpwdwdsyh (phy wphwdwphmd - AdLlU(Complete
Neglect of Differential Overlap — CNDO) [15]

s Qnnulywb nhpbpbughw Yepwoéwsy - 214 (Zero Differential Overlap
- ZDO) [16]

» Nhybpbighw; yYbpwoéwsyh Jwubwyph wphwiwphnd - YUU
(Intermediate Neglect of Differential Overlap — INDO) [17]

dwiwlwyh papwgpnid YUU dbpnnp thnihnjuyby L juwunwpbjwgnpéyb)
t, nph wpnynibpnud unnwgybp B0 6h wpp dGpnnltp” ®Onthnjudwdé YYUU3
(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,(:

MINDO1/2/3-tpp hwdwpynd 50 WUU-h thnthnjujwé b Yuwuwnwpbiw-
gnpéywd tnwppbpwbbpp: Uu depnanud dh 2wpp thnfuwqntignipntGabpnid
hwiwwwwnwuluwb hwwpyatph thnfuwpbkt oguwgnpéynud 60 tdwhphy
wwpwdibuinpbp: Utpnnp hGwpwynpnipints t vwithu  unwGwy  82gnhwin
wpynbplbp 066 opqulwywb dnEYynyGtph hwdwp (wjt hGplwhwiwdwy-
Gtgqwé nwawnh dtpnn t — SCF): Ynwwph Ynnihg wewowplywd wju dEpnnp
hGwpwynpnipintt £ vnwihu hwaqwpyt) jnupwpwbgnip dnityney, npp wWwpne-
Guynud t 6hoslk 10 vnwipptip wunndGbp:

Lzqwé dbpnnh hbinwqu quipquigntdl ¢ hwnhuwGnid MNDO Ubpnnp:
Wo hpkGhg OEpYuwywglnud t npwywwtu Gnp dnuinbgnid L dwubwydnpwutiy,
ptipnud ¢ hwdwlwpgh tEYunpnGwiht pGnripwgptph L obpdwgnjugdw (h
nbw gtpdwgnjugniip hwyynud t £4 Ylwy/dng s2unnipjuip) hwiwp jwy
wpyntbpbbph: POswtu L Gwjunpnp, wyu dGpnnp GnyGwtu hopGwhwdwdwy-
Obgqwé nwzunh dbpnn t:

MNDO dtipnnh Yuunwpbjwgnpéywé dlp™ UU1 (Unwuunhl dbpnn 1) ~ AM1
depnnp hwdwpynud t pwywywoha S2gphn wyt hwdswlwpgbph hwdwp, n-
pnGp wwpniGwynud G0 wgnun Yud ppdwdhl L dtd unnipjwdp hwynd t t-
tGYunpnGuwiht Ywenigwédpp, 1phy tabpghw L 9Epdwgnjuignidp:

MU3-p (Ywd PM3) hwdwpynid t UU1 dEpnnh wnnwppbpwlitphg dkyp, L
wnwppbpdmd t UU1-hg dhwyb dh wpp wwpwitnptph wpdtpitpny: Wu
wnwppBpwyl hp dbg plngpynd £ Gwl §h 2wpp dEnwnGtph wwpwdkunpbp:
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ZINDO/1-p hwdwpynud t WdU dnuinbgiwl Lu dtY tnwpwwntiuwy: Ukpn-
no pny| b nwihu pwqwwl 8qnhuin hwzyt| dnitynh Bpypwswihwywl Yw-
pnigqwépp b tatpghwG: YUnbdhgnipwghnb thnfuwgnbgnipjwbitph hwywp-
yp dwiwlwy nyupwiwantwywagnyl (NHJ) L innbuwltbih oyunhywywb wnh-
pnypntd wnknh nlbtgnn wagnuiGtpp GEpYwywglint hwdwp ogunwgnpdynid
t ZINDO/S dtpnnp, npp ogunwlwn £ NHYU L inbuwGbh uwtyunpbtph epint-
dnipjwl hwdwn, uwyw)b gnwu Ynnihg whwnwoh st dniEyntwiht nhGwdhlw-
Jh L tOEpghwih owwnhshquighwih hwdwp:

Yhuwtdwhphy dEpnnubpp hGwpwynpnipynil G0 tnwhu pwdwywGho 66
&unipjwip qlwhwwnb] gpgrwéd Yyhswybtph tatpghw L GnyGhuy hwayb)
rbywwnhyhuwhly ninnnudbbpp, npnip Yuwywsé 6O uwhb-opphunwy thnjuwg-
ntgnipjwl htwn:

<wny t G261, np, hOswtu pninp depnnbtpp, Yhuwtdwhphy dtennbtpp
OnyGwtu NLbb0 wewybinpiNtaGEp, uwhiwbwthwynudGtp ne pEpnLEINLLGER,
L wu Yuwd wlb dnEynyuwht hwiwywnpgh nwunuiGwuppnipjwl dwiwGwy,
hGwpwynp ufuwiGtphg funtuwbine hwdwp, hwpywynp t pGunpt wyt dGpn-
np, nnl wrewyby &2gnhwn Yaywpwagph hwzywpyynn wwpwidbupp:

2.2. Unpdwunwywl dnuntignidp

b wnwppbpnipint tdwhphy L Yhuwtdwhphy depnnttiph, ns tdwhphy
(i wpdwunwyw) dnuintgnudp hwqwnpybtph hwdwp sh ywhwGenid ng dh
tdwhnhy panyph wwpwdtup, ophbwy’ npnwyh phihwywo Ywwtph Gpyuw-
pnepyncaaln, Yepwéwdsyh htwnbgpwih wpdbpbbp L wylt: <hdbwlwd ywhwi-
op hqanp hwqwnplwhb rtuncpubtph wohpwdbwnnientGa t:

Updwuwnwywa hwwpybtph dwiwbwy npwbu pwghubtp hwiwju og-
wnwgnpoynud 60, wyuwbu Yngjwé, Uibnbpwb wnhwh opphunwibtpp [28] -
USO (Sleter type orbitals — STO) => STO - nG, npunkn n-p gnyg t vwihu
pwqhuwlht $nibYyghwih db9 Quinuuwl (G — Gaussian) pnibyghwltiph pw-
Guwyp: BLunwiht hwawpyobph oglnipjwdp gnyg t wipyby, np #» > 3 -h nbw-
pnud wprynLapbbpp hwdwpnw dhawn hwdpayond Ga:

{wjinbh &G STO-2G, STO-3G, STO-3G*, STO-4G, L STO-6G UdhUhiwy
pwqahulbpp [29): 0wjwé Gwd pwqhubbpp wwihu GO 2w Ynwhwn
wpmynapbbp L 2w wiqwd whwnwbh 60 ghvnwywh nipe hwwpybbph
hwdiwp, uwyw)t hwzdwpyh nbnnnp)wl wenwiny wybih wpwq 60, pwb wi-
PRnewlwah Yuwd |phy pwghulbipp:

COnhwlnp wrdwdp, Ujtntpwb wwhwh opphuinwiGtpp hwpdwp GG wjG
hdwuwnny, np pwywywoht jwy GYwpwgpned 66 wwnndGbph 2npe tiEYupNG-
UGph fuwnnigynubp, uvwyw)b hGs ytpwptpnud t hainbgpwiabpht, wo puwyw-
ywo pwpn t: Wu ywwsweny Utnbpwa tnnhwh opphuinwibtphlG qniquhtn
066 wwpwénd GO gt Qwniywl whwh opphuwiGtpp [30] - QSO
(Gaussian type orbitals - GTO):
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Qunwywl whwh opphunwiltpp GeEpYuwywgynd GG hewnlywy Yepwy'
x-yzG, npunbn x -p Qunwywb pnibyghwitiph pwlwyl t, nphg pwnyugwsé
GG opphuwwGtpp, L wikt dh Jukounwlwh opphuinwy pwdwbyned t Gepphl’
z QSO L wpuwpht® y QSO dwubph: {wynnbh LG 4-31G, 6-31G, 6-31G* (* -
Gapwnpnud £ pLlbrwgdwlb pnibyghw), 6-31G** ( ** - GOopwnpynid t nhdnt-
qhnl L p - $nibyghwbbiph wybiwgnidp), 3-21G pwqdnpynbbtpp {31,32): O-
phGwy, 6-31G-nud GEpYwywgywd &0 6 Gunuywl pnibyghwdtn, huy Juw k-
wnwlwl opphunwih GepphG dwup GYwpwagpynud t 1 opphuwiny, wpunwph-
Op’ 3: PGswtu wpnta G26) Gap, ptowpyynn dnuinbgndp wybih syna £, pwl
Uibinbpwt whwh opphunwGbpp, uwlw)t dtptowjwywi hwqwpyh wb-
uwbynihg' pwywlwiht pwaly: <Gwbwpwn, pwghuh pbunpnpntip thw-
Gwlwy npn2ynud | hwqwpluwiht rbuntpultpny L hwqwpyh S2unngejudp
(wewp t Gwl G, np hwadwplyuwiht dwiwiwyp Yunpnty wanud £ pwghuw-
JhG $nilyghwlbiph pyh wybjwgdwl htin - f* Yupgny):

Unynpwpwn hwiwywpgtph tGpypwswhwyws duh Gwjubwlywt qOw-
hwuindwb hwiwp npwbu uyqpowlwb pwqhu paunpynud t 3-21G —p, nphg hk-
wnin hwqwnyt hpwwbwgynid £ wpnko 6-31G* pwghuny: Uwluwyb npnwiyh
fuanhpGbph hwdwp, witt nbwpnid, wohpwdbnnieinid | wewowbmd oq-
wnwgnpédtp wytih pwpn pwghuwht shwynpltp:

PG yEpwpbpmd ¢ obkd hwiwywpgbphl, www owunhdwjwgiwl hwdwp
jwywgnt) pwqhu t dwewnud 3-21G-p, npp, uwyw)lb, wju ntwypnd hwp-
Jwpyobph hwiwp wywhwienu | hwiwywpgswho hufuwjwlws dwiwiwy,
htwnlwpwp, gwGywih t Gwiuopnp hwiwlwpgp owwnhdwiwglty dnibynijw-
h0 dGhuwGhywh depnnny’ Yhpwrebiny ophtwy MM+ nidwjhl nuwwp:

2.3 UnlOwnt Ywnin dtpnnh Enipntbp

Uju dtpnnp dwydty t 1947 p.-h0 Unudwbh, Nywdh, L Utwpnwnihuh
Ynndhg' GEupnGoEnh nhdnighw nuuntdbwupptiine hwiwnp [33): Ubpnnh wo-
Jwo pGwpnpinitop Yuwwywé t pp «wwpqugnyl wywwnwhwywb pytph qblt-
pwunnp»” fuwnwiht wywnndwwnbtpny hwyinGh Unbunb Ywein pwnwph htun:
UnGwnb Ywrenjh dtpnnp Yhpweynid t wybwhuh ghinwywb ninnyuénipjwl
hwzwpylbpnud, hoswhuhp 60 Yhdwywapwywl phqhywh, Yetuwphghywa,
dheniyuwihlt hahlywa, inbwnbuwghwnnipniGp: Wa GnyGhuYy hhdp £ dwnw)b)
gh 2wpp hwiwywpgswihb fuwnbph unbnédwa hwdwp:

Utpnnh hhdpnud plyws | wwwnwhwywb putph wnbunipjwt Yppwenipjnt-
O0p (uunnfuwuwinhy nhGwdhyw), npp d6q hbnwppppnn futnhpbbph |PLEdwa
nGwpnud GEpYujwgyned £ hbnlywy Yepw. npwbu uyqpowywl wwydwh yepg-
ynud &0 hwiwlwngh dwu Yuqdnn dwubhyatph YnnpnhbwuinGtpp, htun gb-
GGpwgytiny wwuwwhwlwb bnnud’ hwwplymd t hwiwlwnpgh wwpw-
dtwnptipp GYwpwgpnn hwdwwwunwujuwh $nibyghw, b wu wignphpdp yp-

22



yoynud t » woquwd, npinbin 7-p hunbpwghw(bph phyt t: COn npmud, Jwu-
Gapyotph Wwunwhwywb tnnuiny wwydwlwynpywd” hwdwywngh Ynadnn-
dwghwi Ywd npwi hwiwwwuwwupuwb $nibyghwt bwyyh b weGynd Yud
wphwiwphynid htwnbyw) hwdwowywbnpwo*

L.AU <0

P={ _AU (2.3.1)

e* AU>0
npwnbn AU =U,, -U,,, hwiwywngh Gnp L Gwhunpn yhwybbpnid wnunkiG-
ghwy tGGpghwltph vwpptpnipinill k, &, -0° Pnigdwbh hwuwnwuinnibp, huy
T -G 9bpdwunnh8whb t: <Gunbwpwn, wyu dEpnnp pnyyl t twhu unwbwy ptip-
dnnhtwihy hwywuwnpwyzenipjwip hwiwwwunwupuwbnn yhdwyotp hwiw-
Ywpgh (dwuGhybbph nwuwynpnipjwip wywjdwowynpywd) Yntdpnpdwghw-
Gtph wwunwhwywb pbunpniupjwb dhengny:

GlpwnpbGp nbop N dwulbhy x,,..x, UnnpnhGwuwnbtpny, npnGg ¢in-

thnfunipnubp glGGpwgynud | hbunlywy yepw® m, = g(x;), m,,..m, , haunbw-

pwp.

— 1 &
my = ﬁZg(x,) (2.3.2)
i=]
npwnbn g(x;) hwzdwpyynn $nibyghwa t, huy stpnnh hhibwywb ptinptida ¢
limm, =<m > (2.3.3)

Uwywjs hwpy t G26;, np UnGuint Ywninjh dkpnnp nuh dh wpp pbpnt-
RINLOGED: Vwulwynpwuwtu, wnwnkoghwy ité nnwpptpnipnibbph nbwpnid
wignphpip nLbwy skt hEunwgnunt] hwdwywpgh qpwnbgpwé wipnne tnwnw-
onpintlp, L wyu nbwpbpnud oqlnipjwl | quihu wjuwbu Ynsywé Utnpnwn-
Lhu wignphpdp [34]:
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3. Uniynywiht nhGwahywyh dtpnnp

3.1 <huinuGplbpp L dGpnnh tnugynip

hOswtu huwyunGh §, uygpnibpnptb Ywpbih | unwOw) hwdwywpgh papnp
pwiwuwlwb L npuwywlwo panipwagnhsbtpp, wn pynd wbk hwdwYywpgh
BpYypwswhwywl Ywremgdwépp, et dntynyGtpp nhuwpytbtp npwtu k-
lEYywnpnGbEph L Shenybtph dh hwdwfunuip b |nuéthap TpenhGgtph wihpwihl
hwywuwpnidp.

AY,=E\Y, (3.1.1)

npwnbin H {wihpuinnOw owbpwwinnpp OGEplyuywgtmd | hwiwlwngh Yhob-
why L wnunblghw tGGnghwlbph gnidwnp” H(P, X) = E,, (P)+ E,., (X) (P

L X, hwiwwwunwunwiwpwn, dnieyniynud pappp dhonyGeph L kleYupna-
GGpp YnitYunhy dndtlunG nu nhppl t):

Wuwbu Ynsqws, wuinnd-wwnnd wynintGghwibtph dbpnnp (wy Yepw w-
uwéd” dnGynywht dEluwthywih Ywd dhowwnndwlwb thnfuwgnbgnipjwl ni-
dwjhl nwwh dbpnnp) hhdbjwé b Pnpl-Owbthbibph dnunwynpnepjul
ypw, hwiwdwyt nph dniEynyh toEpghwl pwywywbhl 86§ Sunnipjudp Yw-
pbih ¢t GGpYwywglt] npwbu shenyGeph YnnpnhbwwnGtph $nbyghw: <wdw-
dwjt wyu dnunwiynpnipjw@, dnjGyniGbph wpdnidp twpwénipjwb bk pw-
dwiynud £ 2 dwup’ kiYwnpnGGtph L dhenwyGbph 2wpddwG: Uju dnunnwynpni-
pPjwlh hhdwl Ypw Ywenigynid § nng pywbunwihG phdhwh: Unuinwdnpntpjwa
hhdpntd pOywé t wjb dnwnbkignidp, puwn nph Sptnhbgtph hwywuwpnuip w-
pGh t nuét tlEYupnGLEph hwdwp wewGdhG® hwdwptiny dhentyukph Ynnp-
nhwwnbtpp wothndhniu, L dhenyGbph hwiwp® wewbdhG: Wuwhuny, bRk
ponnibtGp, np dniEYnith wnunkOghw toGpghwl Ywiudwsé b dhenybeph wnw-
pwéwwl nwuwynprpintthg, www pownptiny hwiwwwuwnwufuwo wnunbo-
ghw|” Ywpbih t qunwihwp Yuqiti hwiwywngh tpypwswihwlwi ntuph
dwuh: Ubhw uw t pywbuinw-phihwyw tdwhphy dninbgdwh tnepynibp: <wpy
t hh2b] pywlwnw-phihwlwl ng-tdwhphy (ab /nitio) Yud YJhuwtdwhphy (semi/-
empirical) dnintignidbbpp, npnGp Gnybwbu hhdGywé G0 Rnpl-Owbkihtjdtph
dnunwynpnipw Ypw: Wdd wybih dwopwdiwub pbGwpyttp tdwhphy dnunk-
gnudp L GEpYuwywgbtibp dniynywiht nhGwdhywh (UN) depnnp:

Unitiyniywiht nhbwdhywih depnnp, nph hhdpnud pGYwé t wunnd-wwnnd
wnuwblghwitbph Ywd dnjeyniwiht dGuwbhywih dnuinkgnudp, hwdwpynd £
bhahywywl wpngtubbph hwiwywpgswiht dnnbjwydnpiwa hhdGwywa db-
pnnltphg dtyp L 90-wywllbphg uyuwd |wybt wpwénd £ qub]’ hwdw-
YupgswihO inblubninghwibph quipgugiwb hbw qnigplpwg [35]):
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bOsnL*d t Yuywnud t dEpnnh tnupgniGp. UninnGywt nwuwywb dGuwGh-
Yuyh bwywuwpnuitph pyuyhb |néddwl shengny npnaynud B0 pwqiwdwu-
ohywyht hwiwywnpgbpnd Yuwiwywws ¢ wwhha dwubhyotph nhppp L w-
pwgntpintbp: <wiwywnpgp nhnnynid £ npwbu wuinndtbph pwqdntpintt, npnud
jntpwpwbgnip wnnd Gepyuywgynid £ npwtu nipwjwt Yen® hwadh swe-
G6(ny Opw pywbunw-phihwywl hwwnynpnibbtpp:

<wiwdw)i nwuwywb wpdiwd hwywuwpnuibteph’

2
m & d’t"z(’) = F(r)i=120n (3.1.2)

npwntin, 7,-0 i-pn wwnndh wewdhn-ytlnnpG £, m," Swulhyh quogqywénp,
n-p hwiwywngnud dwuGhyetph phyl t, huy F-p i -pn Swubhyh Ypw waqnnn
gnuiwpwihl ndl t: Upnwa Ynndhg, ybpehlu Gbplwjwgynid £ htinlywy nbu-
eny’

au(r)

dr,
npuintn U(r) p hwiwywngh wnunbOghwy tabnghwa £, npp Ywiuywé b dwu-
Ghyp™ dhgwag GYwuindwdp qpwntgpwé nhpphg: Unitynuywiht dbuwbhyw-
jnud gnpénud | wnhinhynupywl uyqpnibpp, hwdwdwja nph dnibynyabph t-
$tywinhy tOEpghwl Ywpbih t Obplwywglty npwbu wnuinkGghwitph gnudwp,
npp pwdwOynd £, wuwtu ynsgwd, Juydwsd b sjuwydwd pwnwnphsabph,
npnGp hpkGg dke GEpwnend GG JuOnGpywwuwa, tEYunpwunwnhy b okp-
pht pwnwnpwdiwutnp:

Wuwhuny, pwqiwdwubhyuyht hwiwwpgh ynwntGghwy tatpghw Yuw-
nbth ¢ 0tpYuwywglt hbnbywy Yepuy'
Ut =Uonded + U non-sonded (3.1.4)

npwnbin juwyws pwnuwnphsp’

bonds torsions

angles
Uonded = ZUM(":)“‘ Z Ualgla(oi)+ Z_Umm(%) (3.1.5)

huy sywudwé pwwnphsp hptthg dbpYuywganud £
Uon-onded = 2 U + DU+ DUy (3.1.6)
i<j i<j H -bonds
npbn a,,6, L @, hwiwwwwnwufuwlwpwn, phdhwyws Ywuh Gpjwpne-
pINGGEPh, Juwibounwlwo W pnpupnt waynieObph pwqinpnuaGtnG GG:
Syw| hwiwywnpgh hwqwuwpwyedwsd Jhswyht hwubbine hwdwp
wtinp t qult; hwiwluwngh wnuintGghwy tGtipghwih dhGhdnudp, wyuhlpl
wnwntlghw totpghwih wéwbgywGtpp pun YnnpnhGwwnGbph wewnp t hw-

jwuwpbtgytl qpnjh’ =0:

F(r)=- (3.1.3)

Ox0Oyoz
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3.2 tubpghwih dhGhihqugniip L wihpwdtun wignphpdGtipp

{widwlwngh tpypwswhwlwt owunhihqugiwb Ywd tatpghwih Shohdh-
qugiwl dhongny npnaynid BG hwiwywpgh wwndGbph Ywd dnbynybbph
wjt YnnpnhbwwnGbpp, npnbp hwiwwwunwuuwind &6 hwiwywpgh tokp-
ghwjh dhopdnudht: Updd GEplwjwgltlp tutpghuyh dhohdhqughwih wign-
nphpultpp: Lwp 2.2.1-ntd pipdwé bt Shwswih f(x) pnbyghwl, nph Ynpp
wwpniowynd £ dh qwpp dhahdnudokn: Ynwlghg wikbwpunpp Ynsynid £ gin-
pw, huy gjnwubkpp’ |nyw| Shohdnudotp: Ginpwy Shahdnudh hwaywplh htiun k
Juwwywd hwiwuwpgh ptpdnnhbwdhjuwiwo hwjwuwpwyzpe yhdwyh pw-
gwhwjwndp: Qnpwy Shohdnudh npnanudp wewyb) pw pwpn juGnhn ¢, pw-
Gh np wwhwooymd t Yybpehbhu thawnpnudp ppuwiluibwglbi painp dhGhdnudat-
ph pwqinipjwl dte:

f(x)

/—\ - grad f(x)
\ I~ N .
VAR AT

Llwp 3.2.1. Uhwgwh dnubyghw dh pwbh dhahdnudatpny:

Gpt x, Yawmd qunGynn (nywy dhehdnudp pwywpwpnid t hbuinlywy wuwg-
dwoht® f(x,)< f(y), npntin yeD, y#x, L DcR" tYyhnywh nwpw-
onipjwl dbe Pnilyghwyh uwhdwlh £, www x; Yawnmd qnpwy Shohdnwdp

wbwnp t pwduwpwnph nyl f(xg) < f(y) wuwydwGho papnp y # x; wpdtplt-
ph hwdwp:

BYwyht dtpnnatiphg huwyuinGh &0 owwnhihqughwih wunh8wbwihb L pw-
rwyniuwihb sEpnnltnp: Uunh8wlwiht dEpnnh nbwpnd oqunwgnpéynid
wnunblghwy tabpghwih weweht Ywpgh wéwagjwip: Npwbu wuuinhdwbwh
dtpnnh nbuwyobp Ywnbih b 026

o wuwnhsdwluyht quyntoph dtpnnp (gradient or steepest descent — SD)

(36]
e qnugnpnywé gpuwinhtGunlGtph deennp (conjugate gradient — CG) [37]
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Wo ntwpbpnud, Gpp dhGhdnudp thGupynud t qpjuwa dnuinwynpnipynt-
Ghg uyuwé (Shohinuihg pwjwywOhG htent nhpphg), hwpdwp t oquwgnp-
66| géwiht Ywd wuwnhdwlwywh dtpnnbtpp, dwubwynpwubu wunhswiw-
JhG Juypteeh dGpnnp: Uwwl, hbswtu Yoadh uinnpl, dhGhdndh showlw)-
pntd wyu dbpnnbtpp 2w nwinwn 66 gnignpnynid, L wju nbwpmd wybh t-
$tUinhy GO pwrwyniuwght dtpnnlLnp:

Wdd wyth dwopwiwulb nhunwplbtp wunhdwbwihG Juypteph dtpnnp:
GlopwnptOp, nbktp x°,x',..x*,... yeywnpGbph hweonpnwywGnipintl, npnGp
qnignpnynid GG dhehdntdh Yawnnd b pGnipwgpynid GG hbwnlywy rbynipbown
hwyjwuwpnuittpny’

M =xt +htpt (3.2.1)
kn p=- —v= LSS A
npwntn A°-p  p=-gradf(x)=-Vf -[ ox 3y, 3z o, J gpwnhtOwh

hwlwewy ninnnipjuip pu 0 t: Poswbu hwyinGh £, f(x) nibyghuyh gpuw-
nhtGup npnawyh x* Yewnnud nipnyws ¢ $nibyghugh wah ninqnupjwidp, huy
f ‘(x*) gpwnhtOwp hwlwewy ninnnipiwdp’ nbwh pniyghwh Ggwqntd:
Wu dbpnnh hhdGwywb ponpwgnhsl £ qpugnpniwb wpwgnpinibp, L qéwiho
qnignpniwl wwyiwo t |x“’ —x'“sR"x" —x'", npinbn x"-p f(x) pnulby-
ghwjh 6hGhdnudh Yewnh £, huy 0 < R <17 hwutnwinntb dGénipynta t: Uuwnh-
AwlwihG Jupteph dtpnnh dwiwlwy, Gpp f(x) pmbyghwt Ywd hwiw-
wngh tObpghwt pwqwpwpnd t f =U,,, <U, wwpiwGhl, hwiwywpgh
Gnp  YnnpnhGwwnGbpp hwpyynd 60 pOonnulbind  hGnlywy  pwyp -
B =12k*, wwwbu bpp U,,, 2U,, wyw A* =0.24*:

angnpnwé gpulnhtOwh nbwpmd A* pOunpyned £ hunlywy Ybpuy'
fGH =R G = min{f(x* - A ()R 20}, huy hwiwwwnwuuwG rb-
Ynipsown hwywuwpnuittpp nlGtl htinlyw) inbupp’

x**' = x* ~ p*D* (3.2.2)
npwntn’

||U'(x")|| ;
k = e ' 4 e —— 8 k-1
D* =-U'(x )+|| '(x*")“ D (3.2.3)

" 172
pGnnuibiny Hnibyghwt npwtu U°(x)| =[Z(6U /ax,)zjl : Unynpwpwp wu-

i=l
wnhdwlwihG dtpnnltpp dké tOGpghwitpny odnywéd hwiwywnpgbpp 2wwn
wpwgq ptipnud 50 ShGhanwdh:
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b tnwppbpnieintd wuwnhdwOuyhl SEpnnGtph, pwrwyniuwih( dstennttph
nGwpnid gnpé nLbtlp wnunbkGghwy totpghwih wewehO L Gpypnpn Yupgh w-
6wlgjwyGtph htwn: Ujuwinbn hwjwnlh 60 hbwnlywy dnunignuiGtpp.

e Unuinnbh dbpnnp (Newton’s method)

¢  Ljntinnl - Nwdunbh dbpnnp (Newton-Raphson method)

o dtwnstp — NhYuh dEpnnp (Fletcher-Reeves method)

e Mnwy-Nhphtph vEpnnp (Polak — Ribiere method)

Rwrwyniuwht JdGpnnh ntwpmd  3.2.1 nbhnlnbum hwjwuwpnuiGtpp

£(x) =0 nbwpnid ppynud O x** = x* ; (( ))

Thunwpytbp Unuinnb - Nwdunth Obpnnp: Ghpwnpbbp, nbbap
x°,x',..x*,... ybyunnpGbph hwonprnwlwanieinth, npp gnignpnnid t Ghahidne-
dh ybwnnud: MnunbGghwih $nibyghwl yepwokip wunhswluwiht wnph’ wp-
hwdwphtiny 3-pn uwnqhg pwpdp wunwdﬁbnn

J
Npwtiugh qunbtop $nLtyghwih ﬁhﬁhﬁnmn, wewnp | dwubwyh wéwagywibtpp
pun Ax; hwjwuwnbgltbp qnnjh b (nuétlp hbnlyw) hwdwuwnpnidGbpp’

YU (x)Ax, +U'(x)=0,i=1,2,..n (3.2.5)
J

wnbuph:

&
i

J AxAx, (3.2.4)
x;=x} Xy -x‘

Lawlwybing (3.2.5) hwjwuwpdwl inémidp x, -ny" wpddwl hwywuw-
pnudlGbpp Ypoannota hewnbyw) wnkupp.

= xt +htx, (3.2.6)
UGmd £ pGunpbp wOhpwdtnn pugip b pywiho dbpnnGbpny  hwyby w-
owlgubbpp: Uswlgywitbnh hwadiws wikGwwwpg tnwiwyp hwdwpyned
t dEpowynp vwppbpnipinibGliph Gnwowyp, nph ogqlntpyjwdp wdwhgjwiGbpp
ptpynud 60 hbwnlyw wnbuph®

woy_OU U(x,+€&)
U'(x))= o = : (3.2.7)
dhGgntr hwwnnnGtph dGpnnny’
U'x,) = U(x)-U(x) (3.2.8)
X; =Xy
huy )
U U(x, +&,x, +§)+U(xjxj)—U(x, +5)—-U(xj +£) (3.2.9)

Oxdx, &
npuintin & -p wpgnuiblwh 2Gnnedo £, L pwywywoho jwy S2nneintt £ nhun-
ynud wyl nGwpnd, Gpp € =0,0002-0,0003 Ywpgh t:
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Wuwhuny, Yuwptih t wbnbi, np dhGhdnwdih gunGtint hwiwp wihpwdbun t
dpwapbph pwpn thwpetbp, npl hp dbg whwp t pingpyh pE" wunhdwlw)hl
wwnq, U pE" pwrwyniuwiht tnwpptp dGpnnOtp, L wikt dh dbpnn thwpbipntd
wbwnp t nbGbw pp nupnyl Gpwbwynipynibp: Uahpwdbnn £ 06y wiqwd Lu
0261, np hwadwpyh uygenid, pp dhowwnndwywb nudtpp 066 GG, wyuhGpl
hwdwlywngp 2wwn htent £ ShOhdnudhg, funphnipn sh tipdnud Yppwetp pwew-
yniuwyh dEpnnbbp, wy wyth Gwwunwywhwpdwp t uygpnd Yhpwetp nplt
wuwnh8wawshb dtpnn: SnjnupyniG ntbbgnn dpwgpwihb hwpbplbpp, npwbu
owunhdhqugdwl wignphpdttp, wewewpyntd GO Jh wpp dnunnkgnudttp, n-
npnOp pOngpynid B0 hOoswbu yepp Gwé hwjuinbh dbpnnltpp, wjowbu k| dh
2wpp niph2 wignphpiltp: Uyntuwy 3.2.1-nud bplYuywgywéd &G spwgpuihl
hwpbpltpnud weyw dhapihqughwih wignphpiltipp:

Opwgpwjht thwptph Opwagpnil welw Shehihqughwih dtpnnlbnp
wOywonwip

GROMACS [4) wuwnh8wOwiht Juynteph dbpnnp, ditwngp — Nhyuh
dtpnnp, Lqwqh-LUjnunnbjwl dEpnnp

NAMD [6] wunhswowht Juypteph vbpnnp, dituwnstp — Nhyuh
dtpnnp, Mnjwy- Nhptph dkennp, LinuunnGh dEpnnp

AMBER(T] wuwnhswbuwht Jupteph dbennp, qnignpnywé gpw-
nhtOwnbtph depnnp, Lintuinnbth dGpnnp

DISCOVER[38] wunhdwowht Jwjpteph dtpnnp, ditinstn — Nhyuh
dtpnnp, Mnjwy- Nhptphh deennp, Jwgh-Ljnunn-
Ojwb dkpnnp

MM2[79] Ujnunnlh dbpnnp

X _PLORI[39] ns qowjh0 qnignpnywéd gpunhtunbtph dipnnp

Urynwuwy 3.2.1 Spwgpuihl thwetipttpnid welw dhGhdhqughwih wignphpdGtpp:

Swynp, ybpp 02wd dninbgnuittpp nipnywé GG, wjuwtiu Yngywd, |nluwy
dhOhdnuiGtph hwjunOwpbpdwp, vhisnte ginpwy Shohdntdh hwyinbwpebpiwb
hwdwp gnynipinth gntsh nplt YnGypbwn L tPEYnhY wignphpd: Ywluyt Ywh
npnawyh dnunbignuibkp, npnOghg ptplu wikbwt$tyinhyp wjuwbu Ynsyws
gtpdwunhSwlbuwiht thnghnfudwt hihnwghwih Ywd quwpteph hdhunwghwih
(Simulated annealing — SA) dbpnnl t [40,41): U dtpnnh 2powlOwliEpned
hwiwywpgp Gwu dnpbiwdynpynud £ pwpdp ebipdwunhgwbnud” howpwyn-
pnpintt nnwiiny funtuwighty |nup Shohdnuitbph wewowgnudhg' pangpytinyg
nwuntdGwuhpnipjwl hwiwp wybih 666 YnGphgnipwghnl wnwpwoénLpinll
(whpnyp): <weonpn thnynud  ebpdwunhdwtp nwinwn  (wunhdwbwpwp)
hetgynid t dhasL wahpwdbun wpdtipp: Wu wpngtnnipwsh wywpunhg hbunn
hwiwywpgp hwuGnd t sh yhdwyh, npp witkbwit hwywiwywbnpjudp
(nywy dhahdnud st tunphnipn t wpdnud Ypyoty wju wignphpip wwpptp
uyqpiwlywt YynGpnpdwghwbbph nbwpnid: Anpdtwywlnd T obpdwunhsuw-
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Op dwiwbwyh ¢ wwhht wpunwhwpunyned b hewnlyw dund. T() = Toe"% , -
wnbn 7 -0 gbpdwuwnhiwth thndhinfuiwG dwdwbwyl k, huy 7,-0° GwiuGwywo
etpdwuwnhdwlp: LYwé wignpheip GEpYuwgywd t hwdwpjw pninp 6pwg-
pwiht hwpbrGtpnd (wjn pYntd bwlk GROMACS L NAMD thwptiplbnpnid):

buly wydd pbiptGp dh wpp gnpdtwywh nhunwpynudGtp, npnbp Gpypwsw-
hwlwl owunhiwjwgiwb juGnhpttpnud Yoglkl hpwywt wwwnybph unwg-
dwoip:

Urweohl Ywplunp nhinwnynudp yuywndd § GpuwGnd, np thnpd £ wpynd
Gpuypwswihwyws  owunhiwjwgiwl  wignphpldp  oquwgnpétii  wnwpptp
uyqplwlwl Ywd unwpunwlht ypsdwybbpnd: Ywb gnidwpwd’ wwpptp
dpwagpwiht hwpbpltp wnwowpynid B0 Shehdhqugdwt wnwppbn wignphpd-
GG, L htnLlwpwn, Ywpbh £ oguwgnpdt) Gwl Gh pwh wignphpabkn:

Gnypnpn wplnp nhuwpynudp yepwpbpnud £ nidwhb nwantph pbun-
pnRjwbp Ywd tnwppbp nidwihl nwnbpny unwgywd wpynbpbtiph hwdt-
dwuwnnipwlp: el dh Yynnd nGkGp shOhdihqugiwl wignphpiltpp, www nt-
dwyh(O tnwppbp nwwintph ogunwgnpdnudp Glpwnpnud § urwppbp wwpwdbn-
pkph, hwuwnwwnnioGbph L npubGgny wwpdwbwynpdwé pnibyghwbtnh gnyne-
pintlp, L hGwnLwpwnp, win tnwppbpneenibp wbing b ptiph wpnynuapbtph fw-
Ywb nhnfunipintGbbph:

Sppnpn hhiGwywo nhunwpynudp, ptpbu, gppétwwa nbuwbynibhg w-
dbowywplnnpb t: tOGpghwih dhopshqughwih fuGnhpGepnud fjunpbhntpn ¢
wnpyntd gogunwgnpéb), wjuwbu Ynswé, “Yupdwl” skpuwbhqip b sjuwywd
thnfuwqnbignipntbbpp nhuinwpytihu hwadh wellb] hwiwywpgp dwu Ywg-
dnn pninp wunndlObpp: Quiyywd thnjuwqnbgnipywt “Yunpdwl” dGuwbhqdp,
npb ogunuwignpdyned t dtpbtuwywlwt dwdwlwyh ubuwnnnipjwl hwdwp, wu
ntwpnd pepnud £ hwdwywpgh tabpghwh Ynpp ypw ng hpwywt shGhonud-
oEph (wphGunwlw( Shohdnud - artificial minima) wewowgdwbp, npnbp wi-
dhowwtu Yytpwanud 60, Gpp hwyh 60 weGyntd hwiwywpgh pninp dwuGhly-
OGph shwwywsd hnfuwqgnbtgnipnibbtipp (all nonbonded interactions):

Wdd nhunwpyttp Gwl hwiwywnpgh wqwuin totpghugh hwadwpyp: bos-
wbu hwyinGh t hwiwywpgh Jhdwyp Gywpwgpnn Ywplnpwagnyl wywpwdbun-
nptiphg t Upw wquwwn tGbpghwh: <6Gg wquwn tGEpghuyh dhGhdw| wpdtph
nbwpnud t hwiwlwpgp hwynOynid pbpdnnhiwshy hwywuwnwyhe Jhiw-
ynud: Wuwhuny, hwidwywpgswiht gnpdh dhongny hwydwuwpwlzhe yhaw-
4nd hwiwlwpgh YJuwengdwséph L hwwnynipinuaeph  wewdb| &2gphun
wwuwnybipp unwlwint hwdwp' whnp t qunit) hwdwyuwpgh wquwwn toepghw-
Jh GhGhdnidp:

®Onpdtlp unwiw YwengwépwihG thnthnfunipjuitp wwjdwlwynpywéd
pwquwwnnd hwiwywngh wqwwn totpghwyh wowhinhy GYwpwghpp' heaytb-
iny [158] wuwwinwbpnid wewowpyywd dnuinbgdwl ypw:
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{wiwywngh wquuwn takpghwih Lhm.hnlumpjmun (AF ) dnnGlwynpiwl =
wwhhg (F(7r)) dhtsk 7+ A7 wwhp (F(r+A7)) Gqupwgpynid t hbwnbyw
pwlwdlny’ .

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

npuntn k-0 Pngdwlh hwuwnwwnaa £, 7-0 pwugwpéwy obpdiwuwnhaiwp,
Z(r+A7r) L Z(r)-p 7+ A7 L 7 wwhtpht hwiwywpgh yhsdwywagpwiywh
gnuwpltpt B0 hwiwwwunwuliwbwpwn: Gopwnpbiny, np hwiwlhwpgp
Ywaqdidws £ N dhwGdwb dntYyni Gephg L np hwdwywpgnid Yuenigwépw-
Jht hnthnfunignuGObpp wbnh 66 nuoOnud hwunwunn gbpdwunhdwbh
wwydwbaobnntd, Z(r +Ar)-h b Z(7)-h wpdbpltpp, wujdwbwynpywé dhuyl
hwiwywpgh Ynodpnpiwghnl thnihnfunipynitGObpny, Gpp bwayp sh wrbynid
hwdwywpgntd dniYni Geph tnbnwidhnfudwb wpdnudbbpp, yhswlwagpuywo
gnuiwnp yhdwwgpwywh hbwnbgpwiny dnunwpybint wuwpdwobbpnd Z -p
Yunih ¢ GYwpwapti hewnlywy Yepw'

N
z2==_27' (3.2.11)
N!

Z" = [ dr, - dr, (3.2.12)
npuintn 0" -p GepdngEYnywhG 2wpdnuiGiph Yhswywgnpuywa haunbgpw

Z" -p" YnGhgnipwghnl hGuinbgpwip, npp hwayyntd § hwdwywngh pninp htw-
pwynp Ynbdhagnipwghwbbph hhdwb Jpw L hhdaynid t dhwyt dhodniGynijw-
Jhl hnfuwqnbgnipntbltph ypw, £ -0 hwiwlwpgh 0Gppht tOGpghwG t: Lw-
Gh np hwuwnwwnnilb ebpdwuwnnhgwbh nbwpnid Q = const, (3.2.10) L (3.2.11),
hwywuwpnidtbphg Yuunnwbwbp

AF = —kTIn(Z (z + A7)/ Z" (7)) (3.2.13)

Z" -p hwpybint hwdwp oquybtp wquwwn swywih nbuntejwl dnunwynp dt-
pnnhg: <wiwdwyl wyn wnbunipw, hwiwywpgp pwdwGynd t hwywuwn
éwyw)06pny poholbph, npnlghg jnipwpwbgnipnid wnbnwnpynud b dtYwlywb
dnibyny, htnlwpwn, pehebtnh phyp hwiwwwunwuuwamd b hwdwywn-
gnid Bnwé oniYyniy0bph pYhl (N ). Ghpwnpynid t, np jnipwpwbgnip dn k-
ynt; Ywpnn t wpdytp hwdwwywunwupuwb peoh Gepunty’ dowgwé dnbyny-
G&ph Ynnihg unbndywé nwwnid: Stunipnibp Gopwnpnud £, np nywy dn-
(GYniths 2powwywinnn Gjnwu Bnkyn0Gpp qunbymd 60 hwiwwwwnwupuwb
poholtph YhwpnGOtpnud L 60 wpdynud poheltph GGpund: Yhuwplynn
dnnbith hhdwb ypw Gopwnpynid £, np npwtiv tnwy dniEYnith Ypw wqnnn
dhohbwgywé nwzwn, Jupbih b pbnniib wyb nwwp, npp uinbnénd 6O hw-
dwuwwuwnwuluwb peheltph Yahwnpnbatpnul nwuwynpywd dtwgwé dngkyny-
GEpp: Wu Gopwnpnipjwl hhdwb ypw’
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Z‘ - e-E,(nAr)ltT . ( J‘ e V() dr dry - e-s,(n.sf)/krv}v (3.2.1 4)
AF = E,(r + A7)~ E,(t) - kTN In(v,(z + A7)/ v,(7)) (3.2.15)

npnbn” E (7 +A7) L E, (7)-0 hwiwwwuwnwuuwbwpwn 7+A7 b 7 ywht-
nphO hwiwywnpgnud dhednibynwht thnfuwgntgnipjwb toEpghwo £, Gpp un-
teYnbbpp qunGynud G0 poholtph YEGunpnbtbpnud: w(r)-p peoh YsGunpnGh
hwitdwuwnnipjwidp dntGynyh wynunkoghw) tobpghwh 2tnnsh £, 7»-p peeh
YGbwpnbhg dnibynih 26ndwl wewdhnt t: Spp nhuwpyynn dntynyp
Gny0wbu gunbynid t peoh YEGuipnGmd, wyn 2tnmudp hwywuwp t 0-h, nh-
wnwpyynn dntynyp Gnybwtu qunbynid t peeh YshwpnGnd (r =0), wujw
w(0) =0: 50GnY Ytpp wpwnpywéhg’ hwdwywnpgnid deY dniynihlo poy-
Gnn dhghl wquiwn swywip (v, ) wnbih t 0GpYwiwglti htnlyw) ntupny’
v, = je'*”“"dr (3.2.16)
Lwiwlwngh dwywip 7+ A7 L 7 wwhbph(t Gwlwytap hwiwww-
wnwufuwbwpwp v(7) L v(z + A7) <wiwywnpgp Ywqinn N dnityniGeph ub-
duwyuwit swywip Gwlhwytkiny v, ynbtowap'
v (r+Ar)=(v(r+A7)-V,)/N (3.2.17)
v, (1) =((r)-v,)/N (3.2.18)
Uquuwn dwywitbph wpdbtplbpp (3.2.17) L (3.2.18) pwlwdlbphg wnbnwnnpb-
tny (3.2.15)-h dbg, dnntijwynpdwl 7 wwhhg Jhask 7+ A7 wwhp hwdwywp-
gh wquwun tabpghwih thinthnfunipjwl hwdwp Yuunwbwp.
AF = E,(r + A7)~ E,(t) - kTN In[(W(r + A7) -v,)/(W(z) -v,)]  (3.2.19)
<wiyh weGbiny, np hwiwywngh fuunnipyntbp G24wé ywhbpht wbunp ¢ 04w-
pwqpyh heuinbyw| pwGwdltpny
pPt+AT)=v(t+A7)/G, p(t)=v(7)/G (3.2.20)
L wyn wndtipltpp wnbnwnpbiny (3.2.19) pwlhwdabh dkg, Yuunwbwop
AF = E (v + A1) - E,(t) - kTN In[(o(z + A7)G - v, )/(o(r)G - v,)] (3.2.21)
<wdh welbiny, nn hwiwywpgnd dnitynyoeph phyp (N ) hwywuwp §
N= %N 4>
npuinbn M -p Onibynylbph quibgqywéh t, huy N ,-G° Udnqunpnih phyp,
(3.2.21)-G JuunnwlwGp'

AF =E (t+A71)-E (7)-kIN ln[(p(r+Ar)N :,4 —voJ/(p(r)NNﬂ—vo )]

A

(3.2.22)

a
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Wu pwlwdlhg ogudtind’ Yuwpbih t hwiwywngsughG thnpdh oglnipjudp
hwadti hwdwyuwpgh wquwwn totpghugh thnthnfuniegnibp’ Ywiuywsé thnpdh
dwdwbwyhg, pwbh np E (r+A7) L E (1), p(r+A7) L po(r) Unylwbu
hwaqwpydnd 6O hwiwlwpgswihG thnpdh ogunipywdp, huy hwywuwpdwl
Ube wrlw gjnu wwnwidtunptnp hwunwunn skénpynlbatp Ga:

3.3. hawntgpiwl wignphpiltpp

Luwiunpn pwohGObpnud wpnblG winpwnwpdbp Gap UN-h tnipjwilp L
plGGwplyby dhuhdhqwglnn wignphpdlbpp: Wdd pLGwpytbp fulnph (nuédwb
hwiwn wGhpwdtizun hbwntgpdwl wignphpilbtpp:

hoswbu wpntl G24L) tp, 1nétiny pwqiwdwubhuwiht hwiwywpgh hw-
owp nwuwlwb Unnnywt hwywuwpndbpp, Yuwiwjwywb ¢ wwhhG
YuunwOwbp Swulbhybbph nhppt nmt wpwgnipntop: Uydd thnpdktp dwlpw-
dwult] 3.1.2 hwjwuwpiwl pdwhG (nénuip L nhunwpybbp npw hpwyw-
Owgiwl hwiwp wohpwdtun nwppbp hGunbgpdwb wignphpdatn:

Uyqpnud GpkGp, np wyu dEpnnp hpwlwbwgynd t hbunlywy thnybpny.

1. Lwhu uenigynid b nuunuibwuhpynn hwiwywpgh dnntip” hwadh
wrObnY dniEYyntiGtph hpwywo wwpwdtwpbpp® winndbph quitg-
Jwoébtpp, phihwywt Yuwwtpp L 0pwdg pywpnegnibbtpp, ywito-
nwywi L pnpuhn0 wolymbGbbpp b wy) G

2. Yuwunwnynud § ynuinboghwGeph paunpnipynta

3. Caunpynud t hwiwlwpgh uyqpowywi rwswih YnGdphgnipwghw

4, <wutnwinynid 60 uwhdwbwihG wwydwootpp Ywd wjuwbu Yngwd,
wwppbnwywantpjwl qunwwnp

5. {wlwuwpnidbtinh pwih (ptddw wpnyynibpned unwgynid GO hw-
dwywpgp Yuqinn dwubhybtph hpwlwihb dnun hbnhwgobpp

6. NMuunudbwuhpynid 6O hwiwywpgp OJwpwgpnn wwpwitwpbpp, n-
pnOp hptog vk GEpwentd 60 Yuwrenigywdpwihl L nhbwdhy wwpw-
dGuwptpp:

{wjwuwpnuitsph  nédwl pyuyht tnwowyh treeggnibop YuywOnmd
htnlywnud. ywiwjwywo ¢ wwhho hwaynd £ jnipwpwbygnip dwubhyh
ypw wqnnn gnuiwpwihG nudp, www hwonpnwpwnp hwayynud 60 Gwb ¢+ At
wwhhG pninp dwuthybsph nhpptnb ne wpwgneentbbtpp: LYwé gnpdnnne-
RINLGp pOwnpywé At pwyiny Ypyoynd £ wybpw dwiwbwy, hospwt wwhwo-
onud t dnnbiwynpdwl dwiwbwyp:

<wywuwpnuitsph hGuinbgpnn wignphpdGtnp hwulywbwint Gwywuwnwyny’
nhuwwpytop nhpph, wpwgnipiwo L wpwgqwgiwb tnnuitkpp” Ybpwébing
nnwap BGjnph 2wnph.

r(t + At) = r(t) + v()At + —;-a(t)Atz +.. (3.3.1)
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v(t+ A = v(t)+a(t)At+%b(t)At2 +.. (3.3.2)

a(t+Ar)y=a(t)+b()At +... (3.3.3)
Wdd nhunwpytitp dSpwgpwiht thwpebpGtpnud Yhpweynn dtpbe (Verlet,
Velocity Verlet), Lhybpng (Leap-Frog) L RhiwGh (Beeman) wignphpibbpp
[42-44):

b e wiqnphpd
Lqwéd wignphpdnud hGuintigndwl hwywuwpnudGepp nuobGa  hunlywy
wntupp.

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

r(t-At) = r(t)—v(t)At+%a(t)At2 (3.3.5)

CunhwlOpwglbiny’ ynuGGawhp.
rt+At) = 2r(t) - r(t - At) + a(t)At* + O(Ar*) (3.3.6)

v(t+At)=r—(t%_r(Q+0(At) (3.3.7)
haswbu inbulnud GOp, wyu wignphpdp oquhwgnpénud t ¢ L ¢ — Az wwhb-
pht dwuGhyph nhppp L wpwqugnip (a(t)=F (% ): Qw Owl, wjuwtu Yns-

Jwd, dtnitph wpwgntpjwl wignphpdp, npp hhdbwyw wignphpdh thnthnfu-
Jwd vnwpptpwyo £ L wpunwhwyinynud | hbnlyw Yepwy'

r(t+At) = r(t) + V(DAL + -%—a(t)Atz (3.3.8)
v(it+A)=v(t)+ % {a(t)+a(t+ An}AL (3.3.9)
Lhuydpngh wyignphpy

Lhwdpng wignphpdb weweownpynid t thnthnfuntpjwl htuinlyw) dup

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

Llywp 3.3.1 Lhyydpng wignphedh ufutidwwnhy GEpYuuwgnidp:
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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)
haswbu Gpunud £, Goqwé wignphpdnud ¢+ A wwhhO JwubGhyh nhppep n-
pn2dnmd | hwdh wetbiny OGpw wpwagnipintGp t+%At wwhhO: Wy Yespwy w-

uwd’ wpwgnipyntGobpp “prsynunnul” (pwpqiwbwpwn® leap) 60 Ynnpnhbwnn-
Geph Jpwyny wyb dwdwlwy, tpp YnnprhGwuintipp (GwuGhybtph nhpetpp)
“ersynunntld” GO wpwgnipyntGbbph ypwyny: Uputdwunhy wit GEpyuywgywéd t
OYwp 3.3.1-nud: dwiwbwyh ¢ Wwhht wpwgnepntbbtpp Ywpbih b dnunwipyty
htwnbywy duny’

wt) = %l:v(t - —;-At) +v(t +%At)] (3.3.12)

Phdwbh uygnphpd

Uu wignphpip 2wwn 0ows t Jdtpibph wignphpiht L hwitdwunwé Gpuw
htuin” tnwihu t pwdwywl d6d Suinipyntl: Wu nbwpnid hwywuwnpnuibspp
plnnianud GG htiwnbyw) wnbupp’

r(t+AD = r() +v()At + %a(t)Atz - %a(t - ADAL+0(AtY) (3.3.13)

Wt +Af) = (1) + V(1) At +%a(t)At + %a(t)At —%a(t— ADAL+O(A) (3.3.14)

Uu wignphpith pbplu dshwy pwgwuwywbd Ynndo wyl t, np wjd pwdwlwbhl
wzluwmwmwn b L hwdwnyiwl nbGuwbynohg™ wwn pwGy:

hauwnbgndwi puy

UnnGiwynpiwl dwdwGwyp unynpwpwn pwywlywlho Ywps t L Epw-
pnid £ uluws 10%-hg dhosh 107 puyy, npp hwiwwwinwupuwantd t hpuywa
GwOnduwpyuweibpph dwdwowyuwht hGwnbpguwih: Wuop dnnbiwynpdwl dw-
dwlwlwiht unwOnwpwnbbpt G ~10004-hg dhask Gh pwlh Shypndwypy-
jwlp:

Unntjwynpdwl pwjip pGupyned t 0.5-hg dhisk 2-3%yY tduninyuwyplywip’
Ywhujwé tubnphg: <wswtu, (ntdéynn julnph Jnipwhwuinyneenithg Yuwuywes,
unwlnwpw pinnibdwd 1Py pwyip Ywpnn b hnfuwphOyty t 294 Yud 3y
(Gwl wwn nbwptpnud thosk 5$4), npp ppnud b hwiwywpgswiha hwaywpy-
Jwl dwiwbwyh twywo powinnnpjw: Vwywit 2wwn nbwptpnud dnnbjw-
UnpdwG puyth thnthnfunipiniGp ptipnud t nhubptiinhquighwih uluwih (wy-
uhlpl’ wybih thnpp t, pwl hwiwywpgmd wbknh nlbbgnn wikbwwpwg Yhp-
nwghnl viwwnwbndp), huy pwjih dkd wpdtiplbpp tobpgGunhy Ywninipjw
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wnbuwbynibhg Gppbdt hwigbglnd 6O vjuwh: Wuwhuny, 1-2$9Y-hg wdbih
dnnbjwynpiwl pwyh Sunnipgntbp wiwwydw( wbuinp § uinmagyh pbuwnwiha
thnpdtpny’ juntwwithtint hwiwp GlwOwwinpy jutnpplbtphg:

Jdbpohl 2powitnud Swyyty b, wpuwbu Yngjwd, pwqdwndtp dnnbiwynp-
vwoi pwyih dGpnnp (multiple time step — MTS) [45], np0 wrwowpynud t pwyh
pwdwind’ «wnwg» b «qubnwn» thnthnfuynn wnwnboghwih pwnunnphstbph
(onhtwy, 234 pwy Jwintpuwwiuywl hnfuwqnbgnipiwl L 434" Ynuynbpuwb
thnfuwgqnbignipjuwl hwdwp): UGhpwdtiunnuput nbwpnud Yupbih b pw)p pw-
dwlb| 3 dwup’ At, 2Ar L 4At, nph ntwpentd phihwiwi uwh tnwnwGdwb
L JuwEowwlwt wolywld thnthnfuntpjwt wnuntGghwbtph puyip ytpgynud t
hwywuwnp At -h, pnpuhnl walyntabtph thnthnjudwO pwnwnphsp’ 24t -h, huy
sqwwywd thnjuwgntgnipiniblbtph pwnwnphsp® 4A¢-h: Wuwhuh pwdwGndp
Yptph hwiwywpgswht dwdwlwyh twiwl Ypswniwo, vwiuw)t wewp |
G261, np thnpp hwdwlwpgbph nuunuiGwuhpnipjwl nbwpmd puyth wjuwhuh
pwdwbnidp ng wpyntbwybun t:

Wu dbpnnh hhdpnid pGlwé £ upditunphy b dwiwbwyuhG-hwlwnwpdbih
Spnuntph  dwyuwninphquighw( (Lmyhip owtipwuwnnph pwdwlbnidp wwpptip
pwnwnphsbbph) [46): Pwqiwndbp pwjih dbpnnh dwubtpwiwul pwgwunpn-
pinLbp inpyuwé t [47-50] wiuwnwGpltpnid:

3.4 UwhiwOwthwyndGbp Yuwd juwh Gplupnipjut wwhwwinid
(Constrains)

hoswbu wpnbl wudb) ¢, pwuwlws dnnbjwynpdwt 2powbwyitpnid hw-
dwywngp nhinygnid £ npwbu N ghnfuwgnnn wwnndObph pwqonepnil, dhag-
ntr Yuwwywsd wwnniGbpp odinjwé B0 Yhppwghnt nwwnwGnuiGepny, npp
Ywpbih t pwgwwnpt] pqwinwdtiuwihuywi nbunpwt 2pewbwyospnul:
Auwuwywh dnnbjwynpnudp oquiwgnpéntd | wywhwwidwd Yuwid Yuwh Gplw-
pnRjwl uwhdwbwhwyiwh dnunnbgnudp, npuintin Yuwwtph wwhuywbnuda h-
pwagnpoynid t Lwgpwidjwa [51] yuwd <wihjuinnbjwib [52) dnuinbgdwl hwiw-
dwyh:

Wdd nhuinwpyblp wwhwwidwt hwywuwpnudGbpp: Spynt wunndlbph
dhol dhpudwd hbrwynpnipynilp Gawlhwytklp 4 -ny. wyn nbwpnid wwh bp-
Yupnipjwl uwhiwtwyhwydwh hwywuwpnudp Ypbnniah hGnbywy tnkupp’

o(r,n)=(-n)(rh-r)-d> =0 (3.4.1)
huy wéwhgywp’
o(r, 1) =2(v, = v,)(r, - 1,) =0 (3.4.2)

<wiwdwyl Llwgpwbdywh dnuintigiwb *

mri=F, +Ac,
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g, =—%ro,;=—2(r' -n); o,= -—g%= 2(r—-n) (3.4.3)
npintin A4-p pwqiwwwwnynn dténipints £, npp Ywpbith b utnwGuy ytpnhh-
2w hwdwuwpnudbbphg: Wad nhuinwpybtp uwhdiwtwdhwydwa hwywuw-
pnudtepp plnhwbnip wnbupny: Clnhwinup nbwpntd wpdwé 7 pwqinipjwi
hwiwp dwiwlbwyh ¢ wwhht hnnind  hwyjwuwpnudGepp  (Holonomic
equations) uptih t 0EnYuywglt htwnbywy Yenpuwy'

oy =(r, —ry) —d; =0, k=l.n (3.4.4)

npubn 7, L 7, GwuGhybbph YnnpnhGwnGbpG GG ¢ wwhhG, huy 4, -0°

npywé dhedwubhlwiht htrwynpnipimbp: <wpyh webbiny uwhiwbwhw-
ynuibtpp' wnddwl hwywuwpnidbtpp Yplnnibba hGuinlywy inbupp’

T =i[U(r’)+il a'] i=1.N (3.4.5)

ot i 6)‘,. i n Ok ) ¥
COnhwnip wedwdp, wnuntlghw| tGepghwh dpw npdwd vwhdwbwhw-
YnuiGtpp twlwinptl s60 wgnnud wpddwl hwywuwpniibeph Ypw, pwlh
np hnbwjwywl nbwpnd o, wbwp t (hoh hwywuwp qpngh: bGunkgpbiny

2wpdiwl hwywuwpnudGbpp® dwiwbwyh ¢ + Ar Wwhh hwiwp Yunwgyh'
=Py ZA a"* Pk (Aty*m?, i=1.N (3.4.6)

npuwnbn 7Y -0 i-pn muu(xhuh GwhuGwywb Ywd ng ninndwd YnnpnhlGwna t:
PRwywpwpbiny  uwhiwbwhwyndosphs™ hwenpn  puyind  LwbgpwbdywG
pwqiwwwwnyhsbbpp wtiwnp t paunnyta htnbjwihg'

ol = (oY — 1" ¥ -dl =0 (3.4.7)
npp pbnnui t n ng-qéwiht hwjwuwpnuiaGph®

2
oo oo,
oY = | PR =P ) A m, ——tmy, || -d} =0, j=1... (3.4.8)
J [/ é [a’}a m, a"jp m;s
Spywé 7 wohwyuny n ng-qdwiht hwywuwnpnudGbpp (neéynd B0 Yhpwet-
tind UjnunnGywb skpnnp, npp pipdnud £ henbywiht. A <« 4 - J;'o, npuntin
J, -0 o, hwjwuwpniibbph 3wynpjwbl t: Qnympinth nuGkls tnwppetp dnunk-
gnuibtp, npnGghg pbpbu wibkGwwnwpwéywsttpt o SHAKE [53), LINCS
[54), RATTLE [55], SETTLE [56], WIGGLE [57] L M-SHAKE [58] wgnphpd-
Gtpp:

Wdd Jwipwiwubtip wewyt] hwéwu oquwgnpéynn SHAKE, SETTLE,
RATTLE L LINCS wygnphpiltpp, npnip welw 56 GROMACS L NAMD
opwgpwht hwpbpdbpned:
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SHAKE, SETTLE, RATTLE L LINCS wygnphpdbbnn
SHAKE wignphpth 2powlwybbpnid ny qéwiht hwywuwpnuibtpp |ned-
ynud 6O oquiugnpétiny Quinwu-Utnth [59] dbpnnp’
A==J]'o (3.4.9)
Gohpwnpynid t J, dwwnphgwih woynibwgéuyht nndhGwbwnpnbp, b (nd-
ynud t £ wohwywnny £ -pn hwywuwpnuip =

A > 610',
oo,
04,
>, +4 _BE,,_
ka

rka

']
fip = Tip + M -gi*-,...k =1l.n (3.4.10)

P

npwntin 7, L r,; wwhwwaynn ($hpuynn) dwulhyttph YnnpnhGwinbenG ba:
MNGwnp £ 0wl 626, np Yub wu wignphpidh dh wpp thnthnfujwd tnnwppbpwy-
Gtp, npnbghg G0 ophbwy QSHAKE (Quaternion SHAKE) [60], M-SHAKE [58]
L P-SHAKE [61]:

LINCS (LINear Constraint Solver) wignphpiwlwb dnwnbgnuip dwyyb k
<tuuh, RELYLPH, REpLUNRULGH L dpnitheh Unndhg 1997pY.-hl: b twppbpnt-
pntt SHAKE-h, wyt ytpgbnud ¢ lwgpwhdjwl pwqiwwwwnyhsbtpp, L jnupw-
pwlgnmp hunbpwghwh dwiwbwy (ndynd t hwywnwnpd J, 3wynpjwlp:

| R
1=37M lO’(f+At)

M'=(I-J )" =5I+J,+J2+J)+. . +J0+.. (34.11)

SETTLE wignphpip ns géwihG hwywuwpniiGtpp (nuéntd £ wbwihuinhy
duny’ ~»=3 uwhiwlwdwymaabph nbwpntd: Uu dninbgnidp unynpwpwn
Yhpwreynid t Grwuwnnd dhwgnipyntbOtiph, dwubwynpwwbu, oph dnityninud
phihwywl Ywwbph plwpnipwi (Yuwd Jwibonwlwo wolwi) ywhuyw-
dwl hwdwp, nph hwdwnp dwewynid &G TIP3P, SPC, SPC/E 9ph dnikynt h dn-
nGGGpp:

RATTLE wignphpdp hwiwiu Yhpwrednd b JwibOownwlwt L pnpuhnb
woynbobpp wwhwwobine bwidwp: b nwpptpnené SHAKE-h, npuntn
dwubhyabph ynnpphGwuwnltph ypw npynud 66 uwhdwbGwthwynudatp, wu
wignnhpintd $hpuynid GG Gwl wpwgnipnGbbpp: <wiwdw)( JdGpitph wi-
gnphpdh, (3.3.4), (3.3.5) dwubhyh nhpph L wpwgniRjwls hwywuwpniGbpp
wyu nbwpnid ponnLontd 6O hbwnlyw; wnbupp’

r(t + Af) = r(f) + A(f) + %(At)z(a(t) -miZzy o, (:)) (3.4.12)
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v(r+At)=v(x)+%[a(z)-miz,1,,.(r)r,j(r)+a(¢+Ax)-miZAy.(r+A:)r,.j(r+m)]
i J i J

(3.4.13)
npuinbin 7, () =r()-r,(#) i L j wwndbtph dhel htrwynpnipntl t: COn-
hwbntp nGwpnid pwqiwwwwnyhstpp 0GpYwywgynid G0 hGuinbyw) Yepw'

1 o, (r@t, + Ar)) (3.4.14)

A =
' an? Z( 1 Iaak(r(ta))Iaa,(r(to+At)))
or, or,

i\ 2m,

SHAKE wignphpip unynpwpwnp Yhpweynd t d6é dnjtynybGtphg
pwnywgwé hwiwlwpgbph hwdwp, huy gwépwintynijwht Shwgnipnbob-
nh nbwpnid pwywlwoht wpwg t gnpénud wpnka SETTLE-p: Lydwé dbpnn-
Gtph Yhpwenipjwdp phihwlywl uwwtph Gpupneeiniaatpp (Ywd JuGhunw-
Ywh woyntbbbpp) dninbgyntd 60 hpwlwl wpdbplbphl: Uwubwynpuwwtuy,
SETTLE-p wrwownpywé jubnhpbbpp (nuénud t wowihwnhy duny L d6é dnjb-
ynybbphg pwnyuwgwé hwiwyuwpgbph hwiwp wys puwywywbht pwpn t, huy
SHAKE wyignphpdp, npb ntbh hunbpwuwnhy panyp, hwenpnwpwp, dkyp gnwuh
htwnbhg oguwgnpdtiny, Juwuwh bGpywpnipintGobpp  (Ywd  JwiGhunwywh
woyntattpp) hwugOnud £ hpuwywb wpdtplbpha: b nbw, SHAKE wignphpdp
hp punbpwunhy pGnyph Wwwiweny pwjwywiht pwpn b qniquhbrwgyney,
L Ywwh Spjwpnipymbatph a66 tnnudtbph nbwpnd wyt hwdwpjw [pLond
snLbh L swhynn dEdnipynibp sh hwuglnud hwgtigdwO wndbphb: LINCS wign-
phpiwywb dnunnbignudp wewybp Yuynta t, L hwynquiwl wbuwblyniGhg
huwyuinGh t, np wyb Gh pwbh woqud wyth wpwqugnpd t, pwb SHAKE wign-
phpap:

3.5 MnuntGghwiGbph pwnpnipintl L nudwihG nwuin

bOswbu wpnbb G24b; b, hwiwywpgh wynunbGghw) tObpghw(, Ywhujwé

dwubhybtiph hpwp GYwwndwdp nhpphg, Ywpbith t 0Epluwglty, wuwbu Yng-
Jws, sjuwyws b Yuwdwsd pwnwnphsbtipnd, npnbp hptitg htipphl GGpw-
pnud G0 uontpywwiuw(, bieyunpwunwunhy L Geppht pwnwnphsGbpp: <h-
dw thnpdblp wrwbdhG-wewbdht GEpYuwglt] wnunbGghwy $niGyghwih
pwnwnphsGtpp:

{wiwdwjt 3.1.4 pwlwdlh, ynuintOghwy tOtpghwh, pGnhwGnp we-
dwdp, Yuwntith t GEpYuywglt’

bonds angles torsions

Ulolal = ZUM(GI)+ Uangla(ol)+ ZUlorsiom(¢i)+zU¢I +ZU\M + ZUH
i i i i<j i<j H ~bonds
(3.5.1)
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Rhdpwlwa Yunyh Ephwpnigyul thnhnfunignip

T d T d T v
r
|.___°_.{
3
L
[« 20
o
L
=
L = -
I
3
J 1 1
. -
A 1 PR 1 1 ——
0,08 0,09 0,10 0,11 0,12

r, Gd
Luwp 3.5.1. Ywwh Gpluwpnipyw thnthnfunipjul wnunbkGghwyp:

Gnynt” Ynduwitbuwn dkny Yuuwywé wunndbbph vtnwnwbnuiGtpp hwywuw-
pwyzhe nhpph GYwwndwdp hptbg GEpnpnud0 GO Nuotonud ponbwGnp wn-
wnblghwih o, npp GEpYuywgynid |t hwpidnGhy wynwntGghwih wkupny.

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

npwntin K ,,‘.’ -0 nyjwy inbuwyh YuwtiphG penpn hwuwinwennta t, 77 -0 tnjuy
Yuuwh Gpywpnipiniet t bhwywuwpwyrywé yhswynid: K,.f -tpp hwywuwnp
GG phdpwywl Ywwtph nidwht hwuwnwunnibGtpht L 6h Yupg pwpdp &G,
wjuwbu Yynggwéd, ntpnpdwghnt hwuwnwunniGbtphg (ophbwly, hwpdnGhy
quuwlwyh nbwpnid): bpwywbnd, Ywwh Gpywpnipjwb thnthnfunip)ntGbnp
2wuwn thnpp 6O, hogh wywwdweny Gpw Gepnpntdb paGnhwOnp wynunkGghwy t-
GEpghwih db9 Gnybwbu 2w thnpn t: <wzwplltipp gnyg &G tnwihu, np Y-
wh pywpnipywa thnthnfunipnibp Ywquontd ¢ dnuinwynpwwtu ~0,01-0,02 A°
Ywpgh dGénpynils: <wywnbh t, np hwpinOhy wnuntOghwip gnpénud £ wyl
nGwpentd, Gpp Ywwh Bpywpnipiwt tnwwnwbnuip < 0.14°: UGS tnnwunwibnud-
Gtnh nbwpentd wwnndobpp nhungynud G0, L hEinlwpwn, G4wéd wnuntbghwip
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sh gnpénud: K ,.f hwuwnwuinntbbtpp unwgynid 6O uwtYunpwuynwhy hnpdb-
phg, L npwg wnpdtpp qunGyncd t 50-800 Yywi.dny ' .A%? shewlwypmy: Ljwp
3.5.1-nud GbEpYuywgdwd 6O Yuwh Spywpnpiub thnthnfunepjudp wwydwbw-
Unpywé thbpghwih Ynpp b thnthnfunipjwl upubdwnhy wwunybpp:

Ywwh Gpupnigjwb thnpp nwunwOnudttph nbwpnud, pGnhwlnp we-
dwip, tobpghwt hwjwuwpwyzhe #° Gpywpniejwa 2npe Ywnbih t obpyw-
jwglbl Bynph 2wnpeh dhengny’

au 1 d*U
U =U,(r’)+ b Jr=r))+— 7b —r°)? +—
»(r)=U,(r") 7 e (F=1°) 5 (r=r°) S
(3.5.3)Mwpqugnyl nbwpp GEpYuwywgwsd t 3.5.2-md:  Stnwnpbiny
U,(r’)=0,r =r° L tObpghwih wéwagwp hwywuwpbglbiny qpnjh” Yuunw-
Gwbp wyn $ntyghwih hwpdnahy wntupp:

1d°U,

J(r=r) +...

r=r" r=r

Yuiybpp Swwlu., ud’” Shwbnp
H-0 3600-3700
H-N 3400-3500 f\@
N-C 2900-3000
C=C,C=N 2200 undtunhly
C=0,C=0 1700-1800
C-N 1250 f\g
c-C 1000 wuhdtunphy
phEpywo

Unjnwtuwly 3.5.1. Uh 2wpp Yuwwbnph Gpiwupnggnbbbph
nwunwiiwi hwiwpwywbnpnblbtpp:

LUwwh Bpywpnipjwt Lwwnwinwitepny  Wwpdwlwynpwd® tapghwl
Ywpnn t bwb Gepywywgytl Unpgbh wynuntaghwiny [62]

U porse (1) = Dy [l —exp(a;(r; -1/ ))]2 (3.5.4)

K.
npuntin @; = 21; » huy D, -0 nhungdw( tatinghuw t:

Ujnwu Ynndhg, wyt Yuptih ¢t 0GpYuywgtb) Owlk ng hwpinOhy wnbupny’
Yunptiny 2wppp tunpwGwnn wnwidhg'

UB(';'J') = Kif(’;’j -’};)2 + K;K;B('}j "'};)3 (3.5.5)
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Yuwithunwywl Bnpuhn(
Luytip LwGdwo wihph LYuwwytip Lwhiwb wihph
bpy.., ug™ bp\y.., ug™’
H-O-H 1600 c=C 1000
H-C-H 1500 C-0 300-600
o0-C=0 600 c-C 300
Unynuwy 3.5.2. YdwiGhunwyuwo b pnpupnt inwunwbndbbph
hwiwhwlwentpynGatipp:

Npn2 dpwgpwiht thwetipGtp G24wéd wynunboghwip wewowpynd 60 Gwl
snppnpn Ywipgh hwdwuwpdwO wbupny, npubn Yuwwh Gplupnupiwi pw-
nwnphsn pOnnomd ¢ heunlyw) wbupp” ~ (77 - %) <wjwuwpwyeyws

nhnghg thnpp 2bnnuilbph nbwpenud wjs pepynd ¢ hwnljwy  inbuph’
(f =1V = (ry =) (ry 1)) = (ry = 1))2r))

<wpy b G2 Gwbk, np dnibynyh wwunwOdwh Yhppwghnb tabpghwl
utnwgynid £ hedppwywpdhp inhpnyenid uwytyupnuynwhy thnpdbiph (infrared
radiation — IR Jwd Raman) dhongny: Uwnnpl ptipqwé G0 dh wpp Ywwbph
nwnwiiwl hwiwwuwinieniaotpp” wptnwhwpnywé uld™ shwynpny (w-
rynwuwy 3.5.1): Lpklp Gwl, np hGspwl 066 t inwunwbdwb hwswlunipiniap,
wyGpwl nddwp t Ywwh ntpnpiwghw: Wn wwwnsdweny Yuwh nnwanwbnd-
GGpp mOLO wybih 866 hwawunipinubltp, pwb uwibowwywi walyuwl nw-
wnwOnibtpp, npnbp t hp htppht wybih 466 wpdtpbbp NGkt pwb pnpuhn(
woynibObph nwunwnudabpp:

<wibdwwnipjwo hwdwp wynwuwy 3.5.2-md pepywd 60 Juibbunwywo b
pnpuhnl LwunwiniGtnh wpdtiptbpp npn Yuwbph hwdwnp:

POswbu huyinGh t, gwdn gbpdwunhswbGEpny, Ywiujwd tnwunwbntdot-
nh hwiwpjuwlwbnpnibhg, nuwuwywb dnuinbgnuip hwiwwpgp Gywpwagpned
t ng |hwpdbp: Udd qhwhwwntGp win tnwwnwinuibtph hwdwluntpinuabbph
dhowlwypp: Ghpwnpblp ntitp hwpdnGhy oughihwunnp, npwntn tatpghwo
GspYuywgynd t Av -ny, npunbin A -p Mwbyh hwunwunibb t, huy v -0 nw-
nwiiwld hwdwtumpeintp: JTwuwywb dninbgiwl nbwpnid hwawunpynia-
GGpp wwp £ pwqwpwnbl hbnbyw) Wwpdwohl' v << &,7 /A Jud

hv (3.5.6)
k,T

B
npntn 7 -0 gbpdwuwnhswn k, huy &, -G PnigdwGh hwuwnmwuwnlp: Unyne-
uwy 3.5.2-nud Obplujwgywd wnpdtpttpp tnpywé G0 ubbjwywiht gbpdwuwnh-
Swih (T =300K ) hwiowp: Ophlwy, O-H Yuwwh nwunwliwa wihgh bp-
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Ywpniintp 3600 ud™? £, htwlwpwp, v=c/1=1.1-10"Y", npunbinhg
hoinund £, np Av/ kT ~17: bOswbu Bplintd £ pwpdp hwdwiunipjwb dnnbpp
nnipu GO ppnodwé (3.5.6) wwydwbh uwhdwbGbphg: <Gunbwpwp, vwhiw-
Owhb hwswpunipimbp, npp Ypwdwnwph (3.5.6) wuwydwohG, Yuqomo k
~6 wy™ = 6x10"2 4", npp hwiwwwwnwuuwand £ ~200ud”’ wihgh tpywpni-
pjwlp:

Yy Eormuwlpwt wolywl thndhnfurigyneap
{wiwwwunwuuwl i - j -4 wunndabph Yuqiwéd wauh nwnwbnedng

wuwjiwbwynnquws tatpghwh Gpnpnuip Gnybwbu Yupbih © hwadb] wwp-
qugnuyl hwpdnGhy duny’

AN pog _poy
Uangles (0‘;" ) - 2 Z Kijk (0,} 0;) (357)

ijk b

LB v L Ml Ly o L M Al
| J
- ea -
3
% L
c.
43
=]
ol 4
9
3
>
g ¢
3
i 1
- L o 1 A 1 4 1 A L
120 150 180 210 240

0
Ljwp 3.5.2. Jwibonwywl wihtgwl thnthnfumpuo wyninkoghwip:

0
ik

-0 ] wbuwlh walnGGbph hwdwp hwunwnnGa b, 6° -G

ik

hwywuwnuwyrwdé yhawynid infjw) wilywh wpdtpl t: K ,;’, L 49‘1‘t hwuunw-
i

npwnbn K

wnGOtpp mOpytpuwy 60 Shwugmpnibbph pwdwywihG (wyt nuuh hwdwn:
K, hwuunwwnnl wpdtipp pG4ws t 20-170 Yywi.un™.pwn? Showluypntd b
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Ywpuqwé £ ntpnpiwgdwl nidwiht hwunwunntbGbphg, npnbp unynpwpwp
unwgynud G0 dnieYnyteph wunwonnwywb uwtyunphg: Ljwp 3.5.2-nud
EpYwjwgywé b yuibonwywo waywh thnthnfunipjwa Ynpp:

CanhwOnp wrdwdp, Jwibonwywid woalywbd dup L swhp npnaynud
woywlo ququwplbpnd qunbynn wuwndbbph EiEYwnpnGuwiht opphunwyGEph
hhpphnhquigdwdp: LuGwpytkbp Jwitbvnwlwl wilywh’ wwpquagnylb dlny
OGpYuwywgiwb Ywinblbtpp: Uwulwynpuwbu, tGpb juittunwywd wiywi
ququwpatpnid gunnbynn wuwnnibbpp nlbtt sShwbdwb hhpphn opphuinwibGp sp,
wuww woyntop Ywaqind £ 180°, dhagntr, ophtwy, Gpt wwnndObpp 2pow-
wwunywé b0, wubklp, 3-sp? opphunwttpny, wuww wwnndGbph nwuwynpnt-
pintop nbh wiphgnOwy winbup, L Ywitbunwywb woyntop Yuqdnd t 120°:
Awuwynpnipintbp ibinpwhtnpuy b sp’ -opphunwibtph nbwpend, b Yw)to-
nwywt wayniGp hwdwuwn t 109.47° -h:

Lbphujwgltlp Gwlk hwiwiu oguwgnpéynn” YnuhGnuuGbph L Nunkj-

Pptinitjh wnunbGghwibEpp:
UnuhOnwubbph mnmbﬁghw[

,,,,g,&,(a )_2 > K,;‘,(cos(e )- cos(H" )’ (3.5.8)
angles
npuwnbin’ cos(0 )———r—:

Tl

Nurti-PpEnGih wnunbGghwip hptbhg OepYwywgbmd £ i— j— k& dnibynt-
(nd § L & wwnndbbpny uquuﬁwﬁwdnnu_wé hwpdnGhy pwnwnphsp’

U,,”ni,,,(e )=— ZK.,“*”(r,k - (3.5.9)

yk

pnpupnG walywa hrhnfunigmp

Lwjupwl pnpupnb wolywb pabwpynidp, G26Gp, np Yuwb 2 inhwh pnpuphnG
woyniGbbph hwulywgnpintt’™ huywywb pnpupnt Ywd ywpquwbu pnpuhn(
(proper dihedral or torsion angle) L Ytind pnpuhnG (improper dihedral or torsion
angle): Gpynt nbwpntd k| wyo Yuwqdiynd t 4 wwnndGbpny: hpwywb pnpuhnl
wllynibp & U jkn wwndbbpny wwjiwbwdnpwéd hwppnipintblbph Yug-
dwé wilymbb £ (inbu Gywn 3.5.3): Bnpuhnb wnuintoghwip pbnhwanip nbuy-
pnud Ywpth t Dbnhw;wgﬁb[ htwnlyw| nnbupny’

U piieo (Pyua) = Z S-(1+cos(np—p,)) (3.5.10)

ijkn  n
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@npuhn walywb tabpghw

1 " 1 A 1

0 90 180 270 . 360
()
Ljwp 3.5.3. Bnpuhn( wayw thnthnfunipjwb wnunkOghwip:

npintin @ -0 pnpuhnG walymo t, @, -0° hwywuwpwyzhe yhdwynid pnpuhnl
woynibp, huy n-p wdpnng phy t, npl hptGhg OEpYuwywgbnid t wunundwb
wngtiph wwppbpwywanugniap (7 -h ponipwgpwywt wpdtpbbpt 6™ 1,2,3,
npn2 ntwptpnud Gwl 4), huy U, -p wpgbiph pwpdpnipinilh t: Swun nbwpt-
pnd @, =0 Ywd 7, htwnlwpwn, (3.5.10) pwlwdlp panntanud t hbwnbywy
wtupp’ (1+ cos(np — x)) =1-cos(ng) : Opwgnwihb thwptpltpnd U, /2 pl-
nntiynud £ npwytu K, W hwdwpymd nidwihb hwuunwunni(:

<wyinbh £ Gwb Nhjwpn-REEIwGh $nibyghwl, nph ogunwgnpdynid t
hhiGwywonid wiwbatph hwdwp®

U prien @) = D, C,(cos(9))" , ¢=p-180° (3.5.11)

n=0

npuitin C, -tpp (Shwynpp' Y.0n;™) niduwht hwutnwuinnGobpG 66 L Yupnn
G0 0EpYuwywgywé 1hat), dwulbwynpwwtu, hbnlyw; wpdtpltpny® C, = 9,28,
C =1216, C,=-13]12, C,=-3,06, C,=2624, C;,=-315 (wnbu
GROMACS nidwjhG nwpwp):
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Llwp 3.5.4. Ybné pnpupnt whlywl hwulwgnipinibp:

Ukné pnpuhn( wolywo ntwpnty, nng bpkOhg OEpYwywglhmd ¢ ijk L jkn
hwppnipynlbGEph Yuwqiwé walynbp (wnbu Gywp 3.5.4), hwiwwwunwuluwb
wnutiGghwip Yuwptith t GEpYuwjwgty htinbyw) Yepw'

1
U’M (gljkl) = EZK;(f,ju - :o)z (2-3.12)
Uyt GnyOwbu OGpYwiwgynid | hwpdnGhy wnbupny, npuntin X, -0 (Ghw-
Unp0 £ Y2.0n;".pwin®) nidwjhlt hwuwnwnndlG b, huy &, -0 hwywuwpwyzhe
yhswynid pnpuhnb wbyndbb t:

A

taGpghw

Lywp 3.5.5. Ywinbpjwwiuwb wynuinbGghwih wnbupp:

dwanbpnduwuywwl wyninbaghuy
N Jwitbwnwywl Juwinbpyuwuwiuywl thnjuwqntignipiniip hhdGwywaniyd
wpwwgnnd t dnieynbtph YnGpnpdwghnl Jwppp:
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QUnhwinp wrdwdp, Gpyne JwitGnwywo Yuwny suwydws wnndos-
ph dinfuwqntignipiwl tetpghwl, Ywjudws GpwbGg dhob tnwd herwynpnt-
pintihg (7). Ywpbih | O6pyujwgtt) hbwlyw) dlny (GYwp 3.5.5): U0 nbw-
pnu, tpp > r,, (7, -0 hwjwuwpwlzhe yhdwynd wwnnibtph herwynpnt-

pINLGG t), wunndbbpp dgnud GG hpwp, huy Bpp r < 7, wwnndbbpp Jwoynid GO

dhgjwlghg: Onpn htrwynpnigwl nbwpntd Juitnnnipjwl nidp wpnynibp § t-
tEyunpnbwiht wowbph yepwnpdwb (Mwnihh uygpnibpp) L dhontyttph dhol
gnnénn nudtin thnfuwqntgnipjwh, huly dgnnnipiniip wwydwbwdnpywé t LnG-
nniywl Ywd nhuwbpuhnl nudtpny [63]: CGnhwGpwwbu, uanbpyduwwiuwb
thnjuwgntgnignip hwdwpynud t Ywpdwagnnn nd, L hwpaqwpylbph dwdw-
owy wyl wwn woquwd Yupdnad £ (cutoff Ywd truncate dnibyghwl): dniGy-
ghwl htrwynpnipinibhg Yuwiudwé winhinhy dénipynit £, U Ywptith t Gepyw-
gty U, =YY f(r;): Ladwé f $nillighwl pwywlywihG hwenn dn-
i j
wnwpyned § 6-12 LEGwpn-2nluh [64] Gpywwpwidtunpwoh $ncbyghuynd, npp
Ywntith t 0EpYwywglt] henbyw) wnkupny'
A4, B,
U,=2~—<+— (3.5.13)

i, Y

npuintin’ 4, L B, &dgnnnigiul L winnnigjwl gnpéwlyhgltinG &G f pnuy-
ghwjh GtpYuwywgiwb dubphg t Gwl 6-exp RnyhOhbdh wnuntaghwip, npl nt-
Op hGuinbyw| nbupp’

A e
u,, =Z-r—;+3,,e‘ G (3.5.14)
i
npuntin 4, B;, C; tdwhnhy wwpwdbnptip 60 b dhijwlg hitn yuwlwd &G
htuinbywy Yepw.
64,
B, = o (3.5.15)

i
<hibwywbnud gpbpt pninp Spwgpwihlb hwebpttinp wewownynud &a 6-
12 L6Gwpn-2nGuh Yud Pntyhagbih wnnbGghwibbpp, uwyuyt Ywa dh wpp
wnuwbkGghwiGtp, npnGp Gnybwbu pwdwywh hwenn dnunwipynid &G ng JuiGa-
nwywh Jubntpywwpwwt thnfuwgnbgnipnbGbpp: Ypwdp 6O°
1. Grwwwpwitwnpwywh Unpgtih wnuintbghwip’
f=D1-e "y (3.5.16)
2. Snwwwpwitnpwywo Nhnpbpgh wnunbGghwip
f=-D(+4,x)e™", x= % -1 (3.5.17)

o

3. Rwnwwwpwdtunpwah Anlyhbhtd-Ynpabiph wynuintoghwp'
i C,“ =Cyr
f= —(A" s +—L)D+Bye™ (3.5.18)
r r
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L.r2r,

- {e“"‘(”’"’”),...r <r,

Wuwhuny, ybpp Gdwéd wnuntOghwiGtphg 6-exp Pniyhtgbih wnunbG-
ghwip wytih hpwyw b oYywpwgpnud uinbpwwiuwi thnluwgnbgnie)nt-
Op, sOwywé dEpLlwwywl hwaqwpliwb inbuwbyntbhg 6-12 LEGwpn-2nGuh
wnwtbghwip wybih hwpdwp t L wwbwbend £ wydbih phs dEpbwywywb
dwiwlwly: Gpb 6-12 wynuntGghwth nbwpnud f >, bpp r >0, www 6-
exp-h ntwpentd f — -0, tpp r —0: YbpghGu ng dh dhahwywl hdwun
snibh, L 2w nbwpbpnud wyju ynuntbghwih oquwgnpdnidp ptpnud t wybwh-
uh yhswybtph, tpp wewowOntd 6O pwwn dnunhy dhowwnniwywb hwynuiGkp
wjuhlplb tuEpghwh dhohdnwh npnGnuip hpwywbnud “uwdhwaynid t” pbpt-
Iny f — —co: bhwpyt, Yuptih t 0wl dinglt], wjuwbu Ynsqwd, uwhiwbw-
thwyniitbp (constrains and restrictions) L thnihnjubp wnwntlOghwih wkupp
thnpn r -h nbwpntd:

Urlyw Spwgpwiht ¢hwpbpltpp b nidwiht nwwtpp oguwgnpénud &G
hwwnjwwbu 6-12 Lkwpn-2nGuh L 6-exp Pniyhthtdh wnuklughw)Gtpp, n-
pnOp dwdwlwyh pbpwgpentd thnpp his uwuwpbiwgnpéyti 60: b nbw, thnpp
hwiwywnpgbph hwiwp Unpqth wnunbbghwip vhwipu t wybih jwy Ywpw-
gnnipintl, pwl Pnyhagicsh Ywd LEbwpn-2nbuh wynuintkaghwGbpp [65,66):

bH&yunpwununnhly ihnfuwaqnbgnipinta
<wiwdwybt Ynynbh optlph, |hgpwynpywé dwubhyatph Ywd fudpbph
dpol gnndnn nudp hwdwuwp t
F(r))<qq,/r] (3.5.19)
npuntin g, L g;-0 i L j wwnidh EdEYwnhy |hgptinb &0, huy r;-G° Gpwbg Ghol
hGrwynpnipyntbp: Nudp npwyw £, L Gpyne Swubhyatpp hpwp dgnud GG, bpb
OG0 hwywrewy thgptp, L pwgwuwywG t, nu dwubhybtpp hpwphg ywoynid

60, Gpp dwubhybbpp nubth GnyOwOnil (hgebp: Ynynbth Ywd fYunpwunw-
wnhYy wynwnbaghwip nibh hEuinlyw) inbupp’

Uel = ZKeI q_’qi
i

ot

npuntin &-p dhowdwph nhtEyunphy hwunwnnnao t, huy X, -0 hwunw-
wnnth dEsnpynLl £ (YYw/dng swthnnuywbnipywip): b twppbpnipyntt Jwo-
nGpwwiuwbh, YnynGub wynuinbOghwip dwubhyttph dhol Gnwé hbrwyn-
pneRjwl dESwgdwh htwin Gwqnid t nwinwn, hagh wwwndweny funphnipn sh
inpynid oquwgnpdtiy cutoff Yuid truncate pnilyghwl: biEYuinpwutnwwnhy wn-
wnblghwih nbwpnd oguwgnpdynid 60 twinh (Ewald method) [67] L MUL
(PME - Particle Mesh Ewald) [68] dnunbtgnudGtpp, npnGg YwipwnwrbwGp
uwnnple:

(3.5.20)
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Ahtieyunphy pwhwbgtihnignuap GpYyuwywgymd £ 2 dlny: UdkGwwwnpq
dnunnwynpnipinibp Gopwnpnid £ &(r) =r Ywd &(r)= Dr, npuntn D -0 hwu-
nwuwnntl dednigint £ Wu dnunwidnpnupintbp oqunugnpdynid Ep wewohl
utipanh nidwghG nwawntiph dbg, npwntin oph (Ywd nplt wyy (nudhsh) dnibyney-
O5pp OEpYuwywgynud tht ng wybhwyn wnbupnd: Ujntu dnunbgiwl 2powbwy-
atpnud nhtiEhunphy pwithwagb hnueiniop Gtpyuwywgynid t htnlyw) duny’

&(r)= De" (3.5.21)
hGswbtu Owl
g(r)=(D, +D,)/(1 +de™*P*>ry_ D (3.5.22)

npintn D, -0 oph pwdhwbgbipnipnba £, D,, k-0 wwpwdbuptp &G, huy
d -0’ hwunwwinntt deénLpynul:

“Urnpowl® L FJuynh plnhwinwgyws dnuinbigntdGbnp

Uwnpl. ypGbwpytlp Juinbpuuwuwt L EEYyunpwunwunhy wynuntl-
ghwittph hwaydwh Gpynt dninbignudbtpp: Ywplnp t G261, np h tnwpptpne-
pInth “Yupdwl” dEpnnh, twinh dGpnnp pwdwlwh d6é Sunnipjudp pny) &
wnwihu hwyyt) hbrwgnnn tEYnpwunwwnhy wnunkoghwip, dhognte Jui-
nbpjuwiuwi thnuwgnbgnipintbbbph nbwpenid, hwayh wetking Ytpehtlt-
phu Yuwpswaqnnn pGnypp, dtptlwjwlwt dwdwbwyh jubwpnnipjwO hwdwp
wybih twwunwywhwpdwp t ogunyty “Yunpdwl” dGpnnhg:

Annipgntt NLOGO “Yupdwl” dh pwlh dnunbgnuibtp: Spt $nilyghwl
ywpnid GOp » = a npnawyh Ytwnhg uyuwés, nw Ynggmd t wywpqugnylb Yup-
dwh dnuinbgnud L uyuwéd r > a Yewnnhg dnbyghwih wpdbpp hwywuwnbg-
ynud £ qpnjh: Upniu dnunbigdwt nbwpnud 4bpgdnd £ a-hg b hwundwé
(a<bd), L pnibyghwb wn uwhnib Ybpwnyd uhuwé r =a-pg Ojugnmd § L
hwywuwpymd t 0-h r=»5 Ubtunhg: Upju dnunbgnuip huyinbh t npwtiu
switching cutoff L nLGh (wb YhpwentgynG:

Uydd nhuinwpytp Yunpdwo dbjuwaphqip dnibyghnluy inbuwbGlyniGhg: 6a-
pwnptlp, ntbkbp $nibyghw, npp GEpwentd t Juinbpwwiuywl L Y-
puuwnwwnhy pwnwnphsGepp’

Uow = 2. Toa 0 )U +U,,) (3:5.22)
ij

npwntn T, (r;)-0 GEpQuywgynid t npwtu thnfuwytpwnn dnubyghu:
Mwnpqugnyl Yupdwl nbwpnud, tpp wnwnbOghwip Yupynid t r 2 alyb-
tnhg, thnfuwytinuhs $nibyghwl Gepywjwgyntd § hbinlywy yepuy

k...
T, = rea (3.5.23)
0,..r=a

UunpdwG Gjntu Onunbgdwl nbwpnd thnfuwytpwhs $nibyghwo unwbned
t hbunlyw; inbupp'
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1;..r<a

r2—a? Vo (r? - a?
T, =41+ g 2 PEgpE -3.asr<b (3.5.23)

\0;...r >b

uychwywn t, np 7, $nibyghwl hwdwuwp t 1, bpp 7 = a, L dnGnunl GYw-
qbind’ hwywuwpymad t 0, Gpp 7 -p unwGnud t b wpdtipp:

Nwnpbpwlwl pooh qunurpwnp

bOswbu wpnbl 26 Bop, bEYunpwunwannhy LtoEpghwih hwaydwb Ewinh
dnunbtgnidp Yppwebh t wwppbpwywb Gqpuht Ywd uvwhdwbwiht wywydwh-
GEpp0 pwywpwpnn hwiwywnpgtph hwdwp: Npnbp G0 Gqpwiht wwydwGotpp
L hOs b Owbwyntd wwppbpwywbnegynib: Mwppbpwywl wwdwobbp wub-
(n4 hwulwgynid t wyl, np nwnudbGwuhpynn hwdwywpgp wnbnwynpdwd t
Ghwynp (wppwyw) peoh dke, L rwswih wwpwénpjwl Gt Gupwnpyntd
b GiwOwuwnpw ShwynpGtph Ypybophbwyokph gnnipinibp: Npwbugh wybh
huvnwy wwunybpwgnud Yuqiblp wywppbpwywbnipjwt dwuhl, ufubdwwnh-
Ynptl nhunwpytibp wyb Gplyswh wpwonipjwh vke: Lywp 3.5.6-nLl Wwwn-
Ypdws t L swihwGh vnwppwywb pehep Gplswih tnwpwénipwl gk hp
Ypyanipntblbtpny: Grwswih hwiwywngtpp nhuwpytihu pGunpynad t dhw-
ynp wd wnwppwywl pehe (nbu Qinitu 1, wrynwwy 1.1.1), npp pOngpw-
gpynud t a,b,c swihbpny L Gpwog dhel yuwqigwd waynbotpny (@, B, 1 ):

L.O o OO OO
@ O|l®e o|l® O
O qlrC o0 ©0
@ o?@ oOle ©
OQ-E)-O OO
® O|l® O|® O

Llwp 3.5.6. Mwpptpwlwl Yuwenigwép tpyswih tnwpwoénipjwb dkg
dhwynp pohe L wphbuunnwywb YpybophGwy Shwynpabp:
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Mtwnp ¢ G261, np hwdwnpldwl dwdwlwy gpwlgyntd &G thwyb tnwpnw-
Ywa poontd qunbynn dwulhybtph YnnpnhGwuwnlbtpp, L wit dwiwbwy, Gpp
dwulhyp nhbwdhy wpddwl hbwnkwbpny hwwnad ¢ uwhdwOp L nnuu
qwihu Shwynp peohg, wwppbpwwlnpwl wwjdweh hwiwduyd™ wylb
hwjnbynid t 6hlOnyG peoh dbe. wjuwhuny, hwaqwpyh pbpwgpnid dwubhy-
GGph phyp sh hnthnfuynid: YGhuwpwlbwlwo hwiwywpgbph nwunudGwuppnt-
Rl dwiwbwy shwynp pohep pbunnynud £ hwpwynphb swih 666, npwbtugh
Ywpbiih thGh luntuwdit) vwhdwbwiht Ywsd Bgpuiht wwjdwoobph hn uw-
Jws pwpnnipintblbtiphg: <wny t Gwl GG}, np wwpptpwlwo Wwswoh nbw-
pnud “Yupdwl” awrewdhnp unynpwpwp swhinp b gipwquigh shwynp pegoh
4w swihp (L7):

baswtu huwywnGh t, pOnhwOnp nbwpentd N dwuGhybtphg L hwdwww-
nwufuwlwpwn #; nhpenid g, L g, thgptiphg pwnywgwd L dhwynp pogh,
dwubhybtph thnfuwqntgnipiwb totpghwb nuGh hbwnlywy inbupp’

1 1 N N (L=0,i#j) q.9;
= — r (3.5.24)
4rne 25555 Wi lrff + nL|

npwbn’ r; =r,—-r,,bn=(nL,n L, ,nL.)-ppooh hintipu yahunnl t bnw-

swih nhuwpyowt dwiwbwy, huy bplswih wwppbpwywinpjwl nbwpnid’
n=(n.L ,n,L, 0): <wqupydwl wyu dup hupnbh t npwbu gnidwpdwh nt-

npn Utpnn (Direct Sum method), npp hwdwlwpgswht hwdwnpydwl wnb-
uwbynibhg pwdwlwioht wtuwwnwunwp t. Ywptih t wub, np 066 hwdiw-
Yupgbip nhunwpytithu honbgnpiwh jntpwpwbgnip pwyind totpghwih hup-
dwpyp wpwywnhynptl wohbwn t:

Wadd yGpwnwrOwbp tJuynh dninbgdwlp [67), npp Owjuwwnbuywd t
wwppbpwywt hwiwywpgbph fiEyunpwunwwhy nudtph hwdwpyiwb hw-
dwn: LGGR, Np wjl wrwehl woqwd unwgyt) t EJwinh Ynndhg, L tnipintop
Yuwjwnid t GpwOnud, np gnudwpp Yepwoynid £ 2° htrwqnnn L Ywpswannn
pwnwnphsbtph:

e

y.L

Ywpaugnnn hbnwaann
wyuhGpl’ %-n GbpYywgynd ¢ htunlywy Yepwy
1_Jf()_1-f() (3.5.26)
r r r

F(r) dmbyghwh dhawin phunpnipinibhg t Ywiudws dtpnnh EdtYnhynipnt-
Gp: dnibyghw, hhwpyt, wbunp b pwdwpwph htnbjw) wwdwobbpha®
«  f(r)>0,tpp r-p dE6WONLA t (Yupdwqnnn dwu)

* (I-£()/r $niphth dbwhntunipinibp wwp t {hGh hwqwnlbh L
whuwnp t (hGh yEpowynp, Bpp » — o« (htrwqnnn Gwu):
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Gnw;swih nhinwnpydwl nbwpnd f(7) pGuwpynid £ htGunlyw) Yepw'

f(r)=erfe(ar)=1-erf(ar) = % q]e""dx (3.5.27)

npwntbn’ erfc-p L erf -p, hwiwwwunwupuwlwpwn, Yndytdtaunwp L Quni-
Wwl uuwjwbph $nilyghwlbnpl 6O’

Ltipywjwgywé dnuayghwbtpp pwywpwpnid 66 ytpp G24wé wywyiwabs-
pho’

alrl

e

f(r)=erfc(ar)z\/;ar, r—ow

1-/(r) , 2a (3.5.28)
rr
Wdd dwhpwdwulblp wynuinbOghw| tO0Gpghwh pwnwnphsbbpp: Coanbhw-
Oanip nbwpmd twinh pwOwdbp pnniond £ hsuinlyw) intiupp’
v=U,+U.,+U, +U,

1 L& erfc(ar; )
Udir=EZZZqiqu'('l_‘L

i=l j=t L ifL

DI »
rec 2L3,‘,°k2 i quqj

U =—?”—(iq‘r‘)- (3.5.29)
T (+2e) P\ ST o

npwtin @ wwpwdbwnpp panipwagpnud t ninnuiyh (U, ~direct) L hwiwnwnd
(U, -reciprocal) gniiwnpdwG hwpwptpwyw Yhep: U, -0 ubthwywG tatnp-
ghwa t, huy U,-0" nhwnpwi ninanudp, npp 2w ptiwyptpnid hwdwpned &6 0
(GwytpbuwhG (hgpbpp wphwdwphynid 66): Anpdbwlwl  pubnhpGbpned
Qunywl a wwpwditwpp pbGunpgnd £ 10/L Ywpgh (hpwywG peoh L-p
dnunwynpwwtu dhask 100 -1504° Ywpgh t), htunnbwpwp, a +0.1 upgh t:

RPwgh ytipp G24wé twinh pwlwdlhg, wrwowpyyti 66 Gwb dh wnp wy
dtpnnlLp, npnGg hhdpnd pGlYwd t EYwinh dnunnbgnudp: Ypwlbg 2wppnid
pbplu  witbwuwnwpwéywoéltphg G0 “Uwulhylbph gwGgwiht”™ - MUE
(particle-mesh PME dwulhy-gwlg) dbennp, npl wnwownpydtb] t Ywnntih

' erf(x) Qwnuyws upwih PrGhghwl GopYuywgdmd t hbwlywy Yopw' (Yopwotiny  2wnph)

erf(x)=1-erfe(x) =72;-!e"df =72;(x—-§—+5?—57+...)



ynnuihg, hoswbiu Gwl “Uwulhyatph hwpe guwiguiht” - UMUE (Smooth PME)
[69] vGRNNp:
<pgwy wignphpdlbpp, npnGpe nGGh N -log(N) ~ N Ywpq, pwywywbhG

wpwqg 60 hwaywplttpnud, h wwppbpnignts Ewinh wignphpsh, npp N?
ywpah t L ogquwgnpéynd t hwunwwbu d66 hwiwywpgbph nbuwpnud:
Onpp hwdwywnpgtinh nbwpnid EJuinh dnuintignidp wwwhnynid t oGd gune-
pintl: Lpqwd wignphpdbtph dwipwdwul hwitdwuwnnipnilbp pbnduwé £ [70]
w2 fuwwnwtpned:

Wuwhuny, nhuinwpytghtp wnunbOghwy totpghuwh pwnwnphsGtpp L
pllwpytghtp npwbg hwdwnlydiwb dnuntignuiGbpp:

h°Gs £ hpbOhg OEpYuwgbnud nudwihG nuwwnp: Midwyhl nupwnp wnunkl-
ghwy tatpghwih pwnwnphsbnh pwqdwdpnibyghnbuwy wpunwhwnnieynthl t,
obpweynn wwpwidtwpbph (K2, 77, Ky .4, Byse.q;,q,5e--) PUQONIRINLOD:

P27 i

Npwtiu Ywanlb, nidwiht nwwntph wwpwibnpbpp npnynud B0 thnpdbw-
ywl depnnbtpny L pwlunwdbuwbhuwywa hwqunyttph dhongny: «Ud-
panowlywl wuinndwlywG» (all-atom) nudwihG nuzwnp Gepwenud t hp dbe hw-
dJuwlwnpgh jnupwpwlynip wwnndp GYwnwgpnn pninp wwpwdtupepp, Shig-
nbr «dhwgjw| wunndwywb» (united atom) nidwihli nuunp GepYuywgbnd £
opwélOh L wéhuwésth wuwnndlbpp” npwtu Gbphp L dtphGOwht dhwgjuy
fudptp (npwtiu dhwgjwy thntuwqnnn Shwynp-wunnd): MEwnp b GG, np nudw-
1ha nwwnh wwpwdbunptph pwqdnepintbp Gspwenid b 0wl wnndh nbuwyp:

Uunnpl OEpYywjwgltOp dh aupp huyuinbh nedughl nwpinbn:

AMBER (Assisted Model Building and Energy Refinement) [71,72] — wju
nidwhl nuzunp wwunpwunywsé b hhdbwywbntd uwyhunwymgbbiph, wnihuw-
fjuwnhnObph L amy Ghowhlb penittph hwiwp: Wo npnp yepwwwhndbtnny
Yupnn t oguhwgnpéyby Gwl wnithdbpbbph L thnpp dnibyniughl dhwgnt-
pIntGOEph dnnbiwynpiwl hwdwp: Snynientd Nkl Gwl AMBER nidwihl
nw2wh dh 2wpp wj Inphdhlwghwibn: AMBER-h (whubwlwb nwpptpwyp,
npp Gwjuwwnbuynid tp «dhwgpw) wnndwyuwbr» nedwiht nuwnh hwdwp, hb-
wnwgquynd thnjuybg «wipnnowlwl wuinndwlwa»-h: AMBER-h wnwpwunb-
uwllbtphg 6O°

« AMBER 2

s AMBER3

s AMBER for saccharides
= AMBER 94

= AMBER 96

CHARMM (Chemistry at Harvard Macromolecular Mechanics) [73] — nwp-
unp Swyybp t <wpywpnh hwdwuwpwbnd: Wo Yuwwnwpbiugnpoybt b yaa-
uwpwOwyws swypninibynybepp L thnpp ShwgnipyntbObph hwidwp: UWu ni-
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dwyjhO nwouwnp ogunwgnpdynid t NAMD hwjuinGh dpwgpwiht thwetpntd, his-
wbtu Gwb Onyla wonbp ypnn CHARMM [74] dpwagpwihlb dhwpbpnid: Wu ne-
dwjhl nwzwnh henhbwyitpp wwpptpwpwp pwpdwginud G0 wyt’ wybwglt-
inyd Yuwd thnthnfubind npnp wwpwidtupbp (GEpyw vnwpptpwyo ©° CHARMM
all27).

GROMOS (GROningen MOlecular Simulation package) nidwhG nwpunp
[75,76] dwyybi t Qpnbhagkah hwiwjuwpwond L Gnyowtu Gwwnbudwé
b Yetuwpwlwywb dwypndnitynt Gtph dnnbiwynpdwl hwdwp: Yo, hoswbu
L CHARMM nidwjhG nuizunp, pwdwywb hwenn b wzuwwnnd (hwhnwiha dn-
164ny okph hwdwp: Wu nudwjhl nuunp Gepwejwé t GROMACS [4,5] Spwg-
pwjhb thwptph dbe:

OPLS (Optimized Potentials for Liquid Simulations) [77,78] nidwihG nwp-
wnp AMBER nwauinh Gdwlwwhw6 t L oguwgnnéynid £ uwyhuinwyniglttph
hwdwp:

MM2 / MM3 / MM4 — nidwjhlG nwawnbph wu nwup Gawyyty £ Lnpodwb
UihGotph Ynndhg [79-82] L uyqpbwlwl powlnid Gwjiuwwnmbuwé tp wétuw-
onwdlhwht L Ywps opquibwyw dnityn GEph YnGpnpdwghnl wlwihgh hw-
dwp: WO hwdwpdnd £ nubhybpuwy gnpéhp gwépwdnityniuwght dhwgnt-
pINGOGPH nuunulGwuppnewl hwdwnp:

Pwgh Gqwélbphg, Ywo pwqiwphy w) nidwihG nwawntp, npnbp dwu-
Gwaghunwgywé O wju Ywd wyl tnnhwh dniGynwipt hwdwywpgbph hwiwp b
wrwowpynd GO (nuddwh tnwpptp dnunbgnuitkn: ConhwOpwglbinyg” whunp
t wuklbp, np gnnipyntb snbh «nibhybpuw; ntdwihG nwun», uwywyt Ywiu-
wé nwnidbwuhpynn  hwiwywpgh  jnipwhwwnynggnibotiphg L fulnph
npqwéphg” Ywptih b pbupt) hwiwwwwwujuwb nidw)ht nwzuinp, npb wew-
yGjwagnybu yoywpwagph nwy hwiwlwpgp: Ywultwynpwwby, [hwhnwhG
GpL2tpunbph L YEGuwpwiwywl pwnwOpltbnh nwuntdbwuhpnipjwlb hwdwp
Gwhupbwpbh b «wdpnnowlywb wuinniwywbs CHARMM Juwd «dhwgjw) wunn-
dwywb» GROMOS niduihl qwpunp, huy YUB-h UniYynyGepp pwywywGhl
hwenn dnuhwpynid 56 AMBER Ywi CHARMM thwebpltpp:

S2nh dnnbip

hOswbu hwynGh t, onipp hwdwpymd b Yslnwoh Swuinbphwih wikOw-
ywplnp unipuwnnwitign, npt welw b pninp YeuwpwGwwt huwdwywpgbpnud:
LUtluwpwiwywl hwiwlwpgbnh dnnbjwdnpiwt wewehl pwyp Ghpwnpnud
t, pbplu, 9ph wwpquagnyl dnitynith dnnbh Ywd nidwihb nwawnh unbndne-
dp: 2ph dnbYnih dnnbwynpiwl wewehl thnpdtpp gpwbgyb G0 nbrlu
1933pY.-ht RENGELh U dnniiEph Ynndhg [83], nphG hwenpnby 6O UnGwnt Ywr-
(nh L dnieYniwiht nhowdhywih dGpnnGipny hwiwywngswihG dnnbiabph
uwntbn6nudp [84,85]:
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Qnh wikbwwwnq dnnbip Gepluywglnud t oph dnjbynep Ynun Yuwb-
pnd, nph hhdpnud pOywé GG ShuylG, wuwbu Ynswé, syuwwywé thnfuwqnb-
gnipntbbbpp: Yhunwpytbp onph dnjtlni h wnunbkGghwy toGpghwG® hwayh we-
GGind Gpw blEYwpwunwwnhy Ynynjwl dwup L Juonbpyuwiuws’ Le-
Gwpn-2nluh wnunkGghwiny GYwpwgpynn dwup *

v= Y k4, ¥ [_i;+%} (3.5.30)
(i</)=(0,0), gy wnmoo) Tw Tw
(OH)(H,H)

SPC TIP3P [TIPS[97] | SPC/E  [thnpdl.

1.0 0.9572 0.9572 1.0 0.9572
Tors(A°)
a (o ) 109.47 104.52 104.52 109.47 104.52
ZLHOH
90 ( e) -0.8476 -0.834 0.8 -0.8776 -
9,
qy ( e) 0.4238 0.417 04 0.4238 -
’
Bxlo-J’(kcal.AOIZ/mol) 629.4 582 580 629.4 -
A ( keal - Aob / mo 1) 625.5 595 525 625.5 -
bl

Uryniuwy 3.5.3 Qnh dnnbiip L wwnwdtunpbpp
wnwppbp nudwihG quwnbiph hwdwnp:

Uwnpl. GEpYuywglnd Bap oph dniYnigh dnnbip L Gpw nidwihG nwuinh
wwnwibwnbpp (wynwuwy 3.5.3)" oqunybiiny wwpptip nudwihb nwwbph wi-
gnphpdltphg: Uryniuwynid hwibtdwuinnipjwl hwdwp unpdwd 56 wb thnpé-
Gwywo Awbwwwphny unwgdwd wpnntbpltipp: Urgnuuwymd GEplujwg-
Jwd 60 dhuyl (uyt twpwénud quwd oph dnnbibtpp, dhbgnbr pbnhwOnp
wrdwdp hwywnth t oph dnitynith dnuin 46 dnnky [86]: Lbtipywjwgywélbphg
quu, huwywnbh 60 Owlk ¢oph, wpuwbu Ynsqwd, pwrwiwulbhy (4-site)
(TIP4P[87], COS/G3[88], GCPMI[89], SWFLEX-AI[90]) L hGguidwulhy (5-site)
(TIPSP[87], ST2[91], POL5/TZ[92]) dnnbkj0Epp: GROMACS L NAMD épwgnpw-
IhG  Ghwpbplttpntd  hhilwywond  oquwgnpéynd &0 9ph  TIP3P[87],
SPC[93,94] L SPC/E[95,96] dnnki|Gbpp:
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3.6 NTwuwlwO hwiwywnqgbtiph yhAfwywgpuwt wiuwdp btn

GopwnpbOp, nundtwuhpynn hwiwywpgp pwnugwé t m quigqwé
nitgnn N wuwnniltphg, npnbp Ghdjubg htun thnjuwgnnd 60 hwdwdw)l

U({r,}) wnuinbbghwih: U nbupnud hwdwlwngh tnhy totnghwt Ywnbih ¢
OEpYwywglt) hbuinbywy uhnm‘

H(fr.p,) Z"" +udn) (3.6.1)

i=l
npinbn A -p {wéhpunlwb t, p, =mv,-0 i-pp winndh hdwnuub b <wyw-
uwndwl wewohl pwnwnphsp hptihg Gepyuwywgbnid £ wwnndbtph Yhokuinhy
tubpghwa, huy Gpypnpnp” hwiwywpgh wnunkOghwy tospghwb: NYwuwywh
dnunbgiwl 2powlwybEpnud hwiwywpgh Ypfwyp wndjw; wwhht pOnipw-
gpynud t wuwnndbbph YnnpnhGwunbtipnyg L wpddwb dndkownGspny, npp un-
dnpwpwp wojwinmd 60 daypnypawly, Grwswh tnwpwénipjwb dte hwdiw-
Ywpgp Gywpwgpymi t 6N thnhnjuwlwbobpny, npntp woywbynid 6o me-
Jwhl wnwpwdnipnt .

Unnbiwynpiwl nwuwywb dtpnnh tnwbuwywa hhdpp Pnigdwbh optiGpG &,
npp nwuwlwb yhdwlywgpwywo dbluwbhywih hhdowpwp optGpbbphg vkYyo
t. 7 obpiwuwnhdwOnid obpdwiht hwdwuwpwyzenipjwb dt9 gunbynn hwiw-
Ywnah f({r,, p; ) nnipiwl pwaiudiwG $ribyghwt GYwpwanynud £ htinbyuwy
Uepwy’

_Hdr.ph

fdr.p) y=—e M (3.6.2)

npwntin Z -p hwiwywpgh yh&wywagpwywt gndwpb £, H-p° <wihpunbjw-
Op, huy &, -0 Pnigdwlh hwuwthwuwnnibp:

Jdhiwywgpwywl dGjuwbhywih Ywplnp hwuywgnignibbbphg t Gwb hw-
dwywpgh Ypawhywgnuwywlt wouwdpp: SopwnptGp, np nlbtbp dh hwiw-
Ywng' pwnywgwd N wuwnnilbtphg L nwpwénpjwl dt9 Bté pwlwynipjwip
OGdwlwwhy Ypybophbwybtphg, npnGp pantpwgpynid G0 Gnya {wdhjunnlw-
any Hir, p,}: Ubuwdpy Ynsdma t wyn YnYbophbwybph pwqintpynilp Yus
6N nwpwéwywh thnynd pnpnp dwubhyttph wipnnenipnLip:

Unitynywiha nhGwdhy hGunwagnuinipntbGtph hhdGwywh Guywunnwyo t
unwlwy nwnuwibwuppynn hwiwywpgh hwywuwpwyzerdwd yhswyatph
ptnpinnhbwdhy punipwgptnl nt hwunynipntbbbpp: Anigdwbh opklpp pny ¢
wnwihu hwiwywpgh dwypn wwpwitwpbpp wpuinwhwynt] shypnuynwhy
dnuyghwbtiph oglnipjwidp: Glupwnptlp, np wpjwé Yhiwywgpwlwid wi-
uwdpimd mbttp M dhypn wwpwitwptp, npnip dwiwbwyhg Ywiujwé
dhnhnfuynid B0 M () ophtwswihnipjwip: Un wwpwdtunph dwiwbwywih
dhohbGwgniihg Yuunnwbwbp'
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<M. >=limL jM(:)d: =< M

r— T 0
npp G24wé thnthnjuwywbh pbpdnnhbwshy dG6nRINLGLG t:

Uyqplwywb powbnid’ dnibynijwiht nhawdhluwh dtpnnny nuntiGuwup-
pnigintGObph dwdwbwy, npwbu wluwdp, pbwnpydnd tp, wjuwbu Yngws,
dhypnywlnbhy (N,V,E) wluwdpip, npunbn hwiwlwpgh dwubhytbph ph-
4o, Swdwip L tGEpghwl pOnniaynud tha hwunwwnnia: Uu wGuwdpined,
panhwbnep taGpghwih wwhwwbdwb wuydwGabpnud, Yupnn b ntnh nubbawy
wnwnkbghwy tbtpghwih wognudp Yhotuinhyh L hwywewyp: Uu inhwh dhypn-
ywinbhy wauwdpinud popwgnn wpngtiuGtipp nlabt wnhwpwnhy panyp, Gpp
hwiwywngh pninp hGwpwynp yhdwyotpp nGts dhuGnyG toGpghw: @nn
np Q-0 hwdwywnpgh dhynnyhdwybtph phyl £ (wyt Ynsynud t owb yhdwyh
pOunipwgnpwywl $nibyghw), wn nbwpnid hwywlwywbnipintat wyt pwh,

np hwiwlwpgp YgunGyh yhawytbphg kYNl hwywuwnp _gl_i:

Lnpiwy uinbhy Ywd wwpquuwbu Ywonthy N,V,T wGuwdpip, npp

Gywpwgpyntd § hwdwywpgh shypnuynwhy yhgwyatiph hwywbwywbnigjwb
pwziuniiny, Ghpwnpnid t, np Jwubhyoubph phyp, bwiwywpgh dwywip L
obpdwuwnhiwbp wtwp t |hats hwunwunntb, huy Eannptpdhy L tyqnpEpdhy
wpngtiubtph popwgpntd Yiwbynn L whowinynn tatipghwt wtwnp § yndwbo-
uwgyh ptpdnunwwnh oginipjwip: Swpptp épwgpwihl hwpebpGtpntd wew-
ownpyynd 60 pbpdnunwwnh nwppbp dnunkgnuiGtp, npnbghg wdthwwnw-
pwoéjwdslbpp REptanutGh [98] L LwldLbl-nhGwdhywh [99] dnunigmudbbnG
Gh:

hanptpd-hqnpwn N,P,T wluwdpmd ptpdnuunwwnh hbin qniquhte
dungynid ¢t Gwbl pwpnunnwwnh qunwiwpp: Uu nbwpnid, unynpwpwp, og-
wnwgnpdynud £ Ywd REpLanutOh dEpnnh ypw hhibywé dnuntignidp [98], Ywd
Lngbt-<{nmytph [103,104] wignphpdp:

Qpwln YwinGhy Ywd dwypnywOnbhy wouwdpp topwnpnud £, np hw-
dwywpgh Swywyp, etpiwunhiwlp U phdhwlwl (4 ) wnunbOghwip GGnud
G0 hwuwnnwunns’ hGwpwynpnipintt vwny, np dwubhyabph ghyp thngnju-
gdh: Wu nbwpntd phdhwywl g wnuibOghwip ponipwgpnid ¢ dwuGhybtph
pUh dintyuinnuwghwl, wytwbu, hGswbu YuinGhy whuwdpnd gbpdwunhdw-
Op’ tGEpghwih $inyunnuughw:

hantopwiwhy-hgnpwn N, P,H wluwdpp Gopwnpnid t, np dwulbhybtph
phup, 80 nuip L thpwiwhwo (H = E, + PV') d0nud &0 hwuwnwwnnta [100]:
Wu dnunbgniip wewownpnid t dh onp wwpwdtunp, npl weGsynud £ hwdw-
Ywpgh dwywih thnithnfunipjwb htwn:

Undnpwpwp, NVE L NPH wluwdplGbph dnuintgnudGtpp Owwunwyw-
hwpdwp st ogunwgnpdt) hwiwlwngp hwyjwuwpwyzenipub ptpbine hw-

> (3.6.3)

time ensemble
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dwnp, huy NVT -G hwpdwp t, pbply, dhwy0 twppbp Ynbdnpdwghnb (Ynbdh-
gnipwghnl) dnnbn unwbwine hwdwp:

Uunnpl Jwlpwiwub GbpluwiwglhGp pwpnunnwwnh L pGpdnunwwnnh po-
nnuoywé dh pwlh dnuinbgnudltn:

REpbGnubih ppdnuuwnun
LbplYuwjwgltlp REptitnubGh dbpnnh Ypw hhdGywd ptpdnuuinwunp L pw-
pnunnwunp: UniGynyuyhl nhowdhyuwih dGpnnnul ebpdwunh8wbp dungynid £
npwbu hwiwlwngnid wunndbbpp (Gwubhlyobph) Yhtbwnhy tobpghwh swidp
Oywpwgpnn Sheht dtonipINLl: <wdwlwngh YhGbwnhy toGpghwt Yupbih t
a6pLYwywglt) hbwnbjw) pwhwdlny’
N

Smy:
E, =—=—o 364
T (3.6.4)

npinbn m -p wuwnih quiqywéb §, v-0° wpwgnginibp, huy N -p° 1phy w-
wnndlbtph phdp: Ut Ynndhg, huyuinbh £, np hwidwywnpgh Yhobuihy totp-
ghwl ebpdwunh8wbh hbn Yuwywé t hbnlywy webznigudp’

E, =%k,T (3.6.5)
npuntin k, -0 PnigdwGh hwuunwunndGo : (3.6.4) L (3.6.5) hwyjwuwnnuiGbphg
unwibnud tap

N
2 my,
T=2—— (3.6.6)
3Nk,
Whnuhtwnl, ShohbwgGbiny puwn dwiwbwyh, Yuunwlwbp
— 1 N
T= Zdt 3.6.7
3Nk I 2, (3.6.7)

BEnpdinnhtwdhy hwjwuwpwyentpjwb nbwpmd Bapwnpynid £, np hw-
dwywngh dhehl obpdwunhdwlp UL pepdnunwinh ebpdwuwnhswip whinp £
thtE0 hwywuwn: Unynpwpwn, hwywuwpwyzhe yhswynid pbnmbygmsd t, np
hwdwhwpgh thbpghwl Ywpnn § phs wybih gwén |hut] pEpdnunwunh tobp-
ghwjhg:

Wdd wogltbp ptpdnuunwwnh’ RptGnubh dnnbih pGawnpydwop: U dn-
nGo hhdtyws £ ng qéwihl hiwl pwnwnphsh GEpdnddwt 4pw (pupudwa
nhGwohyuwyh dnnty): <wiwlwnpgh hwiwp dingymd | 2hdwt quunuitwp.
2thdwl nidp GEpYuywgynud | htinlywy Yepw' F, =my,v,, npinkin 7, gnpow-

Uhgp plwnpynid t wjbwbu, np 2thntdp wwwhndh hwdwlwngh totpghwih
thnthnfunipyntip htwbjwy optibpny’
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dE 13
— =—=Nk,T -E .6.
npuntn E -0 daynuwgdwéd hwdwywpgh tabpghwt £, 7 -0° 9pdwhl rbgbp-

ymuwph htwn thnjuwgnbignipjwl pinipwgpuywlt dwdwbwyp, 7-6 rbabp-
N
ynuwph gEpdwunhawio t, huy E, =Y m,v? -p° hwdwywngh YhGwnhy totp-

n=1
ghw(: <Gunbwpwn, wpddwO hwjwuwpnudp (Lwidlbwh hwywuwpnuip)
ynibEOw hbnlywy intiupp’

mv,=F—-F +A4()=F-myy, + A(t) (3.6.9)
npuntin wybjwgywé pwnwnphs0bpb 60° F, = m,yv, 2thdwd (friction) nudp L

A() Qunuywl unnfuwuwnhy thnthnjuwywop Ywd «wnintyh» mdp (“noise”
or “white noise” function), npp pwywpwpnd t hbwnlywy wwdwGha

<A (t)>=0; . .
<V ()4t +7)>=0,r>0]" huy bnnbijuighu

<A, (DA (t+7)>=2m,y k,T,6(r): Wu hwjwuwpnidp Gbpwjwgbnid t dwu-

ohybbph wwppbnwywh pwudwb wnbunpnilp, pwunuiGtp, npnGg wpnynio-
pnid sbwynpynid b hnbwiwywt quq” 7, ebpdwunhswanud:

PEpJwoé gnpowyhglbpp Ywd Qunywl pwiunmidp npngnd GG $rmy-
wnncwghnG-nhuhwwunhy ptnptdh [101,102] hhdwh Ypw, bpp t0Epghwih pw-
(wbuh ywhwwbdwl wwdwaebtpmd taepghwih hGwpwynp dhnthnfunipynilp
wuwydwbwynpynud £ wah nbwpnd wwunwhwywha pinyuninuwnhy panyph
ndtpny, huy Owqiwl nbwpnd” wypbunpwlpuihG dhnuwiGtpny: Oguw-
gnpétiny ytpp O24wé hwywuwpnuibbpp' ghnpdbtp unwbwy gbpdwuunnhbw-
Op GYwpwgpnn hwywuwpniip: QEpiwunhiwih dwiwbwlwiht Ywiudwdni-
RINLOD Yuiptiih £ utnwiwy (phy Yhobinhy tObpghwih wéwbgjwihg'

3N 1 ) _l )
& §<(5m,.v,. (I+At)) ek (tﬁ _

lim

dt o At (3.6.10)
> 1 m, ((v,.z (t+ A -V} (t)))
—lim=2 .
Ar—0 At

Onihnjubny wnpwgnipjwb wpunwhwjinnintip” Yuunwbwop
(v2(¢ + A = v2(1))= (¢ + A =V, (D))} +2v, (¢ + Ay, () - V3 (1) =
= AV? +2(v, () + v,())At v, (£) = 2V7 (1) = AV} +2v,(£)V, ()AL
wjanihbiunb, wnbnunptiny (3.6.10) pwOwdlh vk, Yuunnwlwbp

(3.6.11)
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N

((av? +2v,¢, )

dE, .. S <AV}
@t —b_rgo Y 22 (u-.o )+Zm <v,(tw,(t)>
(3.6.12)
{wiwdwyja (3.6.9) hwywuwpdwl’
+Ar 1+A1
v.(t+ A v ()= A, = j v.(f)dt = — j[F(t) myv,(t)+ A"t
ml t
(3.6.13)
huy gjntu pwinwnphsp’
14+AL 14 A1
<AV >= j [<v W,y >dt'dr" (3.6.14)

t 4

2Quwihnjubiny (3.6.14)-p L mbnwnptny (3.6.12)-h dbe" YnLGLLwGp
N 1 1+41 t4A1

2
m — =lim— > — <A(MNA.G") > dt'dt”
2 i=l . At Al—)OAt 2 I ’I ,( ) ,( )

l t

(3.6.15)
G|0Giny Ynpbiwghwih pwhwdlhg™ YynibGhwbp’

LA N 2m,
Y ——<AOAE+7)>=) Ly k,T,5(r) =
n=l 2m,’ n=| 2mi
w (3.6.16)

=k,T,6(r)) 7, =3N,T,5(r)

Unwgywé wpuwhwjuinniginiop  inbnwinpiinyg  (3.6.15)-h  dti9™  Yuuhw-
Dw[:g‘
m<Av> N B s o
—Z Jim === = fim j _Nj:iNyk,,I;é'(r)dtdt =2N#,T, (3.6.17)
<hdw -.hnndbﬁp dtnnéty (3.6.12) wpunnwhwyunnnpywb Gpypnpn pwnwn-
nhsp: (3.6.9) hwywuwpiwb Gpym Ynndtipp pwqiwwwunnybing v;* ynat-
Gwap’
mvy, = v,F —myyv’ + A(t)v, (3.6.18)

Stnwnpbiny 7, = 7 Yuunwlbwbp’

Z<mv,v,> Z<vF>—Z<my,v >+Z<A(t)v> ZvF 2)E,

i=l i=l i=l i=l
(3.6.19)
<wyh weltiny, np < 4,(f)v, >=0



dE IN
B (Z v,.p,) 29, + 3N, T, (3.6.20)
il
)]
3N
9, (Z F) 2){3—Nk T,-E ) (3.6.21)
a5 2

Ujniu Ynndhg, hbswibiu hwpintGh ¢, (phy tbpghwt’ E = E, + U : Uit wéw-
gtiiny dwiwbwyhg Ywhujws™ yunwbwip
dE dE, dU a'E,, _du du _ & U o, &,

L3V o o , =-SFy, (3622
dt dt  dr dt at' dt Sor o Z,,: v (36.22)
Lwdiwiudpbiny ybpp G4wé hwn.{wuwnmdﬁbnn‘ ynibtibwap
3N 3N 3N
—k,T,—E, =—k,T,-—k, T——k (T, -T) (3.6.23)

2
nphg htwnblmd L, nn andwumhéwﬁh uerQwémpjnmn dwiwlbwyhg OYw-
pwapynid £ hGunbyuy pmﬁwdhnq‘

a._, #T, T) L-r .1 (3.6.24)
d T

2y
7 -0 dwiwlwlwiht hwunwwnniGa t:

Ujniu Ynndhg, hwidwywngh Yhttiwnhy tatipghwih tnthnfuntginiip hpkiGhg
GEpYuywgbnud | dwiwlwyh jmpwpwbgnip pugintd hwdwywpgh wwnndlbph
wpwagnipnLabtph thnthnjunipynLbp’

yrer — Ayt (3.6.25)

M1,

hntiGhg GbpYwywglnud t wpwgnipyintbtiph Yspwhwqwnyh gnpéwlhgp, huy
7 -0, hOswbu wnnk0 O26] GOp, dwiwlwluyht hwunwwndbb £, npp 1$yY-h
Yuwpgh t: Gpp dwiwlwluwiht hwuwnwuwnnibp hwywuwp b pwyth d66nLpJwOp

(r=Ar), wyw A= \/% L wjn nwpnd LEpEGRULOh pbpdnutnwnh gnpén-

nnipnLlp ppynid b wpwgnipintabbiph wwpquagnyl Yyspwhwzywnpyh:

<wny t G26), np PEPLGRUEGH pEpdnunwinh oguwgnponudp hwdtidwunw-
pwn Uk6 hwidwywpgbph hwdwp b Gplwp dwdwbwyuwhb hbunbpdwinid pb-
pnud t ng 82gnhun wpdtipbph: U)o, ptiplu, Ywwywd b wquunnipjwb wuwinh-
Swlbotph ns hwywuwpwswih pwudw htwn: b wwppbpnipinud AtptGnut-
Oh, wuwtu Yngdwé, «pny] Ywwywsd dnnbijh» (weak coupling to an external
bath — WCEB), Unqt-<nytiph [103,104], hGswtu Gwl Ynhqhnb nhGwdhywih
[105,106) dnwntigniilbpp ptpnud B0 wybith 82gphuin wpnynbpbbiph:
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Unqb-<ntybiph pbpdnuununn

Gpt PtptUnutbh wignphpip tdEYwnhy t hwiwywpgp wnpwd ebpdwu-
whiwlh( ptptint hwiwp, wwyw hwulbbiny hwywuwpwyzenipjwt yhdwyh
Gpw hbunwgw oguwgnpdnuip pbpnid t ufuwiGeph: Ywplbnp § Owl GG, np
Rtptanutth pbpinuunwwnp pwywywlht qquynta t 7 -h pbwnpnigjwb hwo-
nbw: 7 -h wuwn gwép wpdbplbpp ptpnud GO ng hpwlwb gwép ebpiwunhsw-
GwihG $ntyuninuwghwtbiph, huy pwpdn wpdtipbtph ntiwpenud epdwunhsw-
GwjhG $ntyuinniwghwbbpp wdnud Ga: hagwtu G6ghbp, pwyht hwywuwp 7 -
h nbwpnid, REpLGnuGGh dnnbip nhunynud £ npwbu wwnpq wpwgnienlaatph
Jepwhwqwpy: Untynywiht nhtwdhywyh dtpnpny dnpbiwdnpiwb dwiw-
Gwy 7 -0 pGuapynud £ dnun 0.1wyy-h Ywpgh:

Unqt-<nytph [103] ynndhg wrwowpyywd dnntind hwiwywnpgh wpd-
Jwl hwywuwpnidbbpp unwgyntd GO hwdwdwyt lwgpwbdiwb $npdwihqdp:
«hbwnbgpwy» pGpdnunwwnh Ununtignuip GGpjwjwglnd £ Lwgpwbdjwbp Gnp
wquwuwnnipjwl wunh8wbbtph GEpdnuédwidp htunlyw; Yepw'

N
L=Z%m,.s2r ~U(r )+Q s — gk,TIns (3.6.27)

Utpnnh tnipntbp Yuywbnud t hGuinlywinud. GGpdncéynud £ yhpunuwy Yuud
wjubu Ynsqwéd, wphbunnwywl s thnhnpuwywl’ Ywwydws @ >0 «qulg-
Jwéltph» htun, npnbg wpwgnipntbGtpp Gywpwgpnud £ s s hnthnfuwyw-
UGp htGg dwiwlGwlwht Jbpwhwdwpyh wwpwibinpb t, L hwiwdw)l
UwlndwGh dbwihnfunipjwb [107,108], wjo Gbpywywgynd t npwtu «yhp-
wniwp b hpwlwl  dwiwbwyobpp  dhdwlg  Yuwwnn  dGénenll’
dr"™ = sdt™ : LugpwldjwOh pwnwnphsGbphg weweht tpyniup hpwyw hw-
dwlywpgh Yhttuinphy L ynuintiaghw| pwnwnphgbtpb &G, huy gntu winwottpp
(hwdwdwyb Lngh $npdwihqip) s -ny Wwydwbwynpywd Yhatuinhy taEpghwl
L wnunkGaghwip (npuinbn” g =3N +1 — wquuinipjwl wuwnhiwGotph phyl £
wybjwgwé deyny): <wiwdw)t wewowpyynn pnpdwihqip, GEpluywgyned t
Bpynt wbuwyh' hpwyws {p,q} L dppunwwy {p,,s} npnfuwywatsn,
npnGp ppwp htin websynud GO hbunlyw) Yepw'

{q— PZ = F(q)}

. _Ds P kT,
{S Q’ps Z(msg s J}

unp §° & =£, wwpwditwph GGpdménuihg L dlwhnjunpintGbtphg htunn
S

(3.6.28)

2wpdiwl hwywuwpnuiGtpp Yplnnibths hewnbyw) inbupp’
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r= Line ér
mi
4 (3.6.29)

. g T,
¢-=gtTa )(N 76 J
Qownnbiny 7, =L ntjwluwghnl dwiwbwyp® YnbbGwop’

‘= __1_(§L_1) (3.6.30)

Wu nbwpnud depnnh &2uninignuip Ywiudws £ Q-h dE6npjwb Ynrtyun phun-
pnipyntbhg: @ -h Gtié wpdbpltpp Yptptt 2wuin Juwwn etpdwunhdwbwihl yb-
pwhuynnnipjwb: Uinwu Ynndhg, Q-h gwép wnpdtpltpp Ypbptlt dtd hwiw-
juwyuwlwyw ebndwunnhdwlwiht $intyunuwghwatph: Undnpwpwn Q-0
pOuwnynid t nputiu = 0.1-0.2 Ywpgh dénipynib:

Rbnbanuboh pwpnuuwnunn

A020wl’ PEpLGRUEGh pwpnuunnwwh dnnbip Ywrenigynid § Gnyb ptipdnu-

tnwuwnh uyqpenibpny: Uignphpih 2powbwyltbpnd wewowpyyned £ wndiwl

hwywuwpiwb 69 Gnp pwnwnphgh Gpdntdnud wytwtiu, nn 860wa thnthn-

funipynLbp NuOGOw hbuinlyw| nbupp’
dP P -P

dt Tp
npntn P -0 phpwghy 8GnudG t, P, -0° wewownyynn daznudp, huy 7, -0 dw-
OwlwYuihG hwunwunnG £ 86nuip Gepjujwgynad § nputiu

2
=25, -5) (3.6.32)

(3.6.31)

N

npuintin E, =Z%”’vf2 -0 yhttuwnhy tatpghwt t, ¥V -0° pogh 6wywip, huy

i=l

E= -—Zr.,F., Uhnhu phtgnnt t:

1>]
<wiwwwunwuuwbwpwp, wpdiwd hwywuwpnuibtpp L dwywih thn-
thnjunipynibp Youbpywjwgybt hbunlyw) ntupny’

F=v+ar
. (3.6.33)
V=3aV
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hGswbu hwinGh £, 8020wb thnthnjunieniip Ywiuqws £ B hgnptpdug
ubniqwénipniihg hewnlywy Yspw’
ap__ 1 dV_ 3a (3.6.34)
ar By dt B
nphg hinlnud £, np
= _Eﬁ‘_”) (3.6.35)
37,
Wuwhuny, thnhnpudwé 2wpdiwt hwdwuwpnudGtpp Yphnniotlo hbunbyuy
wnbupp’

F=v-— BE-P). r (3.6.36)
3z,
{wiwwwunwujuwbwpwn, hwywnyuwiht gnpdwyhgp’
n=1 ——'Bﬂ(l’o -P) (3.6.37)

P
Ahunwnytbp Gwl oppneniphy hwiwywngtpp, npnud 860wl REGQNPP
Obpywywgynid | npuybu

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

Mwpgnipjwt  hwiwp  YGpwwlwystp P, =P,P =P, P =P, L
htwnlbwpwp, 800w, Jhphwy pkGognph L peoh YtYwnph hwywuwpnidGbnp
YuunnwbGwl hbinlyw| inkupp’

( 2
P =—(E, —-&
a V( ka a)

1
a= EzrijaFija

i<j

1E,, = i % mv2, (3.6.39)

i=l
L,=unL
npwnkin
@ =X,y,z

<wiwwwunwuluwbwpwn, hqnpbpdw] utnijwéntpjwl dnnnyp L qéwyha
ubnddwénipynip Y phoasa

a




KLa =—La( i ) =ﬂa-l
0L, Jry
1P, _ 1 aL _P. P, (3.6.40)
ata ﬂa %
npwntin
la=x,y,z

RPooh Ytyuwnnph thnihnjunipyniGp, hwiwdawyl (3.6.39) L (3.6.40), Yihap
oL, L.-L, (u,-1)

a

—a=-2 _a_e ‘.] - a=xyz (3.641)

ot At At
npwntinhg htunbnud £
B,At
H,=1-22—0o(P, ~PYa=xy,z (3.6.42)

P
Panupnuy 800wl nbwpmd 4 gapéwyhgn Yuwpbith ¢ ObpYuwjwglt)
hGwnlyw Ybpwy'
At
p=1-2 (P~ Pep)

3 (3.6.43)

isotrop

P =§(P; +P,+P)

hGswbu L ppdnunnwwinh nbwpny, wju wignphpip GnyGwbu qquymo t
% hwpwptpnipjws GYwwndwdp:
P

Ubnbpubah pwpnuununn
Ulnbnutth wewownyywé dtpnnp [100] pGOowpyynid t Shwyb qnyq dwu-
Ghyttnh infuwqnbgnipjwl nbwpnud: Wu depnnp hbunwgquynud Yuwnwpbijw-
qnpéyb; t NwphGtn-Nwhdwbh [109), hGswbu Gwl Ungbh [110] Ynndhg:
UlntputOlt wewownyty t dwubhylbph r YnnpnhGwwnbbpp thnfuty”
dungltiny p;, wwpwdknp, npb werasymd t swywih L Ynnpnhbwunbbph htwn
hGunbyw) dLny’
b
p = "V|—/3
Wu nbwpntd Onpugywd lwgpuGdiwip Yunwiw hbnlywy wbupp, np-
wntin ﬁmgqnui £ [mn Q thmhnluu.ulqwﬁ‘

L—— 0y mpl - YU@" )+ MQ -0 (3.6.45)

=l i<j=l

(3.6.44)
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Gpt Gnp Q thnthnfuwywlp wwuinybpwgltip npwbu V' dwywy, www we
ynndh wrweoht Gpynt pwnwnphsGtpp hkbg hwiwywngh lwgpwadjwbh t:
Gppnpn pwnwnphsp Yhtbuinhy totpghwa t, huy hwenpnp™ @ -ny wuwydwlbw-
ynpywé wnunbOghwy tatpghw, p, L M hwunwuwnnbObp Ga:

Lnp  OGpdneywéd  pwnwnphsbeph $haghywywlb  pwgwunpnipnllp
hGwnlyw b t. Gopwnpynud £, np hwdwywpgp gunbynid £ ynbuntyueph dke, nph
Swywip vwhiwbtwhwyynd Ywd nGlwywnpynd £ dfungh (piston) oglni-
piwidp: Wuwhuny, Q-0, nph wpdtipb £ 7 dwdwyp, dlungh YnnpnhGuwna ¢,
p.V - p, wpunwph 8620wl wynuntOghwib t, huy M -p dlungh quiGgqyuéh t:

Cwndiwl hwywuwpnudtbpb pun Uantputh OGpYuwywgynid 60 hbunbyuwy

yepwy

ﬂ_& dinV

WL,
a m, 3 dt

q l dan
=-YnUin)-3p,

L W I
(3sz 3Zr,.jU(r,.j)J

Md*v .
May o+ i 3.6.46
=P % (3.6.46)

Wuwhuny, tpt p,-0 wrwownplynn 8G2ndl t, huy 8020wl hpwywh wp-
dtpp p,. unlﬁb(nwbp‘

2&p 1 aUr)
4 B 3.6.47
Pa= W& om, 3V§r” or. ( )

ij
npp dLwihnfunintGbbnhg htunn YuunnwGw htiwnbyw) inbupp®
sz - pA - po
dr? M
NwphObn-Nwhiwbh wewowpywd dnuntignidp, npp, hoswtu Lngbih dk-
pnnp, hhdGqwé t UantpubGh wignphpdh Ypw, GEpyuwywganmd t unylb wign-
phedp wjb nbwpentd, Bpp dnnblwynnynn pehep thnthnfuynid £ (wlhgnupnwy
020wl Wwhwwidwb wywydwGbbpnud):
©@nn np Swywyp GGpYwjwgynid t Bpkp® a,b,c Ytluinnpatpny, nph dwyw-
1o nbh hbwnlyw inbupp’
V=deth=a-(bxc) (3.6.49)

Uwubhyh r, nhpep Ywpnn b wpunwhuyundty k-h bs; deyunnph oglnipjwdp,
nph pwnwnphgbGbnb &0 &,,7,n,:
r,=hs,=ka+1b+nc (3.6.50)

(3.6.48)



npwnbn 0<k,l,n, <1, huy i L j dwubhyabph shol htrwynpnipjwl pwrw-
ynwh@' r; =s;Gs,, npubn G -0 dbinphy plitqnp & G = A"h: <Guinbwpun,
Llwlgpwldjwbp GEpYuywgynid t hbwnlyw; Yepwy'

1 T e s
L==2 ms]Gs -3 3 Ur) +%MTr(h’h) - pV (3.6.51)
Cwpdiwl hwywuwpntdttpp wu nwpntd hwydnud 66 hwiudwi (3.6.46):

3.7 2niquhtir UntyniwihG Yhawdhyw

Jdtpohlt wnwphbbnht pwqdwwpngbunpwiht L qniquhte hwqwnpyatph
ywunwpbjwgnndnudp ptipbg qniquhtrwgdwl pulnhpbbph (Nuédwt hwdwp
Gh 2wpp Gnp dbpnnltph L wignphpdltph unbnédwlp: Vwulwynpwwbuy,
gniqwhtr hwadwplbtph oguwgnpéniip dniYnwiha nhbwihywih dbpn-
nnud hwpwynpnpyntd inybg dkéwglt] dnnGiwynpynn hwiwywpgtph sw-
thtpp b dwiwbwywjhb hawnbpdwip’ npwiny huy wybih dninkgabiny niunid-
Gwuhpynn op)tywnbEpl hpwywlbnipjwlp:
aniqwhtnr hwqwnybtph 20nphhy, uyqpeniopnptl, hGwpwynp t nwunwibwuhp-
pti dhihnGwynp wwinnibbphg pwnyuwgwé hwiwywpgtp, uwlw)o wyn dkpnnh
hwonnnipntp Ywiudwsé t pE (ntédnn jubnphg L pE hwiwywpgswihb dpwg-
phg: dtpohtp Yuwwyws £ 8h uygpnibph hbwn, npp hwjuinbh £ npwtu Winwih
optGp [111]}: BGrb uGnhpp Nh npn2wyh dwubn j,, npnGp upnn G0 (ndyby
dhwj0 hwonpnwpwp, www déwgjwip (1-j,)=j, hGwpwynp t qniquht-
rwglb: WQuwbu Ynsywéd, wpwqugdwl gnpdwlyhgp (S — speedup), npp hwa-
nhuwlnd t gniquhtr wpngtunpGtph hwywnyh swihwbhy, hwitdwunwéd
d&Y wpngtunph hbw, noh hGwnlywy wtupp, npuntn N, -0 qniquhte wpngt-
unptph pwlwyh t: Lwp 3.7.1-nLd Wwwnyepdws £ vnwnptp nbwptph hw-
dwp wpngtunpObph pwiwlhg Ywiujwd wpwagwgdiwb gnpéwlyhgp: (3.7.1)
pwlwdlhg Gpunid £, np gniquwhbrwgliw( wewybiwgnyb tdeYnhynipnilp
unwgynud £, Gpp j, =1= (j, =0), npp ptipnud t wyblh wpwg hwaywnyh,
huy tpp j, =0 = (j, =1), htgp GGpwnpnLd £, np julnhpp pGnhwipwwbu sh
qniquhbrwgynid, b wGywp wpngtunpltph N, pwlwyhg’ wpwqugliwa
gnpéwyhgp hwdwuwn £ 1-h:

has depwptpnud § angayniyught nhtwdhywih dpwgptiphl, www wbunp £
G251, np Ghwyb Spwaph npn2 $nLbyghnlw) dwubp G0 Gopwyw qniquhtnwg-
dwl: haswbu hwpinbh t, 6pwgph onun 90%-p dwiuuynd t nudwihl pwnwn-
phstbph hwaqwpyh Ypw: Ujnw Ynnishg, G60p Gwl hwywuwpndbbph hG-
nbgnpwghnt wignphpdGtpp L dnunph/tiph dwyitipp: POwntgpiwb qniguht-
rwgnudp tapwnpnd £, np Jwubhylbpp pwdwiynid 56 wewbdho wpngbunp-
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0tph0, puy Wwpwibinptph pwqinipintp hwonpnwpwn wnpynid t waika dh
wpngtunphb: Uniinph/Giph $wjitph qnuquhtrwgdwb fubnhpp, ptplby, pwpn
t: Unuinph/Giph dwjjwiht owytipwghwb sh Gopwnpnud qniquhtrwgnid, b w-
U0 waquwy, Gpp nplt wpngbunp hGs-np hOpnpdwghw £ gpned wyjih dtie, win
dwyih bwiwp wewbGdbwgynid t wewbdhlt wpngbunp. Gnybp ybpwptpnud t
Owb $wjhg Ywpnwint rtidhdha: Gpp tnwpptp wpngbunpGbp nhdnd GG hbg-
np dh wpngbunpnd wnbnwywyywéd nyjwtbpp Ywpnwine Ywd gpbint, uw h-
nptohg GEpYwywglnd t hwonpnwywl wpngbu: b ntw, onp MPI 1l unnwbnwp-
wnp wewowpynud b 0wl gniquhbe Swjwiht owbpwghw, hOso fwywbnpth
dtéwgbnud £ qniquhtrwgiwl tdEYnhdnipintGp” hwdtdwuinwd gnynipinta
nlugnn MPI gniquihtirwgiwl dnunbgdwp:

64 -1 v r - 1 1 v 1 1T 1
——j,=1, 100% . 4
ol j,=0.99, 99% §
AN [ §.=0.9,90% 1
o 48 |- ks -
2 | j,=0.5,50%
—cemromen ] = 0,
_g 40 |- 3;0.2, 20% -
= s et
c .-
g a2t T -
3 .- 4
.gi 4 - -
3 #r A
car i -
:: 16 = ’,,4’ -
BE A
0 id-aiadhs 1 1 i 1 H I -3 I i I i 1 f
o '8 16 24 32 40 48 56 64

Mpngtiunpltiph pwiwy, NP

Llwp 3.7.1 Upwqugiwh gnpdwlygh Ywiuntdp wpngtunpltph pwlwyhg, twpptp
nbwptph hwiwp - 20%, 50%, 90%, 99% L hnbwjwywh 100%:

N
S= ; B ST 3.7.1)
__—j-' j,+ jP .,p+J:Np

N, N,
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Wad nhuinwnytGpe 6pwgpuyhl ynnp: Uh 2wpp fulnhptipnud, pugh Hnualy-
ghnbwy hpwagnpénuihg, woOhpwdtnnpint t wewowOnd  thnfuwGgt
nuibtp d6Y wpngbunphg ginwup, npp dwiwbwywiht wenidny 2w Swiju-
uwwnwp t: Onjuwigiwl dwiwlwyp (latency time), npp hGunwquynud
Yuunglttp Udnwih onptilph dk9" wpwqwgiwlt wybih hpwywld wwwlytp
unwbwint hwdwn, GYwpwgpnid b hwnnpnwygiwb dwiwbwyp:

2niquhbirwgdwl fubnhnpbtpnud unynpwpwp oguinwgnpdynud G0 dwulhy-
GEph Ywd nwpwowywl pwdwbdwh (Particle or Spartial Decomposition) wij-
gnphpiltpp, npnig £ ywinpwnwrebwbp unnpl:

Vwuahlyabnh pwdwlmd — Particle Decomposition

Uwubhyltph pwdwlnuip Gopwnpnid §, np dnnbpuynpiwb uygpnud hw-
dwywpgh N dwubhybtpp hwywuwpwswd pwdwidnud &0 N, wpngbunp-
GGpp dhel: Brt hwaqwpyh uyqpenid dwulbhylbtpp pwdwbynud GG wpngbunp-
0Gpnud hwiwdwjb hptlg nwpwdwywl nwuwynpnipjwl, www win nbw-
pnd tnnwninghwwtiu hwnlwb wypngbunpltpp Yuwpnibwyto hwpliwb dwu-
Ghyttph YnnpnhGwuwnbbpp: Geb nwunuibGwuhpynn hwdwywngp dwénighy
Ywd whin, www dwubhyobph nwuwynpnipintbp punn wpngtunpltph nng
hwzqwpyph papwgpntd Yibw hwuwnwunnil, uwywb htnniyatph Ywd quqb-
ph nGwpenid, hhdbwywbnud, 20nphhy nhdnighwih hwplwb wpngtunpltpp
YuwpniGwytlt inwibtp dwubhyotph dwuhl, npnbp tnwpwéwlwinptb ht-
nnt 60 hpwphg Ywd hwywrewyp: LiwO nEwptpnid dhedwulbhywihG nudtiph
hwzdwnpyh hwiwp wohpwdtn b wpngtunpltph dhele nubGOw wpwg hw-
nnpnwygnip)nil:

Wdd Ghpwnptbp, np N dwubhydtph Ynnpnhbwwnbbpp pwdwliywéd GO
wrw(dhlG wpngtunpbbph (Ywd Gnnbph) dhol, L jnipwbpwbgnip wpngbunn

hwaynid t Shwyb npnawyh, wjuwtu Yngdwd, inhuwy % pUnY dwuGhyatpp
p

thnuwgntgnipywb nudtinp: Uu ntiwpnid, hunbpwghnb ghyitph phup Yhwyw-
uwnyh N%V -h: <wybiny [pyw) dwubhyttiph dhel wqnnn ndtpp™ Yw-
P

wnwnynud £ heppww puyip, npp N, -1 wpngbunpGbphl tnwihu t dwubhy-
GGph Onp ynnpnhOwwnbbp, wjuhtpG® wju wignphpiwywb dnunbignudp ww-
hwbond umwg@wﬁ/mnluwﬁgdwﬁ N, -1 gnpénnnipyniGltn (wyb huyunbp
npwbtu pn/npg-pn/ﬁnﬁ h&n hwnnpnwlgnigyn - all-to-all communication):

h tnwpptipnieinth hhywy wignphpdh, Yw Lu dtY tdEYinhy wignphped, npp
huyunGh t npwbtu dwewldwl wd dweunnpuy hwnnpnwlygngn (tree-like

communication), nnp wwhwbgntd t #» gnpénnnipintl (27 = N ,): Ophbwy, &-
pb 256 wpngbunplbph weyuwynipiwb nbwpntd dwewhdwh wignphpdp ww-
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hwbonud t pUnwitip 8 pwy hwqwplyuiht wdpnne ghyip ytpowghbint hw-
dwpn, www Owpunpn dnunbgnidp Yuywhwbobp 255 puy):

bpwlwiwgdwl wnbuwbynbhg ybpnbhywy wignphpip pwywywlho
nynipht | L wpwg, uwyuyt shwy ptpniginop Yuywond § Gpwbnid, np dkd
hwiwlwpgbph nbwpntd wyl nobond £ hwdwywpgswiht  hhannntpjwl
fjubnhp (hhonnnipywit gk  BESwpwlwy Ynnpnhlwwbbph  wwhwwonud):
Llwl nbwpbpnd ogqlnipjwilb t quihu upuwnmply ghlyh Sninbgnudp, npp hw-
Yhps Yuwptih t pwgwuwnpt) hbinlywy Yepw. YnnpnhGwwObpp L nudtpp dn-
fuwGgynid G dEY wpngbunphg gintup” Jnipuipwbgmpny dwdwbwluwdnpw-
whbuv ywhwwibny GoJwd undywibbpp:

Uwulthlobnph pwdwidws wignphpip 2wwn nbwetpnud Onybwgyma t,
wyuwbtiu Ynsqwd, “mdught pwdwidwd (Force Decomposition) wignphpdh
htw, nph tnipynilp YujwOnid £ Gpwlnud, np dnnbwynpdwb uygpnid hwiw-
Ywngh nidwiht NxN dwunphgp hwjwuwpwswih pwdwaynud t N, wpngt-

unpGbph dhol:

Swnpwéwlpwl pwdwlmd — Spatial Decomposition

2niquhbrwgdwl wju Enwlwyp nwpwonipntp pwdwbnud t dhwynplt-
ph (nndkGokph) L npwip Yuwwmd b vnwpptp wpngbunpGbph htun, wjuhGpl
dwubGhytkpp ns G Ygunud GG YnGypbuin wpngbunplbph, wyl «nnntd Ga» dh
wpngbunphg Jnwup® Ywhujwé Gpwlhg, pb tnjw) wwhha vwpwéwywb np
dhwynpp (nndkbh) dbo BG4 qunoynid (GYwp 3.7.2):

Swpwéwlwlo pwdwbiwb ntwpnd unynpwpwp wewnp t R, “Gupiw
2wrwyhnp” pbwnpyh wjbwbu, np pwydwpwph htnbyw wwydwohte® R, < D,
npwntn D -0 nndtGh swihb £ Uwywa thnpp swhtp nuobgnn hwdwywpgbph
nbwpentd, Gnp wpngbunplbph pwOwyp dEéwgiwl wpryniGpnd fuwfuunyned
t G2wé wwydwip L “Yupdwb pwewyhnp” gepwquigned b shwynp tnwppuw-
Y pooh swihp” R, > D, wpngtiunpp ufunud b hwnnpnwygyt “Ynpdwo aw-
rwynh” wwhpnypnd qunbynn hwplw@ wpngtunplbph hbwn, hGsh wpnynuapnud
dtowOnd £t wpngbunpGtph dhol hwnnpnwygnipjwl dwiwbwyp: Unnpl w-
rwybi dwopwiwul nhunwpytbp wyb nGwptpp, bpp R, < D:

hOswbu wpnbO G2t Bap, wpwonpnlip pwdwoynid t Jwubph Ywd nn-
dtuotph, npnOognud hwywuwpwswih pwfuynd 66 hwiwywpgp Juqinn
dwulhybtpp: LwGh np, wuwtu Ynsyws, uwhdwbwht wwnndttpp Ywpnn GO
wnbnwihnfuyty G6Y nndtbhg gnwup, www wwppbp wpngbunpltpnud Swu-
Ghyttph thnfuwqnbgnipinip wdpnnenipjwldp hwyybint hwiwp' uwhiwbw-
jht wwindlEph pninp Luibbpp  thnfuwbgyntd 50 hwiwwwunwuluwb
hwnlwb wpngbunplbphl® 9Gebiny Gwpuyht wpngtunpnid wwhwwoywé ha-
Inpiwghw:
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Ljwp 3.7.2 Swpwswlywh Grwswih 5x5x5 dwunphg:

Wdd nhtnwpybop Udnuyh optlpp” hwyyh welbiny hwnnpnwygnipjwi
Yypw swiuuynn dwiwGwyp: Upwquigdwb gnpdwyhgp Yoywpwgpyh htunbywg
pwliwdlny’

§=— 1 (3.7.2)
Jo, /N, +j,+C(N,)
npintn, C(N,)-0 punipwgpnud § wpngtiunpltiph Shole hwnnpnwlgdwl dw-

dwlwyp” Ywiudwsé wpngtunplbph pwlwlyhg (N, ):

Uwnpl. OGpYuywgbtiop hwqwpyh dwiwGwyh b hwnnpnwygdwl dwu-
GwpwdhGp (pwnwnphsp) twppbp dnuinbgnuiGtph nbwpnid” Gapwnptiny, np
fuGnhpp inhy qniquihbrwgytbi t (j, =1)

Z .
C(N,)=(N,-1)4 +—AT-) :all-to-all
p
1085(N ;) m(n-1)
CN,)=log,(N,)A+ 2,
n= P
npuntin, hoswbu wpnth GG Gop, A-0 bhnjuwigiwl dwiwlbwyo t (latency
time), huy 7 wwpwdbunpp pGnpwagnnid b gwigp L hwinhuwOnid § gwbgh

pnnnLbowynipywl gnpdwyhgp:

(3.7.3)
4 2 tree - like
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<wny t G261, np N, -h thnpp wipdtipltph nbwenud Ywiudwdnipnibp huw-
dwpjw qdwjhb t (3.7.2-h dkg C(N,)-h Gepnpnuip s0shb t), huy N, -h dE6wg-
dwh nwpnd C(N,) -0 wanud t géwhG onblpeny: Unynpwpwn, A thnfuwlg-

dwl dwidwowyp thnpn dGénpNLG £, huy wagninnt wewybjwagnyt pnnnibw-
ynipnilp’ Gigabit-h nbwpntd 1000Mb/s, Myrinet-h welwjnipjwl nbwpnid’
4000Mb/s:

UnitynywhG nhawihywyh depnnny uanhpbtiph |ntddwl dwiwbwy, pon-
hwlnip wrdwdp, wpwq guwogwiho hwnnpnwygnipintbp 2w Ywplnp nbn §
puwnnud: Vwubwynpwubu, Myrinet Jud InfiniBand wpwqwgnnpé gwlgwjhb
hwiwyuwpgtph oguwgnpéndp phpnd | hwwpyuwiht dwdwbwyh twywh
Gwynnnipjwl, L hEwlwpwp, qnigwhbrwgiwb  wpnynbwybuniniGp
yunpniy dEswanud t:

dbnonud Gz60p, np vwpwiwlwl pwdwbdwl dninbgnudp nuah Gwb npn-
2wyh pbpnipynLbltp, L Gpw gniquhbrwgdwl wpynLowybwnigntbp wadh-
owlwbnptt ywwywdsd b nwuntdbwuppynn hwiwywpgh hbun: Unwowlnd t,
wjuwbu Ynsgwd, wynpngbunpwiht hwqwpydwb fuwpuwnnid (load imbalance —
different computational cost), tpp nunuiGwuhpynn hwdwywngh hwdwp we-
Yuw 66 °

* ng hwwuwpwswih dwubhybtph puszfuncd

s thnjuwqntgnipjwl ng hwywuwpwswih pwiudwéntpnth, ophlwy,
thgewynpywd/stqnp, enip/wyl [ntényp L wyb

s Jhswhwgpwywb pintyunniwghwbtn

3.8 Utpnnh wewybinipntbGtpp L ndjwpnipyntbbtpp
(Pros and Cons)

Pros

{wiwlywnpgswht dnnGwynpiwl depnnh wiktwywplnp wewydbinip)nt-
Op Yuwywanid | Gpwbned, np wyG, h wwpptpnipint hpwywa thnpdtph, dwiu-
uwwnwp sk 2p wwhwbentd (wpnpwuinnp pwlywpdtp uwpptp L uwppwyn-
pnudGtp, thnpdwljnie, wwwhngnud t dwiwbwyh d66 fubwynnnipyntl: CoOnw-
it0p hwidwYwpghsp (Yuwi hwiwlwpgswht Yiwuntpp) L hwdwwwunwu-
fuwb Spwgpwht wwwhnynidp ptipnud G0 fJubnph (nuddwl dwdwbGwyh L Gyne-
pwlwb rGuntputbph hujujwywb fubwnnnipjwb:

Gpynnpn wplnp wewGdbwhwwnynipniaa wyl t, np wyu dGpnnny Ywpb-
th t unwlw| hwiwywpgp OGYwpwgpnn wjOwhuh wwpwdbwptp, npnGp
ntrLku hwuwlbih 60 $hahywywt thnpdh hwiwp: OphGwy, wju dGpnnh og-
Onipywdp Ywnbih t hwpytp hwdwywpgh O6p- L yGpdniGyniwiht Ywenig-
Jwopp GYwpwgnnn Yuiwjwywhs ywpwdtnp gt wnndwywb L pb” dnikynt-
(wjh0 dwywpnwybbpned:
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Sppnpn Ywplinp wewybinugintGb wyb £, np dEpnnp hGwpwynpnegnil £
padtinntd  nwunudbwuppt]  wpnubwquwywt  wd  nhbwdhy  wpddwb
(Continuous motion) wnngtiup, wjuhbpl® hpwywlwglb] dwiwbwyh gwiyw-
gwéd wnnnnippuwdp dnityntwihlt nhowdhy hunwgnuinipnbbtp: Onpdh dw-
dwiwywiht vwhiwbwdwyndbnt wu wwpwquynud yuwyws 6a, pbplu,
dhwyl hwdwnpluwihb rGunipubbph htwn:

Cons

Btiplu dtpnnh pEnnLeINLGGEPhg wrwelwhtpe hwpy £ 026] dGpnnh ufuw-
(woaph swihp (gwilwgwd dinnbj L nbuwlywt ntuntlGwuhpnupintl Yuuuwnwinyuy
$60 L wptuwwnnid 60 hGg-np upuwwbpny):

Uygplwlwl wwpwdtwpbph ng £2gphun pGuinpnipynip Ywpnn b hwagbg-
06 UGS upuwbbph’ hwayh weltiny Owl wyt thwuwnp, np gnpd nukGp hulyw-
juywt pYyny ywpwdtwnptph L hnthnfuwyuwbatph htuin, npntg pGunpnieniap
dhwndtp sh L Ywuyws | pwqiwphy gnpénbttphg: Npwbugh hbwpwynp (h-
Gh puntuwiht] Gdwlwwhy uGnhpltphg, unphnipn b wnpynud pbuinpbp hpw-
Yywo thnpdhg unwgywé wwpwibuptp, hGswtu Gwl dhasl pnh dnnGiwyn-
pnuip hwulbp ppwgnpét| ptunnwiht thnpdtp” hwitdwwnbiny unwgywé
wpmyntbpbbpp hpwywa thnpdh wpnynapabph htwn;

Gnypnpn nddwpnipintbp Ywjwlbnud t Gpwbnid, np dwypn-wwpwidtnpt-
ph &2gphwn yhswywgpnipynth unnwlwint hwiwp wohpwdbn b Yuwnwnb)
gh pwlh, wwn nbwpbpnud Onythuy pwqiwpehy thnpdtp, npnag wpnyntbpbb-
pp hGunwquinud dhohtwglting™ Ypbpdtt hpwlwb thnpdh nnduiiteph htun
hwitdwwntiihnipjwa:

dbponud Gz60p, np dntynywiht nhOwdhywsh dtpnnp, hUswbu wpntl
pwqihgu pbOwpyt) Gop, wuwwnud b nuwuwywl wnbumpwa 2powbwlyit-
prud” hwpyh swrlbiny pyuwlGunughG Gpunyplbpp, npp pepnud ¢t dh 2wnp
Gpunyplbph ng |hwpdtp L ufuw pwgwunpnLpjwb:

* UnibyniwhlG nhowdhyuh wpnynipbtph npwip, ponhwinep wedwdp,
uiudwé t uyqpiwywl wuwpdwobephg ywd Ywenigdwéphg L mdwjht nwp-
inh pOwnpneeintbhg, npp thwiwowynpblt unwgynid t hpwywb dhnpdhg, b
thwuwnnpbl, dnnbGlwynpnudip hGptht hwdwpynid § ¢npd, npuintin hnthnfut-
1ny wwyiwbotpp” unwbnd Gop hpwywb thnpdh htun hwdpbylnud:
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4. GROMACS LU NAMD 6pwgpuihG tghwpbpOtpp

GROMACS

GROMACS épwgpuwyhl thwpetpp [4,5) bwuwwbudwé b anlGynywihG nh-
Gwidhbwih L tabpghwyh dhthdhqughwih htitn Yuwywé uGnhpbtbph (nédwi
hwdiwp: Wo hwiwpynud b wikbwunwpwéedws hwpbplbphg dtyp L hbswku
unbindénnlbpa GG Gpnud, «wdbbwwpwg» (fastest MD) gnpdnn dpwgpwihb
thwpbpltphg t: Wu thwpbpp d;wydt; b Qpnbhbgtih hwiwjuwpwomd (Lh-
ntriwlnbtp) 90-wywl pywywbbtphl, L owppwwbu gpwéd (hatiny Fortran-
77 dpwgpwynpiwl Gqyny’ htuinwquynd dpwgpuwhl Ynnp thnfudty £t C
Spwagpwynpdwl (Gqyh: Npwbu wwwndpnpd dwrwyntd GG Windows L Linux o-
wtpwghnt hwiwywpgtpp (04), uwluwyt wybh hwiwiu pkplu oguwgnps-
ynud t Linux O< htGph ypw gpnyuwé GROMACS-h vnwpptpwyp, npp hwitdw-
nwpwn wpwgwgnpsé t L nuoh gniguhtrwgdwl hGwpwynpnepynil:

Wdd Ywlnpwnwrelwlp Sdpwgpwiht thwetph (GROMACS ver. 3.2.1)
Jwipwiwul JEYGwpwOnipywlOp:

4.1 Unuinph L Giph dwjtip

Unuuinpwyhl puyibnp

Npwbtu dntinpwiht wwpwdtivnp wyu dpwgpwiht hwpbpp oguwgnnédnLd
t (wyt nmwpwonud guinwé pdb (ntiu wwp. 1.1) npdwnnh pwytin, wyuhbpb np-
wtiu uyqpowywld dntnpuyht ywpwidtnpbp ytpgynid GG hwiwlwpgh dwu
Ywqinn wunnilbph Grwswih YnnpnhGwuwnbbpp: <wpy £ owb G26(, np 6pwg-
pwjht dLwihnfunipyntbbtph wpmyniGpnid thnfuynid £ inpdwéd uyqplwywh
dwyh pOnwytnudp’ nwetkiny .gro, npp uwlwyb gnpbpt GnyGwgynid t .pdb
dnpdwunh htwn' hptibhg GEpYwywgating ASCII dwy, npp Gnyowbu wwpne-
Owynid t hwiwywpgh dwu Ywqinn wunndbbph inbuwyatpb ne YynnpnhGwun-
GGpp’ Yybpenud wvnwiny Gwl wwppbpwlwb peeh swihtpp (Gywp 4.1.1): Lwp
4.1.1-nud OEpYwywgywé t .gro dntuinpwihlb dwyhg dh hwwnydwdsd, npp wwpni-
Owynid b wunndbbph L dniyny Gepph pwbwyp (ophbwynid™ 1132 wunnd L 252
dniEYney), wnbuwyp (C1, HWA1,...), nph dwipwiwulG pwgwunpnipinibp wpyned
t wnnwninghwlwb duwyh dkg, hGswytu Gwl nbntynpIntt wwpptpwywh pegh
swihtph yGpwpebinjuy:

h nbw, npwtu hhdtwywO ShwynpOtp wju dpwgpwh( hwpbpnud ogunw-
gnpéynid GG Gwondbuinpp (00=107), whynywyplywip (wy=10"4), Y&Yhap
(K), titywpnGh |hgpp (e=1,60217*107°C) L wuwndwywls quigyueép
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(u =1,6605 * 1077 yq): Uswhgywy shwynplbnG &6 tabpghw' [E] = Y4Qdny™?, ni-
dp’ [F] = ydnm6d™”, g6nudp’ [P] = 4ing 063, wpwgnipinilp’ [v) Gd.wy?
=1000 o/y:

DPPC bilayer
1132
1DPPC C1 1 2337 3.503 2.191
1DPPC C2 2 2278 3275 2.163
1DPPC C3 3 2507 3.337 2.157

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

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
252S0L HW1 1131 0.990 0.977 2.766
25250L HW2 1132 1.038 0.977 2.922
4.23270 5.07740 6.48670

Llwp 4.1.1. gro Swjihg oh hwinywé:

Pwgh YnnpnhGwwnltpp GYwpwgpnn dnwnpuyhl .gro duyihg, épwanphl
wbhpwdbwn 60 Gwb, wjuwbu Ynsdwd, hwiwywngh wninwninghwl dEYLwpw-
Gnrn $uwyitin, npuntin qinbnywé 60 inbntynipntbbtp wuinnibph nbuwyit-
ph, thntuwqgnbgnipintbbtph L nudwiht nwwntiph yGpwpebpjwg:

Snwninghwl pbnipwgpnn .atp (atom type parameter file) duyibpp wwpne-
Gwynid 66 wwnndbGEpp wnbuwylbpp, L Opwagnid, Ywiugwé nidwihlG nwawnh
pOwnpnipnLihg L thowunniwlwt Yuwwh wnbuwlhg, dhlanyls wuinndp Yupnn ¢
GBpYwjwgqwé |hibp wwppbp dubpny: Uwulbwynpwwtu, GROMACS nidw-
Jh0 nwwh wwnndbepp pGnipwgnnn dwyinud ppdwdhip OGpYwywgwé t
htwnlywy dLukpny™ O - YwppnbhiwhG fudph ppdwdshl (C=0), OM - Ywppnp-
uhy fudph pRUwshG (COY), OA — hhnpnpuh| fudph ppUwéhl (OH), OW — gph
Gniynih ppdwdéhl L wyb: UGhpwdtwnnipub nbwpnd, uwlwyt, Ywnbih §
wybiwglt] Ywd thnthntubp wwnndbbph wbuwyh GbpYuwjwgiwb dup: Lwlh np
hp panypny GROMACS nidwjhl nwawnp «Shwgjup» nuwuwn b, niuinh Gpuwtnud
opwélh wuwnnilbpp OEpYwywgywé 60 Gpwtg hewn Yuwh dbe qunbynn wo-
juwébh wuwnndGtph hbwn shwuhG® npwtu Shwgywi dhwynp (CHy — wihdwuwnhy
CH tunudp, CH, wihpwunhly CH; unidp L wyb): pwéth wunndotph wnyjwibt-
nh htlpp wwhwwynid ¢ f*** hdb pwyintd, npp wwpnibwynid t hadpnpiw-
ghw, pt huswtu t pdb2gmx dpwaghpp Yuwwnud (wwbwp, nbnpwhnpuy, b
wyib) opwéth wwnndbbpp Yjntu wunndbtph htwn:

Jdbpowynp Ywd wbpdhtw; C- L N —judptph dwuhG hGpnpdwghw
wwhynud ¢ f***.tdb duyinud, npb hp b9 wwpniwymid § nbnbynieintt, pb
haswbu B0 Yuwuwynud Yyepowynp wunndGtpp b hwynud 2npwh:
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Nwpwdidtunpwlywhb .rtp (residue topology file) pwyitpp hptitg dbe wwpni-
Owynud 60 wwndwywhb hgptpp, hoswtu Gwb GYwpwgpnud G0 wwnndleph
dhol. ywuwtipp, Jwtunwywb L pnpuhnb walynbbbpp:

top (topology) plUniwytdwip Pwybpp gtlbpwgymid O GROMACS
padb2gmx hwwnniy hwptph oqlnpjwip L hwlinhuwbnid G Ywwnn onwly
atp, rtp L itp dwyiEpp L nunuiGwuppynn hwdwywngh dhol: Wu innhwh dwyb-
pp Ywpnn 60 wwpnibwyt, wuwbu Yngywd, hnhs dwybp® oguinwgnpébiny
#include nilyghwt, ophlwy, nuunuiGwuhpynn hwdwlwpgp, npp wwpnibw-
ynud t, wublp, SPC whwh oph dniynyGbp (Gnnbih GYwpwgpnipnllp
wnpywd t spe.itp dwynud), wyn nbwpnid wnnwninghwih wpgwé .top puwyntd
gnpwreynid t°

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

Cuwun nbwpbpnd wohpwdbunnipynid b wewowGnd hwiwywnpgp GYw-
pwgpb] Gpym vwpptp’ hpwphg witywiu Wwpwdtwnpepny: LIWGE nbwpt-
pnid GROMACS pwgpwiht thwetipp hGwpwynpnipyntb § vwihu ogunwgnp-
66 nwpptp Wwpwdtuinptp dGY dniEynh Gywpwgpnpwb hwdiwp® Gepnok-
iny dwyh dbe #ifdef Inilyghwl: Ghpwnptlp, nbkbp ndjwy dnkynih bw-
dwp Gpynt tnwppbp wwnghw thgetiph wndtipltiph pwaqdntpinib: Uu wwpw-
qujnid Gtny (define = Approach1 or define = Approach2) wwpwdibkwptph
pwqunpjntbbbpp .mdp wynud Ynayptnn wontabpny™ wnnwninghwh dwyih
[atoms] pwdlnid $nibyghwl Yobpyuwywgyh hbnlywi Yepw'

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

1 C 1 DPPC Cc 1 0.55

Jdbpp Opqwd #ifdef $nOlyghwt hhibwlwlnud oquwgnpdynud t 9ph
wnwppbp dnnbuwhG dngEyny Gbpp pGuipnpywt dwiwbwy:

; Include water topology
#ifdef FLEX_SPC
#include "flexspc.itp"
#else

#include "spc.itp"
#endif

Ujdd wanpwnwrtwape w)tipha, npnag Gt qEnbnywé 66 hwywuwnwy-
2hr yhswynid ywwh GpywpnignibGtiph, Juibunwywo L pnpupnt waynib-
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Otph wndbpltpp, hOswtu wl, wuwbu Ynsdwd, suwywsd pwnwnphstbpny
wwjdwowynpwdé wwpwitwnbpp, jwibonwywt L ynynhwo hwunw-
wnlolOtp: Wu innhwh Swyitpp wwpwiowwnywd 6o pun juwyydwé b sjuww-
Jwé pwnwnphgbeph (ff***.bon.itp L ff***nb.itp), npnGp G4wd GO f***.itp pln-
hwOnip duynid:

Lwuwywé pwnwnnhsbtipp’ hwjwuwpwyzhe Yuwwh r7 GplwpniemGot-
no, K;’ hwuwnwwnnGbbpp, $nbyghniwy wnbupp, Yuibounwywb L pnpuhn(

woymGobpp L hwiwwwunwupwt panpdwsd wnnbGghwip Gwé o
ff***bon.itp Pwyih db9: Ywwh Gpywpnipjwl wwwnwlandp pGnipwgpbint hw-
dwp wju Spwgpwiht hwpbpld wewowpyned t -

»  TMwpquwanyl hwpdnGhy wynunkoghwy (ntbu pwh. 3.5.2)

s 2nppnpn Yuinpgh hwjwuwpnidobph tnbupny’

1
U ()= 2Ky 0} -
ij

s Unpqth wnuinboghw (inbu pwa. 3.5.4)
s lunpwlwpnwiht twpptpwy’

1 cul o
('1,)=EZK,§’(Y,-,~— )+ KiK (r -r))
LIY)

2
* FENE wnunbOghwy® U pgy (7, )-— —K;r log(1- '2)

Jwitonwywt wolywl wnwunwbdwip luwjdwbwLIanwé pwnwnphsp
6nu1qnnu1 GEpYwywgywé b htinbyw) ynunbbghwiGpny’
<wpinGhy wynunbGghwy (wnbu pwh. 3.5.7)
. unuhﬁmuwjhu wnuntaghwy’

U s (0 )=— ZK”, (cos(%k)—cos(e;;k )?

qk

s  Mink)- anmbjh wnuntilghwy” (nbu pwb. 3.5.9)
e Rwnwyniuwh0 wynwntoghwy® U, ., ,,,,8,“(0 )= ZC @é. -a)

ne0 ik ijk
hulwywt L Yenéd prpuhnb wOynGGEpp nhtwpyynud G0 htiinbjw) duny’
*  bpwlwb pnpupnG. wwpptpwywb (nbu pwa. 3.5.10)
*  Utné pnpuhnl. hwpinGhy wnuintlghwy

U (gijkl) = %ZKg (ég']kl - 50)2

*  bpwlwb pnpuhnt. Nhywpn-REEIWGH (nbu pw(. 3.5.11)

LoJwéd wynunkhghwOtpp GEpQuywgyws ta ff***bon.itp uymud™ Gzhsbtinph
wbupny (oppbwy Ytnd pnpuhnl: func=2, FENE: func=7, Nirt)-Pntinik) func=5
L wy6): Unnpl GbpYuwywgywdé £ Gwl ff***bon.itp dwjthg dh hwundwé (Gywp
4.1.2):
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[ bondtypes ]
p i j func b0 kb
C N 1 0.13300  418400.
C NT 1 0.13300 376560.

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

[ dihedraltypes ]
i I func qo0 cq
cC O 2 0.000 167.360
C OM 2 0.000 167.360

[ dihedraltypes ]
v k func phi0 cp mult
C OA 1 180.000 16.736 2
C N 1 180.000 33.472 2

[ dihedraltypes ]
CP2 CP2 3 92789 12.156 -13.120 -3.0597 26.240 -31.495
CH2 CH2 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

Llwp 4.1.2 figmxbon.itp dwjhg hwinywé;

UGhpwdbunnipjwb nbwpnud Yuptih t wybjwgltp Onp juwywé pwnwn
phsOGn Gnp tnnhwh wwnndltph hwiwp: Lnp Yuwwywé pwnwnphsbbph wyt
{wgliwl nkwpntd Gnp nnhwh wwnndObpp wtwnp b dEYOwpwOyta ff***.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 csi12
O O 1 0.22617E-02 0.74158E-06
O OM 1 0.22617E-02 0.74158E-06

Llwp 4.1.3 figmxbn.itp dwyihg hwunywé:
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Quuwyws pwnwnanhsbtpp (quintpduwiuyw thnfuwgnbgnipwa 4, L
B, huwuinwwnniGGen, (hgetp L w))6) GEpwedws GG ff**nb.itp wyinud, npuntin

wrw(dhb-wrwbdht G24wdé GO wikl Gh wwnih L wwnndwywb qnygh hwu-
nwwnnibbtpp, hOswbu wl Yw nbntlynipincd thgpbph Yepwpetpwyg: b nbw,
jwinbpuwiywb thnfuwgnbgnipinibp tapyuywgynid ¢ LEGwpn-2nGuh Gpy-
wwpwitwnpwih $nibyghwyny (nbu wywp 3.5, pwl. 3.5.13) L PnyhGhtdh
wnuwkoghwiny (intu pwb. 3.5.14): Uunnpl GEpYuwjwglbbp Gub ffgmxnb.itp-hg

th hwundwé (GYwp 4.1.3):

MAnunbGghwy [ Ushsp | Awpwikwinpbpp
Ywwyh vrwainwodwl
<wninbhy nwunwbiwh 1 ,.,]?(mj), K; (4Qon;'06?)
ggnnnnn Ywpgh hwywuwpnis- | 2 ry(Gd), K, (4Ren"6d™)
D
Unpqbh wnunbGghuw 3 ry (), D; (4Ren™),a; (05"
tunpwlwpnuyht wwpptipwy 4 r; (60), C,,, (4Suin)"05")
FENE wnuntOghwy 7 r; (06), K, (Uin"06?)
bl uninnw Gdw G
<windnGhy wnunblghw 1 6 (wuwn), K, (4Ren"nwn?)
ijk
UnuhGniuwih( wnuntGghwy 2 6% (wuw), K, (4in(™)
ik
-Q 0 UB -1 UBo
Nintj-Ppbingbjh wnunbOghwy 5 49'11‘ (wuwn), K" (URdny), 7, (00),
Lwnuyniuwhlt wnuntGghuy 6 0° (wuwn), Cioy 234 (4Rdn'pwn’)
P 12,3,
Ppwywl pnpuhnb. wwpptpw- 1 @, (wuwn), U, (4Sdn™), n-dnypun.
Yuwl
Utind pnpuhn(. hwndnGhy 2 &, (wuwn), K, (4n| nwn?)
bpwywt pnpuhnb. Nhywpn-RGLE- | 3 c,cC,C,,C,,C,,Co(uain™)
dwl
2uwwywo thnfuwaqnbgnipin GGbn
Ywlnbpqwwuwb/ymniywh 12 4:x9,>4;,B;. K, (42uny)

Uryniuwly 4.‘1-.1 Ywwywé b sjuwyywsd pwnwnnhgbbpp Gywpwgpnn
wwpwdbinpbpp, wnunbOghwittph dnbyghnbwy nkupp b
hwidwuwjwunwupuwb G2hgbbnp:

QOnhwOpwglbiny’ bpYuywgltap Yyuwyws L shwwywé pwnwnphsbtpp
OYwpwagpnn Wwpwdtunptpp, wnwkOghwObph $nibyghntwy wnbupp L hw-
dwwwunwupuw G2hs06pp (wynwuwy 4.1.1):
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Wuwhuny, GEpYuwjwgptightp dnuunpwihl wihpwdtizunn dwptpp L domd £
dhwjb GEpYwywglt) O24wd Spwgpwihl hwpebpntd welw ntdwihb nwwnbnp:
GROMACS 4.0 vnwpptpwyp wrwewpynd £ hGwnlyw) nidwiht nwwbpp, n-
npnGp GEpYwjwgywé B0 FF.dat dwynd’

ffgmx GROMACS forcefield

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

ffG43b1 GROMACS 43b1 forcefield

ffG43a2 GROMACS 43a2 forcefield

P ol ol

Ubnyuwywgywéd GROMOS nidwihl nwwnh § tnwpwwntuwyotpp welw &G
GROMACS 6pwgpwihl thwpbpntd” wninwninghw(  panipwgnnn  figmx.itp,
figmx2.itp, ffG43a1.itp, ffG43b1.itp L ffG43a2.itp dwtph duny: Pwgh pnil
wnnwninghwlywl .itp dwyitphg, witt dh vwpwwnbuwy noh Gwb werwGdhh
wuwnnilbtph wnGuwyltbpp L wewOdhl pinYbEpp pUntpwgpnn .atp, .rtp, .hdb, L
tdb puwyitip: <wpy t Gwl G26], np gwlynipjwa nbwpntd Ywnbih t hinthntune-
pjwl LOopwpyt] mdwht nwwp’ wybjwglbiny Ywd hnhnpubind wndjuy ne-
dwjh( nwwnh wwpwdtwnbpp:

Unntiwynpdwb hwiwp wohpwdtn Ynbdphgnipwghnt - wwpwibnpw-
Ywo .mdp pwy tph dwuhb Yrunuyh wytih dwlipwiwub wywp. 4.2-nud:

Glpwiht puybpp

Unynpwpwpn dnityniywiht nhGwdhywih dtpnnnyd  nuunmdGwuhpnipjwl
dwiwbwy npwbu G pwjht wpdtp unwgynud GG dwiwlwyh pbpwgpntd hw-
dwywpgh dwu Ywqinn wwinniGbph YynnpnhGwwnObpp, wpwgnpynbbtpp b n-
dtipp:

GROMACS épwgnwjhl thwpebpntd wjt hpwywlwgynud t .trre L .trj puyb-
nh dhengny® Gwjuopnp wwiny $wjh dbe gpwlgtint pw)p: Mwpwidtunpw-
Yuwh uwyind whwp t wpdh, gt pwlh hGintigpwghnl puyp dtY 6pwghpp
qphwlgh YnnpnhGwwnGtpp, wpwgnipintbbtpp L nudbpp’

nstxout =100 / YnnpnhGwinGEph gnwbgnid jnp. 100 hGuinbgpuwghnG puyy
nstvout = 100 /wpwagnigyntblbtph gpwagnid jnep. 100 hawnbgpuwghnl puwyg
nstfout = 100 /nudtiph gpwagndd jnip. 100 hGuintgpwghnb puwy

<Gunwigsh Wtrr Ywd .t $wybpp hptibghg GEpYuwywglnud GG ng ik puwtnwh
duybp, npnGg dhgnuwy wwwnybpdwt hwdwp wohpwdbn G0 hwunnly
opwantin, ophtwy, ngmx dpwgpwiht pinyp (GROMACS thwptphg) L VMD
hwjuinGh épwapwiht dwptpp: <tunwqéh Glpwihs dwytphg pwgh, épwghpp
hGwpwynpnipinia £ vwhu gpwgl) Owb tGEpghwtbpp’ hwuwnndy Jlog nbup-
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nwiht L .edr duybpnud: WG Gnybwbu gpwogynd £ hGuinbgpwghnb puyiny,
npp gnynid b dugyinud’

nstlog =100
nstenergy = 100

h nbw, .edr L .log $wytpnid gpwbgynd 6O LoEpghwh pninp pwnwnphs-
Gpp (Ywintpywwuwo, fEyunpwunwunhy, juwh spyupnipyub tnwunwi-
Jwdp wwydwowynpywdéd L wy b):

hOs Jepwptpnud t Gpwiht $wytpp dwywibtpht, www G6Gp, np wy
woshowlwOnptlt Ywhuywé £ Gpwihg, pt nppwl hawnbgnpwghnb pwyip dky t
Ywuwnwpynud gpwbgnid: <Euinwqésh Gipwiht $wykpp unynpwpwp unwgynid
G0 pwywlwOhb 66 dwywih, L hGrnwgquwnud® yepnudnipjwt dwiwbwy, w-
pwowlntld O julnhpbtp G666 dwdwih pwytph htwn: Gt whhpwdtunnp)ntl
b wewowlnd wybh dJwiopwdwub Yepineét) nuunudbwuhpynn hwiwywnqgp,
wyn wwpwagwjntd ynnpnhGwwnbbpp b wpwgnipniGbtpp gpdnid &6 jnupw-
pwlgnip puyip 4Gy, dowgwé nbwptpnid gwoywih t gpty YynnpnhOGwwnGbpp L
wpwagntpyntbbbpp, wukbp 10.000 Ywd 100.000 hGuntigpwghnl pwjihg hbunn:

LkGp Gwl, np thnpdh wdwpunhg hbunn hGunwagdh dwyibpp Ywntih ¢ yb-
pwgpwgt) b unwOw] Swywiny wytiih thnpp $wyitip: Yw Yuwpudws t, pb hbs
wnhwh wwpwdtunptp G0 wahpwdtn vnwbw| thnpdhg: Uwubwynpuwtuy,
Gt funupp qlnud £ Ywwh Gpywpnipinbbtph yhppwghwOtph dwuhl, www
wlhpwdtiun t unwbw] htunwagsdh Gipwiht $wykp, npnGtp wwpnibwynid GO
hopnpdwghw ynnpnhGwwnGbph L wpwgnigntbbbph JwuhG jnipwpwGgnep
pwyintd, huy bt nuuntdGwuhpynn wywpwdtwnph nhundwb dwdwbwyp Gwan-
JuyplwGltph Ywpgh ¢, www gwiywih t gpwogty dh pwGh 100.000 pwyip
aGy:

4.2 UnGdhgnipwghnG-wwpwibnpuywa mdp uwytp

UnGdhgnipwghnb-wwpwitunpwywa .mdp $w)tpt hptibg dbe Gepwentd
60 dnnGwynpiwl hwiwp wohpwdbun hGdnpiwghw Giph L dntinph duwyik-
nh, hGwnbgpwuwnnph, etpdwuwnhdwih, 8620wl L wy 0h dwuhl: Uunnpl GepYyw-
jugltlp UYnGdhgnipwghni-wwpwdbnpwywls .mdp  dwytph hhdGwlwh
hwunynipynitGOtpp:
duwyp uyuynid t YyepGwgpny, nphl hwnlinud £ hGunbgpwwnnph SwuhG hG-
dnpdwghnl innp’ .
title = dppc MD
cpp = [lib/cpp

......

; RUN CONTROL PARAMETERS
integrator =md

6 U. Mnnnujw(, U. CwhhGjwh 81



Opwgpnid npwtu hbwnbgpwunnp ywpnn 66 Yyhpweyty dnjyniuht nh-
Gwdhywih (md), unnjuwuwnhy phGwdshywh (sd L sd1), ppnnibjwb Yud
|wodlbijwl nhGwdhywsh (bd), hOswbu Owl tOepghwih dhUhdhqughwih
hugunnGh wunh8wbwihl (steep) L pwewyniuwihl (cg L I-bfgs) dtpnnltpp:
pwlighg quiun Yw hbwpwdnpnigynt Yuiwnwpby Gnpdwy dnabph yepnednt-
pnLh (normal mode analysis):

Unitynywiho, uwnnfuwuwnhy L pponuit nhGwdhyuyh  nbwptipnud
wnpynud 60 puyht L dwiwbwyhb Yepwptnnn heuinbyw) wpdbpbbpp’

; Start time and timestep in ps

tinit =0 ;ulyqplwlwb dwiwbwyp

dt = 0.002 ; hiuntgpwghn( puyip wy-obbpny

nsteps = 500000 ; pw) tph pUnhwimp pwbwyp

init_step =0 ; nyuy Ytwnhg 2wpnilwytint hGwpwynpnipyntl

Giowht L dntwnpwihG $wybph pwgwuwnpnipntop tnpynud £ hewnlywy
YGpw. hnpdh dwiwlbwy wbhpwdbwn pninn wyibpp wnpynud GO phpwghy
pnpwwwlwynuy, L Gaynd b Gwl gpwigiwh puyp (nbu wwp. 4.1 Gpwyha
Duy&n):

Enpypwswihwlwh owywhihqughwh ntiwpnid wignphpidhg quun (steep,
cg Jwd I-bfgs) wbinp t G460 Gwh htwnlywy wpdtpbbpp’

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

emtol =10 » UhOhdhqughwjh wyuwpunp, Gpp nudp thnpp ¢
npywd wpdbiphg (Shwynpp YAWn 08 )
emstep =0.01 ; uyqpowlwh puyh wndtipp (GG)

.; Frequency of steepest descents steps when doing CG
nstcgsteep =1000 ; pwjih hwawluwlwbnipjnibp
nbfgscorr =10 ; ninpnnudp I-bfgs-h nbwpni

bityupwunnwnhy b Juinbpduwiuwb thnluwqnbgnipnGGtpp nhuwp-
Ytithu Yunbh t oguwgnnéty “Yunpdw” deluwGhqdp L tquinh dnunbgnidp hp
dnnhdhywghwGbnny’

; OPTIONS FOR ELECTROSTATICS
; Method for doing electrostatics
coulombtype = cut-off, Ewald, PME Ywdi PPPM
rcoulomb-switch = 2.0
rcoulomb =2.5 ; yupdwh pwewyhnp
GEpe Yhpwreynid 66 Ewald, PME Ywd PPPM wignphpdltpp, wwuw hwyb-
pwi wpynud k owl’
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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 ;lpunpwwniwghwh Yupgp
ewald_rtol =1e-05 » hwpwptpwywb &2unnepyntlp
ewald_geometry = 3d

epsilon_surface =0

optimize_fft =no

Jdwinbpuuwiywa thinfuwgnbgnipjwb Yupiwb wrewyhnp GEpYwjwg-
ynud £ hewnlywy duny.

; Method for doing Van der Waals

vdwtype = Cut-off, Shift Ywd Switch

; cut-off lengths

rvdw-switch =0.8

rvdw =1.2 » Yupdwl wewyhnp

Nwpptpwywbngntp L hwplwb peheltph hbwn thnjuwqnbgnipinilp
Ywpguwynpyntd G0 hEnlyw wpdtpabpny.

; 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 juwu full
; nblist cut-off
rlist =1.0

domain-decomposition =no

Pninp ninnnpnLGOtpny wwppbpwywaneintala hpwywbwgynid ¢ pbe =
xyz hpwdwbwiht wnnnny, dhbsgntr hGwpwynp t Gwl nw] ywppbpwywbni-
piNLGp npnwyh ninnntpyntbbtpny, hoswbu Owl Gt hwpy t fuGnhpp nhunwnp-
Yt quynintdnud, wwyw wbunp b wiowwnb] wwppbpwywontpintbp hpwdw-
Gwiht wnnh  oqOnipjuip:  dwynintdnud  nhunwpytihu - wihpwdbn
“unpiwC” wrwynhl wnw| gpn wpdtp: Lekap, np 066 hwiwlwnpgbnh nbw-
pnud gwOywih bt Yhpweb) ewswi wwpptpwywGnpyntbp:
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Opwghpp wewowpynid t obpdwuwnhdwoh L 800wl wwhwwodwb
htunlyw dnuinbgnuiltpp: Npwbu ptpdnuunnwun Ywptih t Ybpglt; Rentlnut-
Gh, Lnigb-<niytiph Ywd wpwgnipyntabbph Yypwhwdwnyh (v-rescale) wign-
nhpiltpp: Lqwé wignphpilbtph dwuphl dwOpwiwub funudty £ wwp. 3.6-
nid, huy hag yepwpebpnud t wpwgnigntbbGtph yepwhwwpyh dtennhb, w-
ww G60Gp, np wt REpLGnuUELh pEnpdnunwwnh wowngb t: hGswtu wpnba
G2} GOp, Gpp dwiwGwywiht hwunwwnniop hwywuwpdnid £ pwyhl, wuww
REpLOGnuGOh pEpdnunwwnp YEpwéynid § wpwgnipnibbbph wwpquagniyo yb-
pwhwqwpyh: rpiwunhswbwiht wwhwywsiws dnunbgnudp gpuagynid t
ynGphgnipwghnb pwyntd htinlyw) Yepw'

; OPTIONS FOR WEAK COUPLING ALGORITHMS
; Temperature coupling

Tcoupl = no, berendsen, nose-hoover Juwu v-rescale

; Groups to couple separately

tc-grps =dppc sol ; bpywywgywé wnwbdhl fudptp
; Time constant (ps) and reference temperature (K)

tau_t =01 0.1 ; dwiwlwuihh hwuunwuinnio
ref_t =323 323 ; wwhwywOdwh gtpdwunnhswlp

Qbpdwuwnhswap inpynid £ ref_t hpwdwGwyhG winnh ogqlnipjwip (Shwyn-
pp’ Kelvin, K)° wewOdht npnaybind hwiwlwpgnid wwpnibwyynn jnipw-
pwagnip fudph hwiwn (ophwy, (hwhnbtp L (nuényp):

Nnwbu pwpnunnwwn dpwgpwihl hwebpnl wryw 60 PEptOnukth L Mw-
nphotn-Nwhdwbh dnuinbgnidbbpp: YnGdhgnipwghnl uwynd npwip gpwtg-
ynud GG htwnlyw) duny.

; Pressure coupling

Pcoupl = parrinello-rahman Lwu berendsen

pcoupltype = isotropic, semiisotropic, anisotropic Yuwd surface-
tension

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

tau_p =1.0 ; dwiwbwywiht hwunwuwnnio

compressibility = 5e-6

ref-p =1.0 ; WwhwwOdwh 862nu0p

Nwp. 3.6-nd npdwé b 8020wl wWwhwywediws dwipwdwul pwgwuwnpne-
pINLGp: Opwghpp htwpwdnpnipinid t twihu 800wl wwhwwbntdp hpwyw-
Gwglt)| Agnunnyy, hagp Gapwnpnud £ Bptp ninnnipintbbpny 020wl hwyw-
uwp wpdbp' P, =P =P, , Ypuwhqnunny, npinbin tipynud 66 800wl bp-
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Unt wpdtp® x L y ninnnipjudp P, =P, L z ninnnigwidp P, L wipgnn-

pnyy, npp GOpwnpmd £ 800wl 6 wpdbp, hwiwwwuwwuuwbwpwn,
PP, PP, P, L P, : Uwytpunipwh( (wpywénipnibp (surface

W xy/yx2? xzlzx yzlzy*
tension) wnpynud t peoupltype = surface-tension hpwiwbwihG wnnnh oqlnt-
pwip’ Gopwnnptiny 8020wl P, Gnpdw| pwnwnphsp z ninnnipjwip b x/y
dwytpunipwiht (wnpywéntpinih: Wu nbwpnid ref_p-0 wwpnibwynud § dw-
ytnpLnipwjhG (wpywénipjwlb b z nipnnipjwdp A020wh wpdtplbpp:

Npwtu Jwwh Gpywpnipintbbbph b Juibunwywt wayniabph uwhdiw-
Owghwydiwb depnn, 6pwghpt wrweownynid t LINCS L SHAKE wignphpdl(b-
np (wntu wwp 3.4): UnGphgnipwghnl pwyinid wyb gpnweynid | hbuinlywy dLny.

; OPTIONS FOR BONDS

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

constraint_algorithm = shake Ywd 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

, hormal 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

Lpttp 0wk, np 6pwghpp hGwpwynpnepynil b wwihu Yhpwet| tiGYunpw-
Ywh nwywn (Electric fields), hwyyb; wqwun tabpghwh (free-energy), Ywunw-
pt UUN wlwhq (NMR refinement) L GnyGhuy épwgpnid Yhpweb| oguw-
anpénnh Ynnihg gpywé Ynntp (user defined thingies):

Gqpwihwytiny® Gz6Gp, np wpdbpltph dGdwiwubnipintop wpnko GYwé
t Spwgnnid npwbu hhdtwywh wpdbp (default values), L hwnLlwpwp, Ywphp
Yw gpbint wyb nbwpnuy, Gpp wpdbpp twpptpynud t hhdGwywl wpdtphg:
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4.3 {Gihnwqdh ytpinidnignil

GROMACS Snwgpwiht thwpbph wrwybintpintbltphg deyp Jepndne-
pwl hwdwp wewownyynn dh pwih vnwuljwy dpwapwiht ynnbpb &G, n-
pnlp Gwhiwwnbudwé b6 heuinwgoh $uwybpp Yepindtint hwiwp: LEpYwywg-
Ot0p wrwyb] hwswp oquwgnpéynn 6pwgpwiht Ynntpp L wbp nhwig
pwgujmnmrajmﬁn

g_energy Ynnp hwyynid t ntunidbwuppynn hwiwywngh tGepghw, nw-

thu t pwnwnphsObpt wrwbdht-werwGdhl: Unnbjwynpiwb pbpwgpntd

unwgywd .edr dwybpp Swewynd 6O npwtu dnwunpwhl $uwytp, puy np-
wbu Gpwiht wndbp unwgynid G0 nnbupwnwiht .xvg pOnwytdwdp dwy-

(6n: Pwgh tabpghwih pwnwnphs0phg, wyu Ynnp hwaynid t Owl wqwn

tutpghwb, YnnpLiwghnt gnpéntp L hwdwywngh dwénighynipnibp:

Lilwlwuwnhw hwwpybbp Yuuwpnad t 0wl g_enermat dpwagpwihG dn-

nntp: Ywomghympjwl hwzywplbtph hwdwp uptbih t oguuwgnpdti

Gwl g_tcaf dnnnyyp:

s g_traj dnnnip hGwpwynpnipinib £ vnwihu htiunwgsh dwiitiphg unwbw)
wwndbbph L judptph wpwagnentbGtpp, YynnpnhwwGbpp L nudGpp: Np-
wtiu dntinpwiht Ghwynp ponnibtiny hbinwagéh .trj Ywd .trr dwyitpp’ nw-
lhu t Gpwyhb .xvg wnbipuinwht wy bp:

= g_analyze dnnnip thwihu bt wyuinynpbiwghnt $nuayghw, dhohl pwnw-
Yniuwyh( 2Bnnudp, twppbp pwziujwénipniaotp, hoswbu Gwb Gpw dhen-
gny Ywnbih t unnwbwy Lniquip — Quilinieph Yhatuinhy yepnudnepgndap:

* g_lie dnpnyp hwaynd £ wquwn tobEpghw(’ thnpdh wpnynibpnid unnwg-
jwé ener.edr Gipwjhls duyihg: Uquun tabpghwyh, tGunpnwhwih L tGunwg-
whwyh hwqwpyttiph hwiwp dpwghpp wewgwpynid t Gwlk g_sham din-
nnyp:

* g_sdf L g_spartial dnpniGGpp hwzynid G0 wpdwéd wunndbtph vnwpw-
Swywl pwhudwl pnilyghwh: Spwéd wnniwlwl pudptpp wtwp t n-
pnaytl L npwtu dnitnpuwht dwyp wtiinp t wnipdth dnnnihl index.ndx
duwyibph nbiupny:

s g_rms dnnnyp hwdtidwuinnmd b yuwemgwdplbpp L tnwihu § wpdwwnwih(
dhoht pwrwynwuwhb 26nnudp (root mean square deviation — RMSD): Un-
ynpwpwn, uwhunwynigbtiph ntuntdGwuphpnipjwt hwdwp hwayynid b G2-
qwéd wwpwitnnpp' hwobdwwbine uygptwywa L ¢gnpdh wpryniopnid
unwgywdé tnyne Yuenigwéplbipp: Uwubhybbph htrwynpnipynibp npn-
26(nt hwdwp Ywpnn t Yhpwreyby g_rmsdist dnnnip: Ywenigwépwihl
hwibdwunwywl Jepnidnipput hwiwp dpwghpp wewewnpynd t Gwl
g_confirm dnnnyp:

* g_cluster dnnnyp npnanud b hwdwhwpgntd weyw Ywuwnbpbbph Yw-
rnigwdéplbpp, huy g_clustersize dnnnyp wwihu t dnGyniwht Yuwd w-
wnndwywl Yiwuwnbiph swihbpp L pwfudwdntpynibp:

* g_mindist dnnntih oqGnipjwip Yupbih b hwayt) 2 fudpbph dhel hbrwyn-
pnipinilp: Liwlbwwnhy hwwpyabp Ywpbh ¢t wob] Gl g_dist L
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g_bond dnnnt Gtiph oglnipywip: g_dist dnnnin hwaynud t Gpyne judptph
éwopnipjwl YEbwpnbltph dhol hkrwdnpnipnibp, huy g_bond dnnntp’
wuwnndltph dhel hirwynpnipjntbp (-averdist owghw):

g_mdmat dnnnip Ywenignud b Gpyne dnibyniiwht shwynpbbph dhel
Odwqugnyb htrwynpnipjwl dwwnphgwl, hoswytu Gwl gwblwgwéd wunn-
dwywl YnGuwyunwiha hEerwdnpnipinip” dnnbjwynpiwG dwiwGwyhg
ywhuwé:

g_polistat dnnntp hGwpwynpnipintl £ tnwihu hwyyb) wnihdtpwiht dhw-
ynpltph dh 2wpp wwpwdtwnpbn (Yuunwpnad £ Gwl ShohGwgned)™ dnnb-
jwynpiwl dwiwlwyhg Ywjudwé: Wu dnnnih oqOntpjwidp Yupbih
unwlOwy, dwubwynpwwty, wnihdtpuwht dneyntjbtph dwyptph dhol b-
nwé htrwynpnipnilp” Ywiudwé dwiwbwyhg L wynhdpwiht Yéhytenh
2wrewyhnp (Ywnbih t hwaqwpyt bwl g_gyrate dnnnih ogUnipjwdp):
g_msd dnnnip hwaynid £ uyqpbwywh nhpphg dwubhybtph Shohlt pw-
rwyniuwhb 26nndp  (mean square displacement — MSD): Uu wwpw-
dtwpp hGwpwynpnipynto | inwhu unwGwy nhpnighwh gnpéwyhgp:
g_rotacf dnnnip hwynid £ dniEynt0Gph wwnwnwwb 2wpddwb Ynpbiw-
ghnt $nibyghwb: Spwé dnikynyh (i,j,k) Gpbsp wuwndlbpp wbuwp ¢
gnwlgytl index.ndx duwyinid’ ij L jk Ythunpbtiph inkupny:

g_vanhove udnnnip hwyynid t dwlwn <nddh Ynptwghnt pnibyghw:
hOswtu hwpinbh £, wyn Ynpbughnt pnibyghwi gnyg b vwihu hwywbw-
YwlntpyntGh wyG pwlh, np ulyqplwlywl r, YGunmd qunlynn dwubhyp

YhwyinbGdh 7, +r yhnnd dwiwbwyh ¢ wwhhb: Mwpptipwywonpniihg

nnipu dwubhytbph pwjtipp wphwdwphynid Ga:

g_bond tnnntip, hOswbu wpntb Gob( Gap, Gywpwgpntd § phdpwlwl Yu-
wtph GpwpnignLbbtsph pw2uwénipynibp: Unnnyp (-d owghw) hGwpw-
ynpnipyntl t vnwihu hwpyt dhodwulbhyuyhlt pnipnp htrwynpnipnualtpp’
Yuiudwé dnpbwynndwb dwiwbwyhg:

g_angle dnnnip hwpynd £ pnpupnt Ywd JuibGunuywb walynbobph
pw2tuntdp” wwiny hGwpwynpnigintt unnighipnt dnnGjwynpdwb thnndh
Sunnipintip: Unnniyp (-ov owghw) hwayntd t wrewGdhl fudptinh dhel
Juqiywé dhoht wayniGbtpp” Ywudwé dnnbjwynpiwl dwiwlwyhg b
wnwihu t Shehtwgywd wpdtplbp pninp judptph hwdwn (-all owghw): -of
L -oc owghwlbpp yGpwpbpnud GG pnpupnt wGyntGbbphG: Uwyw)l
wbwnp t G26(, np pnpuhnb walyniGGbph epinudnipjut hwidwn hwpdwnp t
oquyby wybih swywinih g_dih dnanihg:

g_hbond dnnnp hwpynid L dbpinedncd b hwidwlwnpgnud opwdtwht Yuw-
wbpp' npwtu Glpwiht wpdtp twind, ophtwy, 9pwébwiht Ywwtph hb-
rwynnpnipyntbbtiph L waynibbbph pwafuntdp:

g_sas unnnip hwzynud £ hhnpndhy, hhapndnp (nuénypltnhh pwdwGiwb
dwytptup, haswtu owl’ dwywip L funnipnilp (-tv owghw):

g_order unnnip hwymd t wéluwepwsbwiht wnstph wnwpwdwlwl
ynndGnnn2dwl wwpwdbwpbpp® npwbu ninnpnywé Yeyunnp uwhdwab-
(nd i-1 wwndhg nbwh i+1 wwnip nipnywé elunnpp (wwpwdbunpp
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hwayynud £ Gnpdwih O4uwwndwdp Yuqiwd wilywh dhongny): <waynud k
Gwbk hpwywb thnpdhg unwgynn S, nbunbphnudwihG ophbGunwghnl
wwpwuibkuipp (-od owghw):

g_rdf dnnnuyp hGwnwdnpnipinia b pbdbemd hwpybi 2wewynuyht (rw-
nhwy) pwzfudwl Hnibyghwa:

g_sorient dnnnyp hGwpwynpnignts t wwihu hwayby (nuénypntd dn -
yniGbph Ynnuibnpnwénipnibp L npwbg dhol Yuqigwd wayniaGtph
pwzfuntdp: Wa, hoswbu L g_h2order dnnntip, hwaynud £ oph dntynejbt-
ph nwpwdwywb Ynndbtnpnznidp Onpdwih GYwundwip’ wwiny oph dnib-
ynioph nhwnatph L Gnpdwih wewbgph (z) dhobt Yuqigwé wblywh yn-
uhnuup:

g_kinetics dnnnih oqUnipjwip htuinwqséh Glpwht dwytphg Yuptih t
unwiw) gwiywgwd wnbntynipint hwiwywpgnud plpwgnn nhGwdhy
wnngGultph Y&npwpbpjwy:

g_potential dnnntip hwyynud | hwiwywpgh tiyuinpwunnwnhy wynunbo-
ghwip, nph hwiwp hwiwlwnpgp pwdwbynid £ 26puntph L wyn 2G6punkpnyg
gnudwpbiny dwubhyttpp |hgpbpp” Ywunwpynud £ 4pyowyh hbuinbgpnid
(thgpbnph pwfuntd) puwn 2Gpwntiph: Npwbu Giew)ht wpdtipbbn oguw-
gnndynid GO hwiwywpgh wnunkGghwip (-o owghw) L (hgetnp (-oc ow-
ghw):

g_dipoles dnnnip wwihu t hwiwywnpgh dwubhyobph nhwnp dnikGuinGt-
npp L Opwlg pwiunudp’ Ywiudwsé dnntiuwynpiwt dwdwbwyhg: Uju dnnbk-
th oqUnipywidp Ywnbih t unnwbw] Gwl sShowyduyph nhkitYunphy hwuunw-
wnilp, hoswbu Gwbk nhwnEph wywnynpbjwghnt $miyghwa: LGLE,
np GdwOwwhy hwywpyetp wptih t yuunwpb), Gwl g_dielectric dn-
nnth oglnipywdp:

g_chi dnanip nwihu t wihOwppntbbph dnikynyGeph ¢, @, ¥ L @ pnp-
uhnb wbntGbtpp: Wo Ywpnn § hwpyt wdwywywh prpuhnb wayna
Yuiudwé dnnbjwdnpiwl dwdwbwyhg: -corr owghwl hwynud b pnpupn
woynbotph wdunnynptjughnt $nibyghwt, huy -r owghwa qtltpwg-
Gnui £ 6 wolywt Yuwudwénipinilp ¢ L w wilyniGbbphg:

g_helix dnnnyp Yepwpebpnud £ uwhunwynigushlt wywpnyph (quiwpGtph)
hwuwnyniginubGbtpht: Wo hGwpwynpnigintt £ vwihu hwyybp wwpnyph
wrwypnp, wwnyuwh puwyp, swibpp, hoswbu 0wk C, - C, pnpuhnl

waynbObpp (wn pYnl L @, waynbotpp): YUwhunwynigh wwpnyph
nwpwdwywb ynndbnpnnudp uptih £ unwow) g_helixorient dnnntih
ogUnipjwdp: Mwpnyph wrwlgpttph Jepinudnipinitp GepYuywgynid £
g_bundle dnnniny:

g_rama dnnnyp hwaynd t Nwdwswinpwa Ynpepp (/v pnpuhnG
wlynbobph yndphbwghw6™ ywujwéd dnnbiwynpdwl dwiwbuwlyhg):
g_density Gnnnip hwaymd t wipnne hwiwywpgh Yuwd hwiwywpgned
wriw wnpdwé nbuwlh dwulbhyobph wwpghw| (Swubwyh) ppuneniap
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kg/m’ Shuynpltpny, hoswbu Gwl Swulhyobph pwOwyuwh L tibYwnpn-
OwhO fuwnnepgnbbbpp: EiEYLPNOWhG  funnpiNLlp  uwbwnt hwﬁqipf’
wtwp t nbGbwy j)nupwpwbgnip wunndh wbuwyh hwdwp tGYupnGGeph
pwlwlp electrons.dat wyh duny (-ei electrons.dat): luunnipjwl Gpyswih
pwpuwntiqbtp Ywnbih t unnwlw) g_densmap dnnnith oglnipjwip:

» g_h2order dnnnip hGwpwynpnigintl t vwghu hwyyt) oph dnitynt Gbph
nwpwowlwb Yynndtnpnzdwdnipnttp hwiwywnpgh Gnpdwih GYuundwdp:
Wa hwaynud t oph nhwnittph L npdwih Shole walywb YnuhGnwuh Shohl
wpdtpp:

UpwGp thO hwdwi oguwgnpéynn ybpinidéwywb Ynntpp, npnap
wnpjwéd GO GROMACS 6pwgpwiht thwpbph dbe: dbpeonud GpGGp, np
opwgpwihG thwetph wdts dh Gnp tnwppbpwy pwpdwgynid t ybpineédnt-
pjwl Gnp Ynnbpny, npnbp Gwjuwwnbuynid 60 tnwpwntuwy wywpwdibun-
pEph hwagwpldwb hwiwp:

NAMD

NAMD énwgpwiht thwpbpp [6], hOswtu L GROMACS-q, Gwuwwnbuywé t
dniEYyniwiht nhGwdhy hEnwagnuinipnbbph L owwhiwjwgiw fubnhpbb-
ph (nédwl hwdwp: Uu dpwgpuiht thwpbpp dawydtp ¢t 90-wywGabph
uyqphl bihGnuh hwdwuwpwond (UUL): Uu dpwgpught thwpebph hwdiwn
qnntp)nth Nkl Windows L Linux owbpwghnG htoph ypw wuwwnnn wnwp-
ptpwyltpp: Pwg Ynnny wju thwpbpp gpywé | C++ |kqyny:

Udd dwlpwiwub OEpYuywglttp dpwgpwiht dhwptph hwunyniginb-
Gbpp:

4.4 Ununph L Giph duwytip

hGswbu L GROMACS 6pwapwiht thwpebph nbwpntd, NAMD-md OnjG-
wbu npuwtu dnuinpuihO wybp oquwgnpénid G0 .pdb plnwGiwh pwytpp,
npnbp pOntpwgpynid 60 hwiwywpgp Ywqinn wunndtEph vnwpwédwlwi
ynnpnhGwuwnGtpny: NAMD thwpbph hwwnynipnibbbphg, ptplu, wdikbw-
yuwplnpp X-PLOR L CHARMM 6pwgpuwihb thwpbpltnh htuin hwidwwntntjpnt-
pINLb0 t, wyuhlpl® G4wd dpwapwiht hwpbpltph dninpwiht duytpp Yw-
pnn 60 Swewjt npwtu NAMD-h dnuuinpwihb uwybn: Unybp yepwptpnid § L
Bieh dwyibpha, npnGp Gnylwbu hwiwwnbnbih GO0 024wd hwptpltnh duw)t-
ph htwn: Un hwdwwntinGihnipjniGp Gopwnpnud £, np Swubhyobph unnwgywé
hbwnwqsétph Gipwht dwybpp Ywpbh t ybpinst) Gwl Gnuu hwebplbph
Ynnihg wrwownyynn pwqiwphy dnnni bbph oglnipjwip:
Pwgh G2wé pdb YnnpnhGwwnwht dwyihg, hwiwywpgswhlt thnpdh hw-
dwp npwbu dniinpuyhl g bn wihpwdbu B0 Gwb hbnbywy uwybpp
o Spwgpwihl wwpwitunpwywa L innwninghwywo dwytip X-PLOR
L CHARMM pnpdwwnbbpny
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e Ywrnigywépwihl .psf duybip
e UYnGdhgnipwghnl — wwpwidbwnpwywo .conf pwytp

Opwgpwiht wwpwitinpwywb L tnnwyninghwywl $wytpp (unynpwpwp
.prm Jwd .inp pOnw)Giwb) hptlg it Gepwend 66 nudwh( nuzwntph pninp
thnhnfuwwiotpp: Wn panyph dwytpp Gepwedwd 60 thwpbph gt L wnw-
ptguwph pwpiwgynd L hwdwipymd 66 GnpwGnp dniGyntiuyht dhwgnt-
RINLOGEPH nLdw)hb nwuntpny:

Opwgpwiht  wwpwdtnpwywo  (4epght wwppbpwylt
par_ali27_prot_lipid.prm) dwybpt hptibg Gt wwpnbwynd GO nidwih(
nwawnbph pninp pywiht  hwuwnwwnniblOtpp: dwyh uygend ppydnud GG
0tYowpwONLRINLOGEPD L hnnwéttpp, npnlg Ypw Yuwuwnwnywé GG hnnuibtp,
wjsnthtwl  phipwywl  Ywwbph Gpywpniggnlabtpp, JwiGonwywt L
pnpuhn0 wayniGbbpp, JuwinGpwwiuwb b YnynGuwl tdhinfuwqntignipnibab-
ph wwpwdbwpbph wpdbplbpp: Ywwh Gpywpnipiwiip wWwjdwawynpywd
wnwtGghwip nhinwpyynd t hbnlyw; weupny’ k2 (r-r°)?, npG, h nbuw,
mwnpbm{nm t ﬁwruuhn hwpbpnd  GEpjuwywgywéd (nbu pwl. 3.5.2 -

(r)== Z - r’)?) nwuwywl hwpinGhy pniGyghwihg, wyuhGpl

B

SpwgnuithG thwpebpntd Gepweyws £ hwutnwunniop' hwywuwp -KT-h:

Lptlp, np npwtu swithdw( hhdOwywho Shwynpaep NAMD Spwgpuwiha
thwpbpnLy ogunwgnpdyntl 0. whquunptdp (1waq = 107'°6), whynquyplywap
(1wyy=10"2), YtrdhGp (K), tabnghugh Shwynpp’ Yywy/dng, tiEYwNPnGh thgep
(e=21,60217*107"°C), wunniwlwh quigywép (nwinnt — Da, KDa), b 80zn1-
4p (pwp, 10p0. = 1.013bar):

<wiwywpgh wynntaghwind Juibownwywl woaynbbtph nwnwinudtb-

pny wwpdwowynpywd pwnwnphsp Spwgpnud GEpluywgywé t 2 duny’ wwp-
qugnyt hwpdnthy (nbu pwh. 3.5.7) L Nueb)-RptinGh wnbupny (nku pwa.
0

3.5.9), bpp npwbu £° hwunwwnts Yepgynud ¢ KT dtonpyntlp, hbswtu

Gwfunpn dpwgph nbwpentd, huy G24wd wnuntiGbghwil nlbh hbnlyw wnbupp’
K°©-6°)%:
Anuinbughuwh® pnpupnG walynlGGbph wunywnotpny  wwydwowynpwé

pwnwnphst noh htwnlgwy wbupp” > > U, (1+cos(ng - @,)), npuntn, hos-

ifjkn  n
wbu hwyinbh t, »7-0 hptbhg GtpYuwywglnud £ wunundwb wpgbph wwppbpw-
Ywbnipyntlp (pOnnubtinyd 1,2,3 wpdtipbpp) - “multiplicity”: LzJwé pwhwalp
GYwpwgpnud £ hpwlwlb pnpupnt woywO Juppp, dhasntr Ytnd pnpupnl
wllywl wnwuinwnuip dpwgpnid BYwpwgnymd b Dk, (£, —£,)° pwlwalh

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, b0: A
|

latom type Kb bo
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

!

latom types Ktheta Theta0 Kub SO

CA CA CA 40.000 120.00 35.00 2.41620! ALLOW ARO

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

iKchi: kcal/mole, n: multiplicity, delta: degrees

!

latom types Kchi n delta

CA CY CPT CA 3.0000 2 180.00! ALLOW ARO

IMPROPER
V(improper) = Kpsi (psi - psi0) **2
1

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,ij [ (Rmin,i,j/ri,j) **12 - 2(Rmin,i,j/rij) **6]
' -

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

latom ignored epsilon Rmin/2 ignored eps, 1-4 Rmin/2, 14
Cc 0.000000 -0.110000 2.000000! ALLOW PEP POL ARO

Llwp 4.4.1. par_all27_prot_lipid.prm uiip:
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Quuwwséd wuwnndbtiph thnjuwgnbtignipinibbtpp  OEpywywgymd 6O LG-
Gwpn-2nGuph (Jwinbpuwywb) wynunbaghwih L Ynynbwb thnpuwgnbgne-
pynLOGEPph inbupny: Mwpwibunpwywo wyp Yytpowlnid t END hpwidwbwihG
wnnny (Cywp 4.4.1):

Opwgpwjht tnnwninghwywt puwyibpp wwpnibwynud G0 uinbnbynignl
wwnnilbtph wnbuwyotbph, dnGynywht Shwgnipntbbtpnud  dhowunndwywa
ywwbph L Ywrenigwépp punipwgpnn npny thnhnfuwywibbph, walynibot-
ph, opwéltwyht Ywwtnph L wybph Gpwpebpwi, npnbp wbhpwdtun 6O Yuw-
enigwépwiht dwylbp uwntinétint hwdwn: dwyp uyuynmd t hnnywésbtph
hnnuitEpny, wpynid £ Gwl tinwninghwywo pwyh tnwpptpwyp, nphg hbwn
GYwpwgpynud 60 wwnndbbph wntuwyGbpp, quoqywsebtpp W thgptipp™ ynGy-
pbwn widko dh dneynih Yud wunndwyw fudptph hwdwp (G4wp 4.4.2):

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

.....

H 1.00800 H ! polar H
H

1
MASS 2 HC 1.00800 H! N-terH

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

.....

DEFA FIRS NTER LAST CTER
AUTO ANGLES DIHE

Llwp 4.4.2 par_all27_prot_lipid.inp dwj hg hwunywé:

Uwhuwwyniguwiht L wynhdtipwght dhwgnipintbtbp uenigbint hwdwp®
wOhpwdbnnpnil t wewowlnid G2k Gwl hwOgniguwht onwy hwinhuw-
gnn wwndbtpp, hGswbu Gwb uwhdwbb] “uygph” b “4bpgh” qunwihwpp, nph
hwiwp nnwninghwywb dwyintd gpyned t° '

DEFA FIRST NTER LAST CTER
{wiwywuwnwuppwowpwn, npynd 60 0wl phdpwywl Yuwbph Yuqiwéd

JuwitiGinwywl L pnpuhnb walyntbGtipp, npnbe wywnndwwn Yepwny qbGbpwg-
Ynid GO Spwgpuihb thwetph Ynnihg'
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AUTOGENERATE ANGLES DIHEDRALS

dbpp Gdwéd $nibyghnbw) wninnbphg hbunn ptipdnud 66 hwdwpyw pninp
hwjinOh pwpdpw- L gwépwiniaYniuwiht Shwgnipynbtph (Ywd dhwynpb-
nh) GGYOwpwGNLEINLLGEPD, npuinkn Gaymd GO wdkh dh dhwynpnid phihw-
Ywl Ywwbpp, wuinndGtph inbuwytbpp L ywpghwy |hgptpp: NAMD 6pwgpuw-
Jh0 thwpbph yEpotwywh trnwpptpwyb hp ik Gkpwenid t pnpnp wihGwpepnt-
GGnp, GnuyEhlwihb penilbpp, tiwpptp whwh thwhabtp b wy shwgniegni-
otp: Snwninghwwb pugyinid Gpynud b Gwl Ypyowyh Yuwbph welwynipni-
Op (DOUBLE C C) L 9pwétwht wwtph dwuny nnGnp/wygbuunnp dLwytp-
wntip:

LptGp OGwl, np wtnwninghwywb dwynid Yl Gwl oph tnwpptp dnnbob-
ph, htgwtu wl npnwyh hnbGtph dEYOWRWaNLEINLGOLPD ( Lbu GYwp 4.4.3):

RESI TIP3 0.000 ! tip3p water model

GROUP

ATOM OH2 OT -0.834

ATOM H1 HT 0417

ATOM H2 HT 0.417

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  2.00

PATCHING FIRST NONE LAST NONE

.....

Ulwn 4.4.3 par_all27_prot_lipid.inp uyhg hwenydwé:
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Ujdd nhunwpytbp .psf yurnigwédpwiht $wytpp: Uniinpwihb .psf dwy b-
npp gbGtpwgynid GG psfgen dnnnih dhongny’ ogqurwgnpétiiny unnpywéd hwiw-
Ywpgp Gywpwgpnn pninp wwpwdtupbpp, npnbp Ytpgyntd G0 dpwgnwjhl
wnnyninghwlywo L wwpwdtwnpwywb wybphg: Lwd Gurnigdwdpuhl
dwjip pwnyuwgwé t hhag hhitwywb dwutiphg® wwinndGtph panupwagphsbtiphg
(i), ywwtph Gpywpnipintbttbph dwuhb wnbnbynipintbbephg (i), ywitounwywo
(i), ppwyw (iv) L yené (v) pnpupnt walynibGtpht Ytpwptipnn thnthnfuw-
Ywabbkphg:

Yuwrenmngywépught duyh wrweht dwuntd hwiwpwywignd G0 nuunibw-
uhpynn hwiwywpgh dwu uwqgdinn wwnndObpp L Gaynud G0 Gpwbg wanbOb-
o, neuwyltpp, wwpghwi thgpbpp L wunndwywb qubgywéttpp: Wu inbnk-
ynipyntblGpp dpwghpp gqtibpwglnd £ Spwgpwiht winwyninghwywl .inp
dwyhg, npwntin, hGswtiu G| GGp, wwhynid G0 wuwnndGEpp panLwgpnn ww-
pwitwptpp.

PSF

7 INTITLE
REMARKS original generated structure x-plor psf file

16386 INATOM
1BIL1T SDS S SL  1.340000 32.0600 0
2 BIL1 SDS OS1 OSL -0.300000  15.9994 0

Uwnndbbph GYwpwapnipywbp hwenppnud GG phdpwlwt Ywuwtpp pant-
pwgnnn ninnbpp’

128 44 INBOND: bonds

1 2 1 4 1 3 2 5

S 6 5 7 5 8 8 9
npnGg hwonpnnud 60 Ywitownwwl weyntbbspht Yyepwptpnn dGYOGwpwbne-
pynubltpp’

15318 INTHETA: angles
1 2 5 2 5 8
2 5 6 2 1 3

2 5 7
2 1 4

Ppwywb L ytné pnpuhnt wbyniabbpp Gnylwtu GEpluywgywd GG .psf
dwynud hwnlywy hwenpnwywbnipjwip’
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16768  INPHI: dihedrals
1 2 5 6 1
1 2 5 8 2

.....

anN
@ N

0 INIMPHI: iitipropers

Ltlp Gwl, np sGwjwéd X-PLOR, CHARMM L NAMD 6nwgpwjhG thwpbp-
GGph hwidwwnbntihnipjwlp, Gpwbg Ywenigywédpuyhl psf dwytpp hpwnphg
twwbu nwppbpyned Go:

Oleh puybinp

NAMD opwapwjht thwpbeh tlpwiht dwjitipp tnpwiwpwGnptt Yuntih
pwdwit| 2 innhwh: Urweohlp’ unwbnwpun Giph wnGpunwiht wjbpt GG, n-
pnbp hptlg dG9 wwpnibwyntd 60 dnpbjwynpiwl dwiwlwyhg Yuwiugws t-
GGnpghwih twnptp pwnwnphsbtpp ((phy toGpghwo, Juonbpdwwiuwb, yni-
(ntjwl thnfuwgnbgnipnibbbpny, Yuwwh Gpywpnipinubbbpny, s02many, obp-
dwuunhdwiny L wyiny wwjdwbwynpdwsé taepghwbtpp), hoswtu Gwbl ntink-
ynipynil Swhuugwé hpwywb L wypngtunpwyiht (CPU L Wall time) dwiwOwyh
Jtpwpetpjwi (.out inGupuunwihlb $wyitpp): Stupuunwihl $npdwnnny inpynid t
0wl dnpbGiwdnpdwl dwiwlwyhg Ywpudwéd hwiwywpgh wwppbpuwywl
pegh swiptiph thnthnfuniginilp (.xst Giph duyitp) L dwubhylbph pOpwghy
YnnpnhOwwnbtpb nu wpwgnepyntbGtpp (.vel L .coor $wy tnp):

BEpLy, tpypnpn hwho wwuinwinn Ywpbih t hwdwpb) .ded nsg wntiup-
nwhG (phbwp) $wykpp, npnGp Wwpnibwynud 60 hwiwywnpgh Yynnpnhbwwn-
Otpp, wpwgnpntbbepp L nidtpp dwiwbwyh jnupwpwbsgnip wwhh:

hasytu L GROMACS 6pwgpnid, wyu thwpbpntd OntjOwtiu wwpwdidbwnpw-
Ywa puwynud inpynud t, pE pwOh htwnbgpwghnt pwp Gty dpwahpp wkwp t
gpwgh dwubhybtph YnnpnhbwwnGbpp, wpwgnpntGobpp, ndbpp L GOw-
gwé thnthnjuwywGbtpp®

dcdfreq 1000 / ynnpn., wpwg. gpwagnd 1000 puwyp ukYy

xstFreq 1000 /wwpptpwywb peoh YnnpnhGwuinbtiph gpwognid

outputName Lipid_Bilayer / G pujh( wjh wlnibp (wjuntn

'l: h:juszn?nhq onhbwybtpp ptpqwé G4 nupnihwhnwihl Gpyzbpwnkph
wdwp)

outputEnergies 500 /tOtpghwbph gpwGgnid 500 puwyp dkY

outputPressure 500 /&GNl

outputMomenta 500 /undbOwn

outputTiming 100 /dwdiwlwy
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Gipwihb pwyitiph dwywybtipp, hbswtu b Gwjunpn thwpbph ntwentd, wo-
dhowywlnptlt Ywujwé 60 hGunbkgpwghnl pwyh gpwigdwl hwiwjuwyw-
anppnLihg: Uwbpwidwub niuntdbwuhpnpinibObp Yuwuwnwpbint nbwpnid fjunp-
hnipn £ upygnud gpuwibgly pngnp thnthnfuwywblbpp jnuipwpwbynip puip dby,
OhGgntr pUnbwlnwwbu pGnniGdwé t gpwignuit hpwywowglby dh pwbh
hwpntp - whyndwypywoh  Ywpgh hwswpunippuwdp:  Uwyuwyl, hOswbu
GROMACS-p, wju thwptipp Lu hGtwpwynpntpynta t vwhu hwdwwpgswih
thnpdh wywpunhg htwnn yepwgpwogt] dwytpp b unwbw; swywind wybih
thnpp dwytp’ hbnnwquynud wpnynlapatph yepnudnipiuit hbin juwywéd
pwpnnip)nttOtphg funwuwihbint owwwnwyny: <tunwgéh Gipwihl dwytph Yb-
pugpwigiw( hwiwp Ywpbih t oguwgnpdt| catDCD dnnniyp, huy yhqnuug
OBpYuwywgnl ppwwbwgbtint hwdwp® VMD dpwgpwht thwpbpp:

Jdbpontd G260p, np hwdwywngswhG thnpdh wbknnnipyntip  (hpwywh
Swiuujwd dwiwlwyp) widhowlwinptl Ywpudwsd b Gwl Gpwiht wybph
gqpwigiwl hwdwiumpintbhg, uwyuyt hgnp hwiwlwnpgswht rbuntputtph
wryuwynipjwt wwpwagwynid wyt gpbpt nbp sh juwnnud: NAMD édpwgpwihl
thwpbpny qtutpwgpwd .ded Glpwiht $uwytpp hwiwwtnth 60 X-PLOR L
CHARMM 6nwgnuwihb hwpebpttph htiw, huy dh dwjiwiht swpunwpuwbune-
pINtGhg Gjntuhl whgltine (Windows, Linux, wukGp Sun, SGI L hwywnwyp) L
ytpwdpnpdwuwnwynpiwb hwiwp oguinwgnpéynid t ZipDCD Snnnip:

4.5 UnGdhgnipwghn wwpwitnpwywb .conf dwyitpp

UnGdhgnipwghnt wwpwitnpwluwb .conf (Ywd .namd) $wytpp wwpni-
Gwyned &G pninp hpwdwbuwihG ninntpp (gpdwd Tl dpwgpughG $npdwnnny),
npnGp pGnipwgpnud 6O dnnbwynpiwb thnpdp:

Uydd dwlpwiwub phownpytiGp hpwiwOwshG wwnntpp:

duwyip uyuynid t dnunpuht wytph dbLOwpwGNMEWAER" Lwiny ntund-
Gwuhpynn uyqpowywl hwiwywpgh YnnpnhbwunwihG .pdb L Yuwenigwé-
PwjhG .psf duybipp’

structure bilayer.psf
coordinates bilayer.pdb

Cwpnibwlwywt wpdnud wwwhnybint hwdwp (wuhbpt Ywidwyjwywo
Ytwhg 2wpnibwyty thnpdp) whwp £ upybl hbunbywy hpwdwbwihG tinnbpp’

set inputname DPPC_bilayer
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binCoordinates  S$inputname.restart.coor /;wpniowywywi wpdiwh

hnhg

binVelocities $inputname.restart.vel /wpniiwywywG wpddwh
hnhg

extendedSystem $inputname.restart.xsc /;wpnibwywywh wpddwG
hnhg

POswtu Owk, wbuinp § tnw| dwiwbwyh w)t wwhp, nphg 2wnpnLowyynid
Ywd uyuynud t hnpdp:

firsttimestep 110000
numsteps 90000

S1pwihl pw)tpht whwnp £ inpyh wadwinud, npp gpustgyned £ hbunbjwy
wnnnnd’

set outputname DPPC_bilayer_en

hOswbu wpntl Goyby ¢, wewnp t unpdtl Gwl taEpghwlbph vwppbp pw-
nwnphsbtiph, dwiwbwyh, epdwuwnhdwbh, Yynnpnhbwwnbbph, wpwgnieinio-
Geph L wy wwpwdGwptph Glewht $wytph gpwbgiwl hwiwhuwywont-
pINtGGEpp: Ppwywbnud dpwghpp gpwagnud b Owd wwpwdbuwnkpp jnipw-
pwlgntp pwjip vy, uwyw)s junphnipn t unpdnd dwdwbwywiht ubwynnne-
piwh, hGswbu Gwl hwiwwnpgsuwiht rtiuntpubbph owwnhdw) ogunwgnpdiwl
Owwunwyny gpwigh] wwpwdtwpbpp dh pwlh 100.000 pwyp vty (intu 4.4):

Ununph b Giph $uwytpp G26intg hbunn wkunp £ wight) nudwihG nwwnbph
GtYUwpwOnRjwlp, hoswtu Gwb tnw) vwhiwlbwdhwyndatpht, Yurpdwb w-
rwyphnOtpht L hGwnbgpwghnl puy ht Yepwptpnn hpwdwowjhb tnnnbpp.

# 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 ; / pGtwnbgpwghnl pwj|p
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rigidBonds all ; / Ghwgynud £, Gpp pwyip pGuinpynid £ 29y
nonbondedFreq 2 ; / pwqiwndtp pwy — qubntpguwwiuwb
fullElectFrequency 2 ;/pwqiwpdtp pwj — YnynGyuG
stepspercycle 2

h0s yepwptpnud £ hGuintigpwghnb puyhl, www w0 sgpwbgtine ntypnd
hhibwywh wndtipp apynud £ 19Y: Un wpdtipp Ywpbih t thnfuwphltb] 2 ud
3%y (wun nbwptpnd Gnybhuy 4-5%4), vwywib npn fubnhpbtiph dwiwbwy
pwjh dbéwgnudp Ywpnn t hwigbglt) vuwih (wbu hGunbgpwghnl pwyp):
Wu Spwgpuwiht ghwptpnid hpwywliwgywd k| pwqdiwnpdtp dnnbwdnpiw
pwyih dnuintgnudp, npb wrwownynd t hawnbgpwghnl pwyth pwdwimi’ «w-
pwg» L «<nwbnwn» thnthnjuynn wynwntbghwih pwnwnphsGtph hwdwnp (nguyg
nbEwpnud Juintpuwiuwb b ynynGut pwnwnphsbph hwiwp vpué t 2
wndtpp):

h0s yepwptpnd b niduwght nwawntphl, wwyw wbwnp t 0261, np 6pwgpw-
JhG thwpebpnid hpwywbwgywéd 60 tnwppbp nudwhlt nwwtp, npnbp, ptpluy,
hwanbtu 60 quihu npn uwhdwbwdwyndGlpny:

Npwtiu nLdwhG nuwn Spwgnpnud Ywpbiih ¢ pbupti’

CHARMM (hhdOwyw( nudwyhb nwup)
X-PLOR

AMBER

GROMACS

hOWON =

CHARMM nidwjhl nuuinny (npG, h nbw, hwinhuwomd t NAMD &pwg-
pwihG thwpbph hhiGwywl ntdwiht nwaunp) hnpdbp hpwywbwglbtine hw-
dwp wohpwdtiun t 026 htnlywy hpwdwbwih( tnnntpp’

" paraTypeCharmm on
parameters par_all27_prot_lipid.prm

dtpnhhjw) hpwiwbwihb wnnnbpp npwtiu nudwihl nwiun Ytipgand 6o
CHARMM nuwzwnp hp wwpwibinpwyw .prm Yuwd .inp dwyny:

X-PLOR nudwjhl nuwup wynhywglbine hwdwp wbwp t O4h
hGwnlyw| nnnnp’

paraTypeXplor on
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LUnylOwtu Yupbih t oquwgnpdt; AMBER nidwjhG nwunp, hwiwww-
wwuuwbwpwn, hp wwpwituvpwywt PARM L ynnpnhGwuwnwht COOR
dwbpny ° G261nY hbuinlyw) hpwiwbwihG wnnbpp’

amber yes
parmfile parameters.parm / 6pwgpwjht wwpwdtunpwywo wyp
ambercoor coordinates.coor / 6pwqgnwjht YynnpnhGwuwnwihG puwyp

Ltlp, nn NAMD épwagpwiht thwpbpp wyu nidwihG nwuwnh htin wluw-
wnud b npng JEpwwwhnudbtpny: Vwubwynpwwtu, dpwgpnud hwyydh sh
wrOjwdé AMBER nidwjhl nwuwnh Sh 2wpp $niayghnbwy tnwpptp, hGswhuhp
G0 10-12 wnwbtGghwip, PARM Ywd Ynnpnhbwwnwiht $wynd ywppbpw-
ywl pooh swithtipp, “switching” yunpdw( hwjuinGh dEluwbhqip b wy G:

Npn2 ytpwwwhnuiGtpny unbih t oguinwgnpét) Gwk GROMACS nidw-
Jh0 nwawp’ npwtu dnunpwiht wwpwdbnp vwiny tnnwninghwywb .top L
YnnpnhlGwwnuwht .gro puwytipp’

gromacs on
grotopfile lipid.top / intuinpwiht wwpwdidtwpwlwb dwyp
grocoorfile lipid.gro / GnuuinpwjhG YnnpnhGwuwnwihG wyp

Lwlh np dwytpp wipnnonyht pOonipwgpmd 60 hwdwywpgp, www
GROMACS nidwjhl nwaunp oguiwgnpétint nkwpnid structure L parameters
hpwdwOwiht wnnbpp pwg G0 panGynid; NAMD épwgpnid hwpyh 60 web-
ynutd GROMACS nidwjhl nwunh htinlywy $nibyghnbw) tnwpptpp’

-  GROMACS pairs

- Exclusions

- Constraints, restraints L settles

- GROMACS-nii wrlw npn phhwywo Ywwh Gpwpnipjwl wn-
wtbghw|Gbp

- Muwpptpwlwh peoh swihtpp .gro YnnpnhlGwwnwhG puyined

Ndwyht nwwnh dERGwpwOnRywip hwenpnnid ¢ yhdwlwgpulywl wo-
uwdpth GEpYuwywgnidp: Ophbwy, npwtu ptpdnunnwnn L pwpnuunnwuwin Yupbih
t oquhwgnpéti| htiinbyw) dnuinbgnudGtpp’

- lwodbbwla nhowdhyw (Langevin dynamics) — gtpdwuwnhdwah
Wwhwwindp hpwywbwgymd t jwadlbOwb nhbwdhywih hwjun-
Gh dtpnnny:



langevin on

langevinTemp 310
langevinDamping 5
langevinHydrogen off

- LQbpndwunhswlught wwhwwomnd (Temperature coupling) — otip-
dwuunpswbh wywhwwbdiwa hwdwp dingynid GG Gnp nudbp:

tCouple on
tCoupleTemp 300
tCoupleFile Bilayer.pdb

- Rbpdwunhswlought wwpqugnyl Jbpwhwpdwnly (Temperature
rescaling) — hwiwywpgp dwu Ywqinn wuwnndtbph wpwgnep)ntl-
GGpp wwppbpwpwn YGpwhwywpyynd 66 wybwbu, np hwiw-
Ywpgp ptpyh G24wé gtpdwuwnhswoha:

rescaleFreq 20
rescaleTemp 300

- KRbpdwunpswlbught Jbpwpewpfuntd (Temperature reassignment) —
wpwgnipntbbtiph yepwpwiudwd dnuinbgnidp, npp unynpwpwp
oquwgnpoynd £t hwdwywnpgp dhehdnwdh ptiptiint hwdwp:

reassignFreq 1000
reassignTemp 25
reassignincr 25
reassignHold 300

- Apiwlh wwhywoowla RepEanubah JEpnnp (Berendsen pressure
bath coupling) — 460wl wwhwwGdwl REPEGUEGH huywnah vbpn-
np wbu (wwp. 3.6)

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

- AGowl wwhwywaowlh bmqb - <nulbp LwadLb&l whuwnnb vbpnnp
(Nose-Hoover Langevin piston pressure coupling) — 8020wl wwh-
wwbiwo hwdwOno depnnp [112):

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

langevinPistonDecay 50.
langevinPistonTemp $temperature
SurfaceTensionTarget 50

LpbkiGp, nn 9pdwuwnhswbp wnpynud £ yEyhony (K), huy 8G2nuip’ pwpny
(1bar ~ 1atm): dwiwlwyhg Ywiuyws' etipdwuwnnhswbh L 8020wl wpdtplt-
pp gpynud G0 .out puwynid: QEpdwunhlwbh L 8020wl wwhwwlnuwip ww-
hwbonid t hwiwlwpgh wwpptpwywl Ggpuyhl Yud uwhiwbwhG wuwydwo-
Gtp, npp inpynid £ hewnlywy Yepw'

# Periodic Boundary Conditions

cellBasisVector1 154.5 0. 0.
cellBasisVector2 0. 1456 0.
cellBasisVector3 0. 0. 1524
cellOrigin 63.9 244 11.6
wrapAll on

tiaywpwunnwunhy L Juwinbpjwwiuwt thinfuwgqntgnipnibGtipp nhunwn-
ythu Ywptih £ ogunwgnpét “Gupdw” Stuwbhqdp L twinh dnuntignudp hp
wnwppbpwybtpny: “Yunpiw” dEluwbhqiht wpnbl wanpwnwpdb) Gap, wydd
nhuwwnytbp dgnwu 3 hhiGwywb depnnGtpp, npnbp GGpnpwé 6O Spwgpwihl
thwpebph dte: Npwtu thnfuwqnbgnipwl hwqwplyuwiht depnnttp weyw GO
DPMTA, PME L Full Direct dnuintignidGtipp, npnGp GGpYuwjwgynid B0 hbunlywy
wwpwdkunptpny’

DPMTA
FMA on
FMALevels 5
FMAFFT on off
FMAtheta 0.715

PME
PME yes JjwyJ no
PMETolerance 10e-6
PMEGridSpacing 1
PMEGridSizeX 64
PMEGridSizeY 64
PMEGridSizeZ 64
useDPME yes Jwd no
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Full Direct
FuliDirect yes Jwud no

NAMD 6pwgpwht thwpbpnid hpwywbwgynd 60 0wl uwhdwGwdhw-
ynuibtpp, npnGp gpwryntd B0 hbuinbywy duny’

Constraints on

rigidBonds none, water Juwu all

rigidTolerance 1.0e-8

useSettle on Ywy off / gph UnitynLutph hwdwp SETLLE

Pwgh Ytipp O24wé dnuinbgnuitbphg, dpwghpp hGwpwynpnipinil t wtnwhu
Yhpwret| hwunnwuwnh nudbph (Constant Forces), wpuwphl tiGYwnpwywi
nwwnbph (External Electric Field) dnuintignuiltipp, hoswbu Owl Yuwwwpt) 26-
ywywpynn L blGwnbpwywnhy dniyniyuwiht nhbowdhy htunwgnuinipnlbtip
(Steered Molecular Dynamics — SMD [113] L Interactive Molecular Dynamics —
IMD [114)): Loqwé dnuinbignudbbpp gpuwirynid 60 puyinud’ hbuinlyw Yepuy

Constant Forces
constantforce yes Juwu no
consforcefile force.ref / wn{w GG hwuwnwwnnit nudh wpdtpOtipp

External Electric field
eFieldOn yes Jwd no
eField 0 0 0.001 / nudh ytywnpp (x,y,2)

UkGuwpwOwywl hwiwywpgbph nwunbwuhpnpwt ntwpnd YeGuw-
pwliwlwl dwiwlwyp, hGswbu Gwl tOspghwih dhGhdhqwghwih pwjbpp
npynid 0 4Epgnud® hbwnbyw| hpwdwbwht wvinntpny’

minimize 5000
run 1000000

Ytpenud G260p, np hbswbiu Owpunpn dpwgpwiht thwebph nbwpnid, wju-
it Gnybwbu wpdbpbbph dtdwiwubnpnitbp wvipynd £ npwbu hhdibwywh
wpdbp, L htwnLwpwp, hdwuwnn ntbh npwip gpwbgt), et twpptpynd GO
hhdbwlwo wpdtiplbphg:

4.6 Upnynthpltiph Ybppniéntpjnil

h thnwpptipnipyintt GROMACS thwpbiph, NAMD thwpbipp sh wrwewnpynud
nywittph hbinwgsh depindnipjwt unnwbnwpun dnnniiGep’ wu Ywd wjl
wwpwdtwnptpp hwadwpytint hwdwp, dhognbe tnwihu £ hGwpwynpnieinta
Tcl 6pwgpwiht (Gqyny uinbindtint wipnynlbpltph Gwydwb L 4bpinsnipjwl
opwgnwihb dnnnyGep:
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hOswbu wpnb0 026 GOp, Glpwiht dwjtpp (out L .xst) wwpnibwynid GG
pwywlywiht swywinit hopnpiwghw hwidwlwpgh dwywih, wpwagnpntl-
Gtnph, etpdwuwinhswGh b tabpghuwsh pwnuwnphsbtph, huy Gpynuwywl .ded
duwybipp” dwiwbwyp Yudwywywb wwhho wpwgnipnGsph b ynnpnhGuwwn-
Gtph wpdbptbph ytpwpbpwy: NAMD Spwapwih0 thwpebph wwunnbwywh
Ywyphg  Ywpbih t GeppbnGby Tol pwgpwynpiwG (kqyny qpywé npny On-
nnybbp (npwop dwiwbwyh pbpwgpnid gpyt| G0 oguwgnpdnnltph Ynn-
dhg), npnlg dhgngny Ywnbith & hpwywogbty Gaqwé bipwiht dwytiph Ytipgnt-
ontpyntl: Ypwl qniquhte® VMD épwgpwiht thwpbpnid, npp hhdGwywGnud
Gwpwwtudmd 60 hwiwywpgh yhaniwy wwunytpdws hwdwp, welw 6O
hwidwnw pninp unwbnwpu dnnnbtpp: <wiwywpgh .pdb Ynnpnhbwuwnw-
JhG L hGuinwgéh .ded dwyitph Shongny, thwpebiph oglnipjwdp, Yuptih § hw;-
gt hwiwywngp Gywpwgpnn bbnlyw dnbyghnbw] wwpwdbuwptpp. LGsp-
ghwh pninp pwnwnnphsbtpp, ¢bpdwuwnhswbp, A0nuip, Swywip, RMSD
(bwubhybtph nppeh dhohlt pwrwyniuwihG 2Gnnudp) (nph hwidwp oguw-
qnpéynid £ namdplot dnnniip), Nwidwswbnnpwb Ynptpp, Yuwh Gpywpniento-
GGpp, pw2tuquiénipnilp, wwnpwwntuwy hbrwynpnientaGbp L wy0:

Udthnthtiny™ G60p Gwl, np VMD L NAMD &pwqgpwhb thwptipltph Gnp
nwnpptpwybtpp pwpdwgynd 6O ybpinionipjwb Gnp dnnnyGbpny, dwubw-
ynpwwtiu, VMD 6pwgpw)ht thwpbph Jbpeht wwppbpwlyt nibh wpnbo
GEpnpwé dnnnty” Gwjuwwntudwd uwyhunwynigwiht shwynpbtph tnwpwunb-
uwy wwpwdbupbph 4epinednipjwt hwdwn, hogwbu Owb dnnnyaep’ owhuw-
wbuywé |ntdnypitph L Yeluwpwlwwld pwnwipltph wuwnpwuwnidwl hw-
dup:

NAMD Spwgpuht thwpbph dwOpwdwult wignphpiwywb yepinidnipnt-
Gp L oquiwgnpénnh dbrGwplyp hwuwbtih 66 NAMD wwuinGwywb Yuwypned:

4.7 GROMACS L NAMD thwpbplbtph hwdibdwwnwlwh yepinedniginl

Lwiunpn  wwpwgpwdnid  winpwnwpdwlp opwapwiht  dhwpebpltnh
dwlpwiwul dEYGwpwbneiwip b GEpYuywgnbghlp thwebeltph, guun tni-
piwa, hhdtwywb hwwnympnlblbpp:

Wdd hwitdwwntlp wyn Gpynt hwebpltpp wwpptp nbuwbynbatphg
(nbu wrynwuwy 4.7.1): Beplu, npwag hhdGwlwa vnwpptpnipinlap nidwyha
nwzuwnbtph vk £, L puwnn tnpywa, NAMD thwpbpp wybiih 8ynth t° gnpd nbk-
Gwind d6h pwOh ndwht nuwwnbph hn (Gwlh GROMOS), th(sntr
GROMACS thwpbipp wzluwwnntd t dhuyt GROMOS nidwjhb nuiuinh htwin (hp
nwpwwnbuwy dnnhdhywghwitpny): LEOp Gwl, np GROMACS dpwgnwihl
thwpbipp w2fuwwnnid b “Shwgjwy” nidwiht nwzuinbph hswn (9pwsth L wéluwd-
Gh wwnndGbpp OEpYuywgymd B0 npwbu dbph; Ywd dtphitbwiht dhwgjwy
fudptip), huy NAMD-p, hhiGwywGnmy, “wipnnowywl” nwawnbph hbun:

* NAMD wjuwiunnGuilyui0 Yuyph hwugt http://www.ks.uiuc.edu
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NMwpwdibunptip GROMACS NAMD
Nidwht qunbp | GROMOS hp tnwpwuwntuwly- | CHARMM, AMBER, X-PLOR L
Obpny GROMACS
tieyunpwutnwnnhy | Ywuwywl tquwinh gnuiw-  |MUE (PME), FMA (DPMTA - Jtip-
pnud, MUt (PME), PPPM, Og- | ohlG tnwppbpwlyh dtb9 pwgwlyw-
wnwgnpénnh Ynnihg npjwé | jnud t), Ninpn hwdwpy (Full
(User defined) L “Yunpdwl” 664 direct) L “UwnpdwG” dkuwbhqd
luwGhqd (Cut-off) (Cut-off)
Ywinbpuwiuywb | Lehwpn-2nGuh ynunbighw LaGwpn-2nbup ynutiGbghwy (Cut-
(Cut-off, shift L switch) off, shift L switch)
UniGyniywht how-|  tatpghwh dhGhdhquighw tGbpghwih dhGhdihqughw
dhywsh owghwibp [(wunhdwbuwiht yuyptoph db-{qmgnpnywé gpnwnhbnbtiph Gt

pnnp (steepest descent), qnt-
gnpnywé gpunhbbunbbiph ob-
pNNp (conjugate gradient),
Shell MD, tubpghwyh/otipdwu-
wnhdwbh/8020wh whwwb-
Jw( wignphpdOtp, wwppet-
pwywl Gqpujht wwytwbabp

pnNp (conjugate gradient)), tutp-
ghuwyh/9bpiwuwnhdwah/808wh
wwhwwbdiwb wignphpdatp,
wwppbpwywi tgpuwyht wwydw-
(6p - PBC, Njwywpynn L G-
wnbpwyunhy dniGyntwyht nhow-
dhyw — (SMD L IMD), Uquin

- PBC tatpghwih hwaywpybtp
Gpnidnipjwl Ynnbp Uytih pwb 20 dnnniy Ns dh unnwbnwpuw Ynn
Uwhiwbwhwydwh LINCS L SHAKE SHAKE L SETTLE (9ph dnitynuy-
wignphpibbp GGph hwdwnp)
dnuunpwihb .gro .pdb L Gpw- | dnuunpuyhG .pdb .psf L G pwhl
Ununph / 5iph - Jh0.trr trj .dcd
16p
Qbpdwunnhgwbuwih | AEpGOnutGh L Lnigb- {ntyt- [LwGdLEawh nhawdhyuwih dGenn
wwhwwnty ph dGpnnlbn
020wl wwhwwOmd) REpGOnutGh L Mwpphlbn- | REPGGnUEGH L Lnqb-{nybn-
Nwhdwbh dbpnnitn LwbdlLbu-whuwnnnbh dbpnnlbp
Pwqdwndtp pwjth ng Un
dbpnn
Uy dninbignidp  |UUN, Uquin tabpghwh pw- | Shpudwé wunndabp, Ynaun onip,
funtd, bEEGunpwywl nwawntp, | UpwgnipniGObph yepwpwju-
taGpguyh L 8020w0 ninnamy, | Jwo L YyEpwhwwpyh dnunk-
Ogquwgnpénnh Ynnihg gnuiGbp, hwpdnthy vwhiwOw-
wnnpdwdé onnnyObp L ynntp  thwynudltp, Upunwpeht tiehunpwd
Yuwl nwown
Opwgnpwynpynn dn- ng Tel spwgnpwynpiwl hGunbndtju
nnlbp
MNwuwnpnpilbp  [Windows, Linux, Mac OS X, L [Windows, Linux, Mac OS X, L wy

wyl UNIX wpuwndnpilGbp

UNIX ujwwndnpilbp

Uryniuwy 4.7.1 NAMD L GROMACS thwptpGtph hwibdwunnipynibp:
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Canphhy nidwihl nwawnh “Ghwgywy” panyph wind E GROMACS thwpbph
wpwaqwagnpdnipntlp, npp GQwwntih £ GnyGhuy gniquhtrwgdwl wwpwagw-
Jnud:

Npwtu wwwdnpd Gpynt Spwagpwihlt thwpebpttph hwiwp dwewnd &G
Windows L Linux owtipwghn( hwidwywngbipp, uwyw)b hbswbu pwqihgu (26
GOp, hhdbwywbnid gnpdwédynid Gl Linux owbpwghn( htbph ypw wpfuwwnnn
wnwnpbpwyotGpp, npnbp h wnwppbpneynta Windows-h nultt gniquhbrwg-
dwl hGwpwynpnipyntb:

UbtpnnOtph L wignphpiltph pbunpnipjwl hwpgntd Gpyne thwpbpUbna &)
npnbigntp 60 Gnybwuwhw dnunbgnud, L Bpyne wpbplbpnud £ weyw &G
hwyinbh dEpnnltp L dnuinbgnudlbtn” obpdwuwnhdwh, 8620wl wWwhwywbiw,
tatpghwih shohdhqughwyh, uwhiwGwhwynitbph b hbonbgpdwO hwpgk-
pnud: GROMACS L NAMD Spwapwiht thwpbpatpp gpyt| &0, hwiwuwjwwwu-
juwlwpwn, C (Ytpwanyty t Fortran77 -hg) L C++ dpwgpwynpiwb (Gqnilt-
nny (Gpyntul k| wpdnud GO pwg Ynnnd): Spwgpuhb thwpebpltipp Ywpbih §
wbyswp GEppErGL] WwuninGwywb Ywpkphg:

<hiw winpwnwrOwGp dpwgpwiht thwpbplbnph hwitdwwnnipjwap qnt-
qwhtrwgliwl wnkuwbynbhg:

Pwqiwwpngtunpwiht L gbphwdwlwnpghstbph qupgqugnuip ptintg
opwgnpwiht thwptpltph qniquwhtrwgdwl wlhpwdtunnipjwlp, hGsp hGw-
pwynpnipintt inybg twywlnptl dEdwglt] niunibwuppynn hwiwywnpgbnh
qéwihb swihtpp L YEhuwpwlbwywb thnpdtph nbwpnud hwaqwpyynn Ytlhuw-
pwliwywl dwdwbwyp: Ugnpppdwywd wnbuwbynibhg qniquwhbrwgdwl
hwpgbpp pGOwpyyt) 6O wwp. 3.7-nu6: Wdd nhunwpyttp b wwbp Spwagnw-
JhG thwptplttph hwitdwunwywlp® hhdtgwd win wignphpiwlwb dnuintignil-
GGph Ypw:

GROMACS L NAMD 6pwgpwiht thwpbpltpp oguwgnpénud 50 wywG-
nwywl MPI unwlnwpup, huy wignphpdwywb hwpgtpnid GROMACS-p
qniqwhtrwgnidip hpwlwbwglnud £ hhpphnwiht dwubhywyhb/nRndtawha
pwdwldwb wignphpdh dhengny, dhasntr NAMD thwpbipp ogunwgnpontd
hhpphnwihG nudwjhG/inwpwéwywl pwdwanuip: Qwpetplttph qniqwhbrwg-
dwl wpwgwgnpénipntbp uwnnigbint hwdwp nhuvwnytip nwpptbp hwiw-
ywpgtbp, L nnu.ql:u'zwthﬁwﬁ dhwynp ytpgltlp deYy Gwinduplywb hpwywl
thnpdh Ypw dwiuuynn dwdwbwyp (Yuwd 1 opnud thnpdh wbinqnipynibp), hbg-
wbu Owl wpwqugiwb gnpéwyhgp: Npwtu thnpdbwywl hwdwywpgbp
pGwpyby Ga.
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Lliwp 4.7.1. ULY opnud dnnbjwynpdwh thnpdh YhGuwpwlwwl dwiwbwyp
Ywhudwsé wpngtiunpltiph pwlwyhg (Gpynt tnwpptip dpwapuhl thwebettp —
GROMACS L NAMD; ntunudwuhpynn hwidwlywngp — 128 NMdu/ontp;
Yiwuwnbpp - W1 “UPUYLUUSEN"):

Gnpynt Spwgpwiht thwpbprltph wpwgwgnpdnipnlip uwnnigbint hwiwp’
ulqpnid thnpdwpydty £ 128 AMdlu/onip hwdwywpgp L Gnyt phghywywa
wwjdwoobpnud  (MUE - LiGYunpwunwwnhy, Juonbpuwwiuwo  1.200
“‘Yupnud”, 1$y hGuinbgpwghnt pwyt) nnyt| 60 dnnGjwynpdwb thnpdbp’ qnt-
qwhbrwgltiny 1-hg dhbsk 48 wpngtunp: L{wp 4.7.1-n1d Lpdwo t 1 opnid
thnpédh wbkinnnipnup’ Ywhujwé wpngbunpGtph pwlwyhg: GROMACS-ny
wpywdé hinpdp gnyg bt wwihu, np wpngbunpObph pwliwyh wybjwgnidp pb-
pnud § wpwqugnpénpywl Yunpney wah dhosh wypngbunpOtph npnwyh pw-
owy (nyjwy nbwpnid 16 wypngbunp), nphg htun nhuinygnid £ hwgbgnud dhogl
hwdiwpjw 24 wpngtiunp:

Uwyuwjl wpngbunpGtph pwOwyh htrnwgw wytjwgniip pbpnud b wpw-
qugnpéntpjwl Gnyapwl Yupnily owqiwGp: NAMD dpwgpuwihG thwpbpny
utnwgywd wpnyntbpltpp gnyg GO tnwihu géwiht wd wpngtunpbtph pwlw-
U4h wadwh qnigpbpwg, uwywyt GmyGhuy 48 wpngtunph weywynipnibp (Gn-
wnwynpwwtu 1.704 thnpd 1 opnud) gnyg ¢ tnwihu hwiwpyw GnyG wpnynibpp,
hty GROMACS épwgpuiht ¢hwpbph dhongny 2-4 wpngtunph oqunwgnpé-
dwl nbwpnid: Upwgugnpdnipjwl wenwdny, waywuywsd, GROMACS 6pwg-
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<1 128 Yhwwishnnhidnudwinhnhifunihth (Y Mdlu) dnjtyntjabphg pwnyugwé
tpuzEpwn’ opwiht shewyuwypnud (hwiwwwwnwuluwbwpwn, 27546 wwnnd -
“wipnnowlwl” dnnby)

Q2 128 Wdiu dnkyntGbphg punyugwsé Gplztpun’ onughlG dhowdwjpnd (hu-

‘ Jwwwwnwupuwlbwpwn, 17506 wwnnd - “Ghwgpwy” dnnb()

{3 72 Wdlu dnynt GEphg pwnlugwéd Bpytpun’ opuwiha Showywypnid (hwdw-
wWuwwnwupuwbwpwn, 16539 wuinnd — “wipnnewlwl” dnnbp)

{4 512 Lwunpphnud weGwnwnbghlunyynbwwh dnibynibtphg pwnlugwd Gply-
2tpun’ opuhl dhwowdwypnud (hwdwuwwunnwupewbwpwn, 53808 wuningd — “und-
pnowlwl” dnnk)

<5  Lhwhnuyhl Gplztpun® OGpnpdwsé (hwnwpnuibhG A1 uwhunwynigny epwihl
dhowywpnud (hwiwwwwnwuuwbwpwn, 92224 wunnd - “wipnnewlwl” dn-
nbi)

<6 512 WMdlu dntYnibbphg pwnlugwd Bpytpun’ opwiht Shewywinnud (hw-
dwwwwnwuswiwpwn, 112640 wunnd — “widpnnowlw(” dnnby)

&7 322 Lwwnphnd nnnbighiunidwwnh dnjtynibbphg punwgwé hwwnwnd dh-
gtiwht hwiwYwng wnpnb/wbaunwang (nuenypnl (hwiwwwwnwuuwbw-
pwpn, 213583 wuwnnd - “wipnnowyw” dnnb)

{8 Uwphunwymgh dnynyp opuyhlt dhowduypnd  (hwdwwywwnwuluwbwpwn,
327506 wwnny ~ “wdpnnowlwl” dnnky)

<9 Ojpuwhunuinh dnquyhy yhpniu — Satellite tobacco mosaic virus (STMV) (hwiw-
wwunwupuwowpwp, 1066628 wuwnnd — “wdpnnowliwt” dnnk)

Lzdwé hwiwywngbpp phunwynpyt; 66 NAMD L GROMACS épwgpw-
Jh0 thwpbpltph dhengny, huy npwtu hwiwywpgswiho rGuntpu Swewt| GO
wryniuwy  4.7.2-nid - inpwé Yuuwnbpbpp, npnbp  pOngpywé GG
“uruarhn” hwiwywpgned:

uojw- Nnngtiunp Owtipwunhy Uuwyjp Swlg
anuip <hpnnnipinil 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 II PC- MSt X2-108- D-Link DGS
Xeon E54202.5 | 5300 ECC A4M/ 64bit / 12167 (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)

Unyniuwy 4.7.2. <wdwuipgsuhG YiuwunGpltpp:
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puyhb thwpbpp gntgwptpnud b jwywagnta wpnynibap, shasntie wpngtunpbtiph
pwlwyh wybjwgnuip pbpnud t hwywewy tdtyunnh: GROMACS dpwgpwihl
¢bwptph Gowlh Jwppp pwgwuwpynud b hbnbjw) Yepw. hGswbu 626 Gap,
Swubhyuwht pwdwdwb wignphpip, npb ogunwgnpénud t GROMACS 6nwg-
pwihG hwpbpp, Gopwnpnid t, np dhinpdh uygqpnid hwiwywpgh N dwulhy-
GGpp hwywuwpwswg pwdwlynud 66 N, wpngbunpltiph dhel: Mpngtiunp-

Otph pwlwyh wybjwgdwl hbwin qnigplpwg wpngbunpGbpnid wwhdnn w-
wndbbph phyp Gwqnid t, L htwnbwpwp, wybih 2w dwiwbwy t Swhu-
ynud wpngbunpltiph dhel hwnnpnwygnipjwl ypw (wuinnd-wwnnd thnfuwagnb-
gnipintl) L 2wuwn ntwptpnid Onyahuy Yuwwywé hnfuwqnbgnipinibbtipp hwyp-
Jwpybint dwiwbwy wypngtunpGtph dhol hwnnpnwygnipjwb fubnhp t wew-
owlntd [115]: NAMD thwpbpp, npp gniqwhbrwgbnud | oguiwgnpétiinyg wnw-
pwéwywl pwdwOnudp, wpngtunplbph pwGwyh wybjwgiwa hbn Giwbw-
wnhw fuGnhptEpp sh pbpnud, uwyuyb wypngbunplbph G66 pwlwynipynibp
OnyyOwbu ptpnud £ wypngtunpbbph dhole hwnnpRwygnipjwt dwdwbwyh wsh,
hGsp, ptplu, twywb wqnbgnipinitb sh moLONLY wpwqugnpdnLRjwl Ypuw:
EnYypnpn Yuwplinp nhunnwpynudp Yuywonid t dnntih pbunpnipgjwt L Gpyne
opwagpwiht hwpbpltph twppbp dnunnbgnuibtph (NAMD - “widpnnowywl” L
GROMACS - “dhwgwy”) uUt9: TOnphhy nidwhG  “Shwgywy” pOnyph
GROMACS 6pwgpuyht thwptipmd 128 NMdlu/onip hwiwywnpgp wwpnibw-
ynid t 17506 wwnny, dhognte Glwbwwhw 128 AMdhu/onip Gpyztpunp “wd-
prnowlwl” nwwny Otpywywgbbihu (NAMD dhwptp) Ywqdnid t 27746 w-
wnnd: <wjwuwn pwlwyh wuinndlbtphg pwnyugwéd hwiwywnpgbpp hwitdw-
wbint Gyuwunnwyny (GROMACS thwpbpny unnwgywéd wpnyniaplbph htw)
nhunwpyyb; 66 “wipnnowwl” 72 YMdu/onip (16539 wuwnd) L “Shwgjwy”
128 YMdu/onip (17506 wuwnnd) hwdwlwpgbpp: LYwp 4.7.2-nd Lnpws
O2dwé hwiwywpgtph ytpmonieyntop” Ywjudwd hwiwywpgswiha thnpdnud
ogunwgnpdywé wpngbunpibiph pwlwyhg: Poswtu Gpund t Ynpbphg, “dhw-
gwy” pOnyph nwwnh nbwpend 128 AMdu/onip L “wdpnnowlw” pUnyph
nwawh nbwpntd 72 YMdlu/ontp hwiwywpgbph wpwagqwagnpénipntbp Gnuyl-
wbu wanud t qéwanptl, vwywyt wu nbwpnd “wipnnowywl” L “Shwgjuwy”
pUnyph nwowntipp wpnynibpnd tnwihu GG thnpdh tnbinnnipjwO wwpptpnt-
pING” dnun 2 wlqwd: LnyGhuy hwywuwp pyny wunnibbph hwdwp unwg-
Jwé wpnyntbplbph hwdtdwuwnntpyntbp gnyg t viwhu, np GROMACS thwpb-
pD Gp pwOh wiqwd wybh wnwg t 4&pinténud jubnhpp, pwt NAMD thwpt-
po: GROMACS épwgpwihG thwpbpny unnwgdwd wpwgnipjwl wrwybiw-
gnyl wpdtipp (Gnw 404 dEY opnid), npp hwuwtih t 16-24 wpngbunpltph
wryuwynipjwb nbwpntd, utnwgynud  Gwl NAMD thwpbpny, uwyw)t y&pohGu
dnun 404/op wpnyniapht hwubnud £ wewybjwgniyb 48 wpngbunph nbiwpnid:
NAMD épwagpwihb thwptipny “wdpnnowywl” L “Ghwgywy” panyph nidwihl
nwawntbph nbwpntd unwgywéd Ynptph hwitdwuwnuihg Ywnbih § Gopwnpb,
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np thnfuwqnbignipjwl “wdpnnewlwl” phnyeh nbiwpnid (Gpp thnfuwqntigni-
pINLGOEPp hwywnytihu hwayh G0 weGynmd hwiwlwnpgh pngnp wunndbbpp’
OGpwnjwy 9opwohGp) dnun 2 whqwd pGyond b wpwqwgnpdnienilp, L
htwnlwpwn, pt" GROMACS, L pt" NAMD thwpbpltpp “dhwgjw)” nidwihl
nwzwntipny wuwntihu gniyg Ga nwihu jwywgnyb wpdtp:

i < 1 . 1 1 v T 1 1T
4.0 I- --9-- 128 NVNBiU/onLp - 17506 wnnd NAMD -
" oA 72 AMDlu/onip - 16539 wunnd o
3.5 I -~ 128 ANBlu/gnip - 27746 wunnd .’
S 30 ! ”.’
~ Vo ,.’ )
g | o !
'5. 25 .', 7
c o7 LA
& @ A
g' 2.0 - .’/ "“.- -
5 T A‘ e 4 4
S 15} ,® AT g v .
= | , e R
g o A& : 1
E 10 | Lo - -
6 5 .' A Pt v
/,A"" /,,-'. )
05 -7 . W -
| 2
v
0.0 L 1 N 1 . 1 | . ] — . L |
6 12 18 24 30 36 42 48
Mnngtunnlbph pwGwyp

Llwp 4.7.2 UL opnud dnnbjwynpdw thnpdh Yeluwpwlwywl dwdwbwyp’
Yuudwé wpngtiunpbtiph pwlwyhg (6pwgpuha hwebp ~ NAMD; nunudGwuhpynn
hwiwlwpgbpp - “wipnnowlw(” 128 YMdhu/onip — 27746 wwnnd, “wipnnowwi” 72
AMdlu/onip - 16539 wunnd L “Ghwgjwy” 128 YMdiu/onip — 17506 wuwnny;
Yiwuwnbpp - Y1 “UPUYLUUSEM):

Uuwhuny, unnwgywd wpnniplbnhg Ywptih ¢ Gqpwywgbb|, np qniquw-
htrwgiwl fuGnhpabpnud uwplnp Gawbwynienta ntbh nudwiht nwawinh ponyg-
RD, hOswtu Gwl wpngtunpatph dhel hwnnpnwygnpniap: Wuwtiu, U1 Yiwu-
wnbpp, npp qhGqwé t wpwqugnpd owwnhyw-dwintjuwht Myrinet guaguiht
hwiwlwpgny, gnyg ¢t nwhu pwdwlwiht (wy wppynibp: Onpdwpyyty t
Owl pwqiwpdtp puyph thnthnfunpjwl waqnbtignipintip wpwaquagnpdnipjwh
Yypw, uwyuwyl ytpehlu twywb vnwppbpnipnut sh gty

<wiwywpqgswihG dnpdh ypw wpngbunpltiph dhele hwnnpnwlygnipjwa
wqnbgnipnilp uwngbint Owwuwwyny thnpdwpydty G0 wwpptp Phqhyw-
Ywo wwpwdibnptp L guwigwiht hwiwywpgbp nibtignn Yiwunbpbbpp (U1,
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U2, U3 L Y4): Npwbu thnpdbwywb hwiwlwnpg ytpgytl t epwiha showywy-
pntd (hwhnwht Bpyztnun® Gepnpqué (hwnwinninthG A1 uinhwwynigny, npp
wwpniowynid £ 92224 wunnd:

45
40

35

30
25 |9
20

15

10

14y thnpdh wnlinpnipinibp opkpny, op

MpngliunplGtph pwOwyp

Llwp 4.7.3 ULY Gwanyuwypwl hnpdh ininnnipinibp tnpydwé optipny Yuijujwéd
wpngbunpltph pYyhg” tnwpptp Yuuwunbpltph nbwypentd (intiu wniniuwy 4.7.2):

Ywuwnbptbph $hghwywt wwpwibnpbph L gwigwiht hwiwywpgbph
pOnipwagnhsbbpp GGpYuwywgywé B0 wrynwuwy 4.7.2-nud, L hoswbu Gplind t,
Yiwuwnbpbbpp wwppbpynud G0 wpngbunplbph  hwswlunipjuldp (2.0GHz,
2.5GHz, 3.06GHz), owtpwuwnhy hhnnnipywip, wwpwipwOzny’ pptOnny
(HP, DELL, MSI), pOswtu OwblL gwOguihG hwiwywpgtpny (Myrinet,
Infiniband, Gigabit Ethernet): Mbtwp t (6], np wpwqwgnpénipjwl wnb-
uwbiyntOhg wiktwnpwwyp, ptplu, wuopyw utnwinwpunibbpny hwdwp-
ynud t Infiniband hwdwywpgp, huy Gigabit Ethernet gulguwihG hwdwlwpap
wpwqwgnpdnipjwl wntuwGlynitbhg qhentd b Gpdwé GpyniuhG, uwyuwyl (wyl
wnwpwénd £ gunt| 20nphhy hp Edwl hapbwnpdtph:

Onpdwnpyiwl wpmyntbpntd unwgywé Ynptpp (GYwp 4.7.3) gnyg GG thwihu,
np wbfubninghwwtiu Gnp ubipbnh wpngbunptbpp, (2.0GHz L 2.5GHz), sGw-
Jwé tnwyunuwyhG thnpp hwdwfunigntabtiph, gnigwptpnud 560 pwywywdha
(wy wpryntbp (B6Y wpngtunph Ybpintémipiul hhdwb Jpw): Y1 Gpyhhdp
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(Dual Core) hwiwlwngswyht Yiwuwnbpp 1 wpngbunph weluwjnipjwt nbw-
pnud (gnigwhbrwgnid slw) dwiuunid t dnwn 46-47 op 1 G4-h hwubbint hw-
dwp, dhbsntr Gnp ubplnh pwrwhhdip (Quad Core) wpngtunpltph hhiwG
ypw wtuwwnnn 42, 43 L Y44 Yuuwnbpbtpp 164 dnpdh inbinnnipjwl hwuGt-
(Nt hwiwp wwhwGonud GO dnin 20-250p, wjuhlpt’ wpwagqugnpdnipNLlp
Unyowyh wandd t: vanhpp, vwluyt, wu ywpwguwynd ng Shw)t wpngbunp-
Geph LwyuwihG thnpp hwdwhuwywbnigntabbpt 60, wy Gwb wya, np h
wnwnpptpnipintl Y1 Ywuwnbph, Gnp ubipnh wpngbunpbtpp twppbpynud GG
phpwihG wremdny (64 phe h vwppbpnuenua 32 phpwing wnngbunpbknh),
hOswbu Owl wwhniuunwho (Yuwd wjuwbu Ynsdwéd gepowtipwwnhy - caching)
hh2nnnipjwdp:

MnngbunpGbph htinwqw wybjwgnudp, uwyw)l, gnyg t wnwihu, np Gowéd
$hahjuwywl ywpwdituptphg quun, hhdbtwywond 666 nEpwywuwnwnnignl
nlbh Ywuwtbpbbph gwagwiht hwiwywngp:

hOswbu Gpunud t GYwp 4.7.3-hg, wpwqugnpé Infiniband (43) L Myrinet
(41) gwlgwiht hwiwywpgbph ntwpentd, wpngtunplbph pwliwyh wybjug-
dwlp (dh0slk 48 wpngtiunp) gniquhbie Yupniy wanmd t wpwguignpénipynlp,
L npw htwn dEywntn, wybthwun t Gwbk Infiniband L Myrinet gwlgbkph dhol
wnwppbpnignLbp: Infiniband gwigwiht hwiwywpgp thwuwnnwgh wybtih wpw-
qugnnd t° 20nphhy G66 pnnnibwynipjwl L owuwnhdwy thnfuwGgiw( dwiw-
Owyh (Infiniband — pnnniOwynipywb ¥ gnpdwyhgp hwywuwp t 20Qphp/U-h,
huy thnjuwlbgdwl A dwdwbwyp 1.07-2.60hyndwyplywl; Myrinet — pnnntlw-
Ynippwl x gnpéwyhgp 29phe/Y-h, thnfuwbgiwl A dwdiwlwyp 2.3 dhyn-
Jwjplwbh): Gigabit Ethernet gwlgwihl hwiwlwpgbpny (pnnniawynipjwl
X anpéwyhgp 1@php/y) Ylwuwnbph nbwpntd wwunytpp Yupniy thnfuyned t°
ujuwd 16 wpngtiunphg, L hwnnpnwygnipjwt Ypw dwiuudnn dwdwbwyh w-
&p ptpmd | wpwqwgnpénipjwl Gdwqiwbp. thwuwnnptlb wypngtunpltph pyh
htunwgw wybjwgnuip ptpnid | pwgwuwyw tptynph L wohiwun hwiw-
Ywngswiha rGuncpuGtph JuwuwnGdwop:

Wuwhuny, Yupbih t wonbi, np Gigabit Ethernet gwlgwihG hwiwywpgny
qhtywé Ywuwnbph hwdwp gnjnipyntt ntbh owwhdw) wpngtunpGbph pw-
Gwy Ywjwéd hwiwywpgh wunnittph pyhg: Npwbtugh unnigtlbp Gigabit
Ethernet gwlgwjht hwiwywngny Yiwuwnbpbph wpwquagnpdnipyntp” utu-
Jwdé hwiwywpgnid wunndbph pyhg, thnpdwpyyti 66 nmwpptp swahtph hw-
dwywpgbp: Lwp 4.7.4-nid Wwnnybpdwsd B0 44 (Gnun 54hwq. wunnd), £5
(Gnun 92hwqg. wwnnd), <7 (dnun 210hwq. wuwnnd), £8 (Gnun 330 hwq. wwnd) L
49 (dnwn 1 dhihnG wwnd) hwdwywngbph 1 04 wbinnmuppub Ynptpp™ Ywifu-
Jwé wpngbunpbtph pyhg: hoswtu Gpunud £ 44, £5, {7 L £8 hwiwlwpqgtiph
nbwpntd Yw wpdtiph prhspwdl thnithnfuntpyntd, wjuhlplt® wu pbwpnid Lu
16 wpngtunpp Ywpbih t hwdwpb] nputu owwnhdwy wpdtp dhGsl dnun
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330 hwq. wwnd wwpniowynn hwiwywpqgbph hwdwn: Vwywyt wypngtunp-
0&ph pYh hbnnwgqu wybjwgnuip gnyg t wnwihu, np prhspwdl wagnuip yb-
pwbntd £ L wbnh t nuoGOnud wpwqugnpdnipjwb ws wpngtunpbtph phyp
thOsl 48-h hwuglbhu: Ujntu Ynndhg wtwnp t G626, np 16-hg 24 wypngtiunpOb-
nh uwnnwgywé wpdtpltph tnwppbpnientp quwiny ojwqnid t: Gpt <4 L 45
hwiwywnpgbph nbwpntd wyt Ywaqdnud £ ~1.9 L ~2.20p, www £7 L £8 hwiw-
Yungbph wwpwquynud wyb Gquqned t dhasl ~0.7-1op: Wu thwunp yyuymd
t wyG dwuhb, np wunndbtph Ywd dwubhyltph pyp dEdwgnudp ptpnud t 16-hg
uhGsk 24 wpngbunpbtpny unwgywé wpdtipbtph twppbpnupwt owqiw-
Gp, L witlw)G hwywlwlwbnipjwip, dwubhyubph pYh htvnwgqw wybjwgnt-
dp wewp t ptph dh Yewnh, Gpp 16 L 24 wypngtunpbtpny unwgynn wndtiplt-
pp Yhwywuwpytl® gnyg wnwiny wpwqugnpénipiwt Gnylt wpdbpp: Upw
wwuwndwrep ppbu Yuwywsé t NAMD Sdpwgpwjhb thwpebph qniquhbirwgdwb
nwpwowlwl pwdwldiwl b gwogwht hwiwywnpgh htw: {wynnbh t, np
unyb 6pwgpwihb thwpebpp oquwgnpénid t hhpphnwihG nudwhb/vnwpwéw-
Ywl pwdwOdwb dEpnnp, npp Gopwnpnud | hwiwywpgh tnwpwéwywb b ni-
dwiht pwdwlnid puwn ypngtunpGtiph: {wdtdwwnwpwp thnpp hwdwywpgb-
ph nbwpntd thnpp pyny dwubhybtpp pwdwbynid 6O 86§ pYny wpngtunnlt-
nh ypw L wewowbnid 64 hwnnpnwygnipjwb htwn Yuwwywd |nupg fulnhpbbp,
hwiwywpgswiht thnpdh ypw Sdwiuuynn dwiwbwyh qquih dwup Ynpsgned §
wpngtunpltiph dhol tnnywibtph hnfuwagiwb Ypw: Uwyw)t wpngbunnltiph
pyh htnhwgqw wah nbwpntd unwgynn wpnynitbpltpp gnig G0 vwihu, np
wpngtunpbbph pdh htwwgqw dtéwgnuip wybih tdpEYwnhy £ wgnnud wpw-
qugnpénipwl Ypw, pwl wnwpwunbuwy guwagwhhlt hwiwywngbph oguw-
gnpénudp:

dtpp Gdwd wpnynbpbbipp unngbine Gwwwnwyny’ dwubhyatph pyhg
Yuwjwé thnpdwpyyt) b 0wl Y1 Ywuwnnbpp (UPUYLUUSENR), npp qhbywéd
b wpwqwgnpé owunhyw-dwiniuwihlt Myrinet gwligwiht hwdwywpgny: Ni-
untdbwuhpynn hwiwywpgbph swihtphg ywjujwé™ hwpdwpyibpp Gbpyuw-
jwgwé GO GJwn 4.7.5-n16: Wu nbwpnud wypngbunplbtiph pyh wéh htuin gni-
gplpwg GYwwnynid t wpwqwgnpédnipjwl wunhdwliwywo ws, L hwdwywnp-
gnud dwulhyttph pyh dtéwgnidp sh pEpnud prhspwjht nplt thnthnjuntpjw:
b nbw, Gny0 pwlwyh wuinnibbph nbwpenud “Dhwgw|” ntdwihl nwuinny wp-
juwwnnn hwiwlwpgbpp wytih wpwq G0, pwl “wipnnowlywd” nidwihG nuip-
wnny gnpénn hwiwywnpgbpp: Uw, witbw)t hwywlwlwbnipjuwdp, wwjdw-
Gwdnpqwd b hwiwpw pnbwjwywl owywnhyw-dwintjuwiht Myrinet gwigw-
Jh0 hwiwywpgh wpwqwgnpdnLpjwip:

Uunwgywé ophbwswihnipnthg Gl0Giny’ thnpdtibp wrwowpyt) tdwhphy
dh pwOwdl, npp pwywpwn Sunnipjuwidp Yaywpwgph wpwqugnpénipnibp’
Ywhiwé wpngbunplbbph pyhg: Npnzwyh gnpéwihglbphg Ywiuyws™ dky
Gwlnyuwypywb thnpdh hwadwpyuyht wnbnnmpniop (E,) Yupbih © Obpyw-
juglb} htuinbywy Yepw'
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N
E,=a—+
TN s

npinbn @ L A gnpéwyhgltbpp hwiwwwunwupiwowpwn OYwpwgpnd GG
Ywuwnbph (hwdwfuneinla, wpngbunph wnbuwy, L wyb) L gwlgh (pnnnibw-
Ynipintlp, thnuwlbgiwl dwiwbwy, L wyt) phahywywl wwpwdbuinptpp,
N -p hwiwywngh dwu Yuginn wwnndbtph phyl t, buy N, -0 wpngbunplt-

4.7.1)

ph pwbwyb t: @ gnpéwyhgp Ywnnn t pnnuat) htwnlyw) wpdtipbbpp’

,

a =a,
a,=a,+2

a=la,=a,+2 ,n=N% 4.7.2)
a,=a,, +2

wyuhlplt’ a gnpdwyhgp ObpYwywgdnid t npwbu a, = a,_, + Duality , npuintin
a, Ghpyuywgynid £ npwbiu wpngbunph hwéwtunipintl (Y1 Yiwuwnbph nbiw-

pnul a, =3.06):

L N
| ; E --0-- {4 54hwgq. |
» . fedeenanns de- —8— 45 92hwgq. |
27 a1 e a2
é, X E RS --%-- £8 330hwq.
E gl PN 4 <9 T oppnk -
- M : ' "“""“\
1 S S S
Salla o T
~ * ] ] \.‘
g ' I ]
c ' H
S 8 . T ]
- RN
,‘E 1\ T P S S ST -w
4 :’I- .......... ‘ . : ......... . ......................... A
: ] z 7 -: -------------------- '
0 LS (O
0 8 16 24 32 40 48
Mnngbunplbiph pwlwyp

Liwn 4.7.4 Ut Gwinduyplywl thnpdh tnknnnieynibp tnpdwéd optinny” utuyjwé
wnngtunnGtph pYhg’ twnptip swihtiph hwdwywngtiph ntwpentd ( Yiwuwnbpp - Y2):

8 U. Mnnnujwa, U. SwhhOjwh
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Mnngtunplbph pwOwyp

Llwp 4.7.5 UL Gwanyuwyplywa thrpdh inbknnnipinubp unipdwd optipny” Yuwuwéd
wnngtunpbtiph pUhg” tiwpptnp swihbph hwiwywnpgbph nbwpentd
(Ywuwntpp - Y1 -UPUYLUUSEN):

Swoagwiht B gnpdwyhgp dnuwipyynid £ hbnbjwy duny’

f(2,A,N,,N),.N, <N,
{0+1},.N, >N,

(4.7.3)

npwntin N, -0 wpngtunph Yphuinhywywt ywd owwnhdwy phyo t L Ywiudwé t
gwigh wbtuwyhg: COnhwanip wedwdp, B L f(x,4,N,,N) $niGyghwt

Ywiujwé 60 gwlgp GYwpwgnnn dh awpp wwpwidtwnbphg, wn pyntd guwb-
gh 7 pnnniowynipintbhg, thnjuwlgiwl A dwiwbwyhg, hbswtu Gwl Jwu-

GhyGtph pUhg L wpngtiunpGtph pUhg (N ,): Utp thnpdwnlwihl hwzdwplob-
pnud wyG dungynid £ npwybu ninnud (B =0):
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UNULLUUSBN £7 - 210hwq. | £6 — 110hwq. | <5-92hwq. | {4-54hwq. | <1-27hwq.
ngbunpbln | pbun | pwlwdl { phun { pwbwdl | pbuwn [ pwlwdl | ptiun | pwOwdl | pbun | pubwét

4 31.4 | 40.16 21 21.03 1231 { 17.59 11.4 10.32 | 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
12 948 | 10.29 7.3 5.39 - 4.51 4.02 26 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 4.74 | 4.76 36 249 2.16 2.08 2.02 1.22 0.97 0.61
28 414 | 4.03 28 2.1 - 1.76 1.77 1.03 0.8s 0.51
32 367 | 3.49 25 1.83 1.67 1.53 1.54 0.89 0.76 0.44
36 3.28 | 3.08 22 1.61 - 1.35 1.4 0.79 0.71 039
40 2.89 | 2.76 2 1.44 1.34 1.21 1.29 0.71 0.64 0.35

Unyniuwy 4.7.3 Upwqugnpénipju pbunnwihl b pwiwélnyg dnunwipyyws
wpdtptbpp (B =0):

(4.7.1) pwlwdlny dnunwpywéd wpwqugnpdnipjwa wpdbplbpp thnp-
dwpyuwyht  wpdbpbtph  hwitdwwmppudp Gbpjuyjwgywéd GO wyniuwy
4.7 3-nud: Ubpjuwywgywd wryniuwyhg wythwunn £ puduwywoha jwy hwapy-
Onud 16-48 wpngbunpbbph uwhdwbbbpnud, vwyuwys dhagk 16 wpngbunpp
GYwuwnblh £ unwgwd wpdtiplbph G666 wnwppbpnipnt, npp Yuwwywsé ¢
(%, AN ,,N) dmlyghwh dhawn pOwnpnipjwl hbwn: Onpdlhwlwl Gywwnw-
ynd hnpdwpyyty £ 0wl dnun 0By GhihnG dwubhltten wwpnibwynn €49 hw-
dwywpgp L 40 wpngtunph wewnipjwl nbwpnid wpwaqwgnndnLRjwh gni-
gwlhyp nhwnyby £ 13.16 op/Gy, npp (wy hwiwwwunwujuwOnid £ (4.7.1) pw-
OGwdliny uunwgywsé indjuith (13.14 op/Gy) htwn:

LUqwéd pwbwdlng thnpdwpydty 60 Gwl 42 Yuwunbph Jpw unnwgywé
wpdtiptbpp: <wiwwwunwupuwliwpwp, @ b B gnpéwyhglbpp pbunpdt) 66
hwiwdwyh (4.7.2)-h, npunbn @, = 2.5, b F=1: £8 hwiwywngh thnpdwnpluw-
Iha L (4.7.1) pw&wéhnq dnunwnyywé wpdtipbtpp wnywé 60 GYwn 4.7.6-nud:

Quihiwl Gopwlw Ynw wwpwitnpp wpwqugdwd S gnpdwyhgh t
(nbu wwn. 3.7), nph, hoswtu hwpunth t, hwinhuwbmd t qriquhte wpngb-
unpGbph  hwqwpyh swihwbhy' hwitdwwnwé OBy wpngtunph hGuin, L

htwbuwpwn, hwaqwplynd b hbwnbjwy Yepw® S=T'TN' nutn T, L T,
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thnpdh nkinnnipjwit dwiwtwyt £, hwiwwwunwuppwowpwp, 1L N, wpngb-
unplGph weywnipywl nbwpnid:

T v T T T v T v { M 1
- . u2 *
® 49 1d4phhnl |
30 — hwiwdw)t pwlwdlh
)
i
3
=
©
g 20}
c
=4
=
5
L.
<Q
c.
[
S 10F-
-
e
0 4 i | L i | A ] N 1 M | M |-
0 8 16 24 32 40 48

MpngtiunpGbph pwlwyp

Lluwn 4.7.6 Upwqugnnpdnippulb ptiunwiht L pwlwdlny dnuinwpyywé wpdtpGtpp
<49 hwiwywngh nbiwpntd (Ywuwnbpp - 42):

Liwp 4.7.7-mi GEpLYuywgydwé b wpwqugdwb gnpéwygh Yuwujwénipynt-
Op wnngbunpObph pwGwyhg nwpptp Yiuwunbpbtph hwdwp: Ljwpnid OGp-
Yuywgdws £ Gwl pnbwjwyws gniquhtirwgdwl ntiwpep, tpp wnbnh ¢ mob-
Gnud 100% qniquhbrwgnud, L fubnph (nuédwl wpwgnipiniap ninhn N, wo-

qud de6wumd £ hGswbu Gplunud £ Ynpbphg, Infiniband (43) L Myrinet (41)
gwlgwiht hwiwywngtpny odindwé Yiuwuwnbnpbbipp gnigwpetpnud 60 hwdwn-
jw pnbwjwywbha dnun gniquhtrwgmd, vwywyt hGswbu L Gwjpunpn GYw-
pntd, Gwé hwdwywpgbph wpnynuiopbbph dhol Gnylwtu Yw twywha wwp-
pGpnepnLl:
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Liwn 4.7.7 Upwqugiwb gnpéwlgh Ywiund wpngtunpltph pyhg” twppebp Yiwu-
wnbiph nbiwpnud (nbu wnnuuwy 4.7.2):

Gigabit Ethernet gwlgp dh0sk 16 wpngbunp gnigwptpnud t hwdwpyw h-
nbwwywbhst dnun gniquhbrwgnd, uwywyt ufuwd 16 wpngtunphg wjl
yupney Gwqned £ dowgny hwuwnwunnia ohosl 48 wpngbunpp: w, wakOw-
10 hwjwowywbmpjwdp, yuwwyws t Gigabit Ethernet gulgwjhG hwiwlwpgh
thnpp pnnniGwynipjwb L qquihnptb d66 thnuwbgiwb dwiwbwyh htw, ho-
sh htwnlwbpny fubnph (NLédwl pOpwgpnd pwqwywb Bpywp dwidwlwy t
Swiuuynud wypngbunpbbiph dhel tnyjwG6ph thnjuwbgiwb Yynpw (gwdp pnnnt-
Gwynipntlp unbinénud £ htppbn, nph Ypw £ Swiuudnid t dwiwbwyp):
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5. Yhluwpwlwlwb L (hnunpnu htnnuy pinuptinwiyuia
hwiwywpgtph dnnGiwynpnud

5.1 YLOuwpwOwyws hwiwywpgtp

Uny0 wwpwgpwdnid npytu Yeluwpwlwywo hwiwywpgtp nhuwpy-

ynud 60 opwyihl dhowdwypnid $nudpnihwhnGbph Gpypuntipp L npng Yelhuw-
pwlwlwl pwnwiplbp:

Utly inbuwlh pnupnipuspnhg punuwguo bplpbpwnbn

Upntt huy 80-wywl pqwluwbGtphl, hOpnpdwghnb wnblubninghwtph
qunpqugdwl hbwn qnigplpwg, dté pwih uyutg unwow) Spwapwihl thwebp-
Gtnh Yhpwenipynitop dnityniwiht $hqhlwih, Yetuwpwbnipjwid L wy nppunn-
GGpnud, wyn pynid, ybpght dwiwGwytbpu wl YEouwpwbwywt pwnwiplb-
nh L htnny pynipbnwywt hwiwywpgbph dnnbjwynpiwb L hwdwywpgsw-
JhG thnpdh oqUnipywiip hpwlwbwgynn nwuntiGwuhpnipintbatph ptwquyw-
nnud [116-137]:

Uyqpbwlwb 2pewlnid hwiwlwngp Ywqinn “Bplyute” (amphiphile) $nu-
Inihwyhnwiht dnibYn GEpp GEpYwywgynid tha dwbpwdiwubnptt (phihwywb
Ywwbph &2gphwn Gpywpnipyniabtpny, Juitonwywl L pnpupni waynublt-
pny), uwlwjb dniyniGbph plbrwihG gluhybtpp GEpYwjwgynid thl qlnhy-
Gtph duny:

Lwdwpyuwyht rbuniputtph hgnpwgdwl hbun uluybghl wpnkl wybih
pwpn hwiwywngbph, dwutwydnpwwtu, tplute Gniphg L 9phg Ywqiywé
dnnbluwiht pwnwpttnh [116-126] nwunuibwuhpnipiniblGtpp: NEr 90-wlw-
GGph uyqphl <Gj1Gph L Gpw wzluwwnwlhgbtph Ynndhg Yuwwnwnywsé watuw-
wnwbpnid [127] nhuvwpyyt) tp wyo dwiwliwyyw hwiwp pujwywb dwyw-
(nth dh hwiwywpg' uqddwsé 200 pnudnihwhnwiht dntyntbbphg™ “gbl” L
htnny pnipbnuywb thnybpnud: <wdwywngp pwnlugwd tp dnun 27000 w-
windhg L dnntiwynpyby tp 2nipe 263wy, huy hwiwlywngh qéwihG swhtpp
dnun 854°x1004° Ywpgh tp: MhnGGpwlwl wju wuwtnwbpnd npubu $nu-
dnihwhn  Jbpgdty tp 1-wwyidh-2-oitihi-sn-gihgtipn-3-dnudwnhnhitunihp
(MOdlu Ywd 16:0/18:1 dhu), L niuntibwuhpytp tha Bpybpunh dwu Yuqinn
16:0/18:1 dlu dnityntEph wéuwepwstwiht wngtph Yupquynpywdnipywl
wuinhdwlp, nwppbp wunndwywb judptph pwtujwénipnibp GpYytpunnh dw-
Jwimyg, Gpy2kpuinh dwybpunypht 06y dnitynith qpwntgpwd dhohl dwytpt-
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up L wyG: ConhwOntp wedwdp, pwjwlwOh( 366 pyny nuntdbwuhpnipintl-
Otp G0 Ywwwnyb] hwnwwbu junhGwihl gilupy nibbgnn (hwhnwihG dngk-
yni Gbphg pwnyuwgwé Bpytpwn/onip hwiwywpgbph Ypw [118,124-126), hs-
wbu 0wl bpgyt) 6O vnwpptp wéuwopwétwihG wnsbp wwpnibwynn, $nu-
wuwinpnhifuniht/onip hwiwywnpgtip [128,130]:

Nwntdbwuhnyt| 60 OGwbk wliwhuh hwdwywpgtp, nprGp pwnwgwd Lo
shwgbigwé wotuwopwéslwywh wnstn wwpnibwynn $nudpnihwyhnuyhb dnib-
Ynybtphg [128-131], npwntn hhiGwywb nipwnpnenup YeouwnpnOwgyby t
wéuwonwslwywa wnsnd sn-2 Ypyotwyh Ywwbph Ypw, hGswbu Gwbl nh-
nnwpyyty t BpY2tptnh dwytpbuh Jpw hhapwwnwgywé oph dngyny Geph
YnndGnpnznudp pnudpnihwhnwiha dnjeynybtph plbrwihb giluhyttph O4wun-
dwdp: CGn npned, gnyg b wpdty, np gifuhyh 2nipe hhnpuinnwgdwé gph dnyb-
Uniih O-0 Ynnidnpnzynid £ nbwh plrwihG qifuhlyh N -p: RLERWIKG qifuhltt-
ph 2nin9 hhnpwuinwgywé oph dntyntibeph Gnylbwunhy pwuwynpnipintl
nhunyby t Gwbl gnwue wluwnwGpbtpmad [130,133-135), npnzbiny oph dnib-
ynih nhwni dndkGunp yeywnph L GpYytpunnh dwykpbup Gnpdwih dhol pGywé
uhohl wblgnibp (wilywb cos-p nwunnwbynid | —0.4 =+ 0.4 dhowyuw;pnid):

Npnyb) £ Gwb GpyGpuinh pUntpwgpuiywt d6Y wy ywpwdtup, npGa hpk-
Ghg ObplYwywglnid £ pnudnihwhnh ahwniwihl giuhyb (P — N dtywnph)
Yuwqiwé woynibp Gpytpuinh dwytpunyph Gjwwndwidp: Uhentyuyht dwqbh-
uwlwl rbgnOwGuh dGpnnny gnyg t wpqws, np nhwnih YnndGnpndwa
wolynop pOoywd £ 73° +80° Ghowywypnid, L dhehG hwdny, nhwniwhb
qiluhyp gpwyntd t tpyzpunp dwytpunypht qniquhte nhpp [136-142):

Utp Y4nnihg Yuwunwpywé wiuwnwbpbbpnid Gnybwbu Geplujwgynud k
dnudnihwyhnuwiht Gpytpu/onip hwdwywpgtph nwunuwibwuhpneeynibp dngb-
Unywiht nhOwdhywh dGpnnny: Npwtu nwunwtwuhpynn hwdiwywng ytpg-
gty &0 “dhwgw” panyph 128 nhwwidhunhibnudwinhnhituntht (YMdhu)
(Ywd 16:0/16:0 dhu)/3655 onip Liplztpwnp L iphy hhnpwunnwgywé “wdpnnow-
Ywl” pGnyph 512 MR/ onip BplyzEpntipp: <Enwqnunipintblbbpp Ywunwn-
yb| G GROMACS L NAMD épwapuwihb thwpbpltph oglntpjwdp:

128 AMdiu/onip hwiwlwpgh ndwiht nwwnh wwpwadtinptpp ybpgyty
kG [143]-hg, huy wunniwlwl wwpghwy thgetpp npubi G0 hwiwdw)b {144):
Npwtu oph dnityoLph dnntkj ogunwgnnpédt; t SPC dnntip [93,94]: Qtpdwu-
wnh8wlp L £62nuip, hwiwwwwnwupuwbwpwn, nnyb G0 325K L 140, U tip-
ynwil kj wwhwwdt) 66 PEpkonutth dbennny [98): Npwbu phihwywl Yuw-
wtph Bpywpnipinbbtph wwhwwbdwb dtpnn pbupyt) | SHAKE wignphpdp
[53): dwinbpuwjuwt L ynyntwld dnfuwagntignipinbitph hwidwp oquw-
gnpéyty b “Yunpiwl” dEluwbhqip, huy Yupdwo pwrewyhnbtnp npdt; 66, hw-
dwwwunwuuwbGwpwp, 20 4° L 14 4°: Unnpbjwynpiwl Yhluwpwiwywh dw-
dwlwyp wnbby £ onwn 304" hdwywgpuywl NPT wluwdpind:
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Llwp 5.1.1 128 Mdlu/gnin hwdwywpgbph wllpwppwihi wwwnytpp
thnpdh wywpunnhg hbunn:

Llwp 5.1.2 512N dtu/onp hwowywngbph wytpwppuyht
wwuwnlyepp thnpdh wdwnunhg htunn:
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5127Mdu/onip hwidwywpgtph nunudGwuhpnipntGtbpp Yuwwnwpyt) o
“wipnnowyw@” ponyph NAMD SpwgpwihlG thwpbph oqlnipjwip: NudwihG
nwwinh wwpwibwnptpp ybpgytp G0 [6] wluwwnwbphg: Unnbiwynpiwl
thnpdtipp Ywuwpyby 60 ubktuywiht gbpdwuwinh&wbnuy, huy 8G2nudp npyb ¢
10p0: dwiwywngh ebpdwuwnhswsh N AGndp wWwhwwoyb) 66, hwiwww-
nwuuwOwpwn, lwodlubo nhGwdhywih [99] L LwGdLbG-wyhuwnnGh [112] dk-
pnnbtpny: 8hdhwlwb Ywwh Gpywpnipintbbtpp whwwoyt] 60 SHAKE w-
gnphpdh [63] dhongny: YninOjwlb YhnjuwgnbgnipiniGlbph hwdwp ogunw-
gnpéyti t MULE dnunbignudp [68], huly Juanbpdwwiuwl thnfuwqnbgnipyntblt-
pp Yupyty 60 14 4° wewynny: Onpdh YhGuwpwlbwwh dwiwlbwyp NPT
wluwdpind bt £ 100y:

128" M dtu/onip L 5129 MMud/onip hwdwywpgbpp Gepl{uwjwgywé 6O GYwp
5.1.1-nud L OYwp 5.1.2-nud:

'22.5 2 T T 1 T . \J T v T
230} i
©
- 1
x
g -235 -
- '
-] )
= oo LA B il
g 240 TR ORI i (B 1y, I o
5 R ] g4l | Myt !‘il i | ;}‘1‘[
<] & i T TR
- Thim™ gl ¥ "'}i"'pl
245 | L b I"-'
_25'0 4 - L A | i 1 n 1 2 1 1
0.0 0.5 1.0 15 20 25 3.0

Unnbiwynpiwh thnpdh inknnnipyntlp, G4

‘Lluwn 5.1.3 128 tpytpun/enip hwdwywnagh phy tabnpghugh
Yuwiuwénipintip Snnbijwynpiwl dwiwGwyhg:
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Nwunuibwuhpnipjwl wpyniGpnud unnwgyt| 60 Jh 2wpp wwpwdtunptn,
npnOp hwitdwwyby 60 gpwywbnipwt dt9 weyw hpwywbd thnpdny unnwg-
Jwd nuwibbpp htwn: Ywopwiwulb nunudbwuppytp 60 Gpytpw/onip hw-
dwlwpgh YwrenigwépwihlG b nhGwdhy wywpwdbwnbpp, npnbghg npwtiu o-
nhGwy Ywnbih t pliptbl Bpbztpunh dwybpbnyphlt Pnudnihwhnh dey dnibynih
pltrwihl gifuhyhlb pwdhl payonn dwybptbup, hwiwlywpgnd Shohwppenie)nt-
OwphGa htrwynpnipynilp, GpYtpunh éwdwip, thnuwqnbgnipjwb tabpghwih
tnwipptp pwnwnphgltip, hoswbu 0wl $nudnihuhnwhG dniGynih glublp L
wotuwepwétwihl wnskpp, L 0wk gph dniynth nhGwdhy Jwpep pantpwg-
pnn wWwpwdbunpbpp:

65-0 Ll l v l v ' v " v '

2

63.5 - -

UtY dnibynyhl pwdh phyonn dwytiptup, A%

- | L 1 A | i 1 A 1

0.0 0.5 1.0 1.5 20 25 3.0
Unnbjwynpdw@ thnpdh wnknnnipinilp, 0y

Llwp 5.1.4 ULY dnibyni hl pGYGann dwytpbuh Ywiujwdnipynibp
dnnbiwynpiwl dwiwlbwyhg:

Llwp 5.1.3-hg wwpq tpknud £, np hwdwluwnpgp hp hwdwuwpwyzhe yh-
Awyho t hwulnd dnunwynpwwtu 400 wy-h papwgpntd: hpwywh thnpdhg
hwywnGh £, np VMud/gnip hwiwYwpgnid Gpytpuinh dwybptuhG $nudnihwh-
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nh dbY dniEYynuyhb paytnn dwytnbup Yuqond b ~ 62.94°3[145): <wiwlwng-
swyhG thnpahg utnwgywé wnmynibpp gubynid b ~ 63.424°% +64.864°2 Gh-
owlwjpnud (Oywp 5.1.4): UGY dntynhG pOyann dwybpbup hwiwpymd
ywenigwépwiht  hhdbwhwo  wwpwdbunpbephg  dGyp: Lowbwwnhy
wpmyntbpGtip gpwagdt G0 bwbl dn YN wiht nhawdhywih depnnny Ywuwp-
Jwé wy| wluwwnwaplbpnud [146,147]: bpwlwb thnpdh wpnyntGplbph hbwn
Oywuwndnn s0shG vnwpptpnupnlp, wikiw)t hwywlwywanpjwip, yuwywsé
t tiEyunpwutnwwnhy nudtph “Yuapiw dEluwohqih” Yyhpwrdwb htw, pwGh
np Gniya 512 dnikyny IMNdu/onip hwiwywpgbph nunwiGwuhpnipjwt nbw-

pnid MUE dnuinbigdwa Yhpwenudp ppnud | ~ 62.74°% wpdtiph[148):

12 —

-
L
-

1| i

10 -

P- N nhwnih dhohG walynibp, wuwn
\l

2 i 1 i ] A 1 4 ] L ] 4
0.0 0.5 1.0 15 20 2.5 3.0

*-Unnbjwynpiwa thnpdh inbnnnigyntbp, Gy

Llwp 5.1.5 Yhwnih dhohl walywh Yuiudwénipynilp dwiwGwyhg:

NwntGwuppyty b Owl YMdlu dnkynyleph PO; -(CH,), - N*(CH,),

nhwniGtph® tpyztipunnh dwytipbup GQwundwdp Yuqdiwd shoht wilywh Ywiu-
uénipnibp thnpdh dwiwbGwyhg (Ywp 5.1.5): Ljwphg tplunid £, np dnnk-
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(wynpdwl thnpdh ybpentd wys hwywuwpymy t 7°-h, huy thnpdh pbpwg-
pntd wit twwnwbyned t ~ 2° +12° dhowluwypnid: Ywiudwd obipdwunhdw-
ahg L $nupnhwhnh Ynbgtbwnpwghwihg™ YMdlu/onin hwiwlywpgbph hwdwn
unwgyti 66 0w dhoht wiywh hbwnbjw; wpdbplbn™ 5° [149], 8° [150),
9? [151), 15-18° [152], 15° —30° [153,154), 17° [120), 30° [155,156): Uib-
Guyl hwwiwlwinipywdp, wu nwpptpnenlaGtpp wwjdwiwynpywds Ga
putrwiht gijuhyh wununwywo L Ynnibnpnnidwgho wquwnnigjwdp, hOswtu
Owbl puwydwlwlht Ywps dnnbjwynpiwl dwiwGwyny: Onpdny wujwuugnig-
Jwoé £, np nhwnip sh gpwiynud Ynaypbuin Ynbdnpiwghn nhpp [157]: Pubnw-
10 giiuhyp gnigwhbn nuuwynpnipintip bplnid £ Owl juwnnppub (z werwig-
pny wwnndGeph funnegynun) Ynpephg, npunbn 2 U N wuinndbtph whytpp
pwywywGhl dnwn 6O Shuywtg, npp jununtd t wyG dwuhb, np plGewihG gifuhy-
Gtipp nwuwynpqwé B GpYytpwnh dwybpbnyph GYwwndwdp hwdwpw qnt-
qwhbin: RUbrwihG gluhyh Gowh nwuwynpnignibp, wittw)d hwywbwyw-
Gnipjwip, wwydwlwynpdwé t PO; L N(CH,); fudptinh squwqwd thnfuwg-
nbgmpniblbpny: Sphibphjwinthmyd N(CH,); punuipp 2pgwwunynid b
onh dnityniGGpny, npnGp hptiig heppht pawgtnud GG fudpbph dhel gnpdnn
yninywb nudbin hinfuwqnbgnipntip dnunwynpwwbu dhowduwynph nhtieyn-
phy hwuwnwwnnioh dednpjwlp (£ ~ 80) hwywuwn woquwd [158]: UninGyul
hnjuwqnbgnipiniltbiph pniywgnidp pepnmud t wéluwenwébuwiht wngkph Yno-
$npiwghnl nEdnpiwghwltph wahlt L hbunbwpwp, BpyEpunnd wquitn sw-
dwih dkéwgdwlp, npG hp hbpphl Gwbwynd b obY dmbeYynyp pbybnn vwp-
pwiwa pooh Swywih dbdwgnud: dwuwnnptG, 9ph htin  thnjuwqnnn
N(CH,); Ihgpwynpywo funuipp 2npguuwunynid t eph dnjblnyobpnd, b sni-
Ge0wind wunindbine howpwynpnipinih’ nweanud £ wytih Ynauin, huy npwo
hwwrwy wrwe Gl quihu twunwinnwywbd pinyph dintyunuwghnl wp-
dnudltp L wwwnwantitbp (U Gwb ginfuwgqnbgnipynuGbtn), nph wpnNLapnLd
npwywl thgpwdnpywé N(CH,); tunwipp manymd ¢t nbwh PO; unuipp:
dnudpnhwhnh dnjynyGeph plbrwihG judptph htunwqsh nwunidbwuhpnt-
piIntbbtnp (x -y hwnpnpwt Ypw) gnyg GO unygb, np weyw GO (wpbpw
inyunuwghwbtp (Ypppwghwobp), hoswbu OGwl dnikynh hnaphgniOwlywa
windnudbbpn (Yngynud &G “protrusions”), npnbp, wdtOw)l hwywlwywbnt-
piwip, wuydwbwynpywé 60 Yhuwywynil obnduyhlt Ynuinnepjwdp [159]):
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Muumdbwuhpyty b 0wk Gpyzepuinp EYunpnbwht punueynop L vinwgyby
t whywyht Dy, htrwynpnipiniGp (35.1224°): Unwdbiwgnyb fuinnipynilp
gpwigytp t N L P wuwnnilbph dhowlwypnid (0.37e/ 4%): Lpklp Gul, np
weyw bt pwdwyuwtha (wy bwdpOlbnud yhywiha D, htrwynpnigjul’ hpw-
Ywa thnpdhg unwgywéd wpdtiph hbwn™ 36.44° [160], hOswbu Gwb wy) wtuw-
nwbpltpnud peipdwé dnttyntjwiht nhGwdhyuwh dtpnnny unwgywd wp-
dtpltph htun:

LhwhnwihG BpyGpunh Ywplnp pOnipwgphsbbiphg B0 0wl Gpwbgnud (hg-

pbph junnipinip L EGhupwutnwnhy wynunklghwip: 4bpehtu  Glwinw-
gnyned £ MnuwunGh hwdwuwpiwdp

V(2)-p(0) =~ [z, [dz,p(2,) (5.1.1)

&, o

npubn w(z)-p tlEYunpwunnwnnhy wnunbGghwil t, huy p(z)-p° thgptiph
fuwnnipynLOp:

5 L j l ......... ' ] ' T i ‘ n
L ....... . T
4+ #
L . ——(nhy hwiwlwng ;
3t S - Lhwhntn 7
" '-' ........ ?nln e

b lGYunpwuiwnhy ¥(z) ynintlghwyp, V

Z wnwlgpp, 04

Llywn 5.1.6 tGYwnpwunwinhy y(z) wninkGghwp Bpliztpinh
Gnpdwih GYwwndiwdp (2 wewGgph):
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Uwnwgywéd wpnyniapltipp pnyp 60 vwwhu Bopwnpbi, np $nunhwhnbtph
uniGyniGGph nhwnibbpp BpYy2Gpunh bhnpndnp Swidwinud wnwowglnud 6o
pwgwuwlw b EGunpwunwunnhy wynuntbghwi, dhognte oph dnitynt btph wn-
wnbGghwip npwyw § (GYwp 5.1.6): dDnupnhwhn/onp pwdwbiwb uwhdwbh
Jpw wryw 6O Gwl ponupwgpwwl wngbipltp (pwphbpbbp), npnGg pwipd-
pnipynLlp dnin ~ 750mV  t: dnudnihwhnh L oph dnitynybbph pOantpwgpw-
Ywl wpdtpltpp, hwiwwwuwnwufiwbwpwp, -4,1V L ~4,7V GO, huy bpy-
26pwnh hhnpndnp swdwind wnunklghwyp’ ~ 1V :

UbyGwpwlbim hwiwp wétuwopwstuyht wnstph YntInpdwghwl’ hwp-
jwpyyty 60 0wl dp wpp wwpwidbinpbp, wn pynd Gwl wngtph Ynndln-
nn2dwl wwpwitupp, Gnpdwih GYuwndwdp woeluweopwotwiht wnstph ptip-
dwl wiymop L Gwl gowhwwnydty t bhnpndnp dwywinud wnstpp dhol hinw-
ynpnipjnibp L OpwGg gpwdwd dwywip:

L} v 1 ' U v 1 M 1 ' 4 v 1 v

0.22 - —e—sn-1 7
* . . ...o... sn_2 b
8 0.20 //-O“\B ®  thnpdlwywlb
1) - L \g\ .
so1sf _ O L, . .
S | & O .
S 016 | \O\' .
3 N\
[ . r
g’ 0.14 |- b\ -
<3 - [ ] 4
3 0
?g\_' 0.121.- . -4
S 010 | i
3
< 1
c
J 008} -
r e
006 L " 1 " | PR | o M 1 . i N
2 4 6 8 10 12 14 16
Ushuwésbh hwdwpp

Llwp 5.1.7 dnudpnihwyhnwihl dnieynt h wnstnh Ynndbnpniwl wwpwibunpp:
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Lwyunbh t, np hpwlwh thnpdhg unwgynn wétuwepwstwht wnstph
Ynndanpndwl wwnwdtunp hwadupyyned £ hbnbyw pubwalng’

Sre! =%<cos2 6, >—% (5.1.2)

npwtn 6,-0 C,_,-C,, yeywnph L z -wewlgph dhel Ywaddwé whlynibo t,
huy dhohGwgnidp Yuunwnynad t punn yhswhugpuwo wGuwdph L dwiw-
owyh: Onpdlbwlwl swlhwwwphny unwgynid ¢ Sep-U (nbnGphnudwyh

ynndGnpn20wl wwpwdtkip), npp hwpqwpyuyht S7-h hbn weGsynd ¢
hwnlyw| Yepw™ -2, = S7, Gopwnnpbiny ubquibOunwihG wnpddwh uhdbunn-

phw wéuwepwdlwiht wngh wewlgph G{wundwdp:

Llwp 5.1.7-ntd inpdwié t pnudnihwhnuwihb dnityneh wngph YnndGnpnzdw
wwpwditinpp, ppdwd 60 Gwl hpwywh thnpdhg unwgywd wpnntbpbbp
[161]) (hnpdbpp Yuwuwnwnyb) 66 UUN dBpnnny, T = 323K ebpiwuwnhgwbnud):
UnndbGnpndwl wywpwdtinph Gwqugnyl wpdtpp nhundnud | wéfuwgpwé-
Guwyh0 wnstph epeGwdwunid (| S, = 0.07), huy wewybiwgnl wpdtpltpp
(| Scp 1= 0.17+0.19) gqthgtipn(wjh( pwiph dnun qunGynn wunndOtph 2powljwy)-
pnud: Ljwphg wythwywn Gpund £, np weyw £ wwn (wy hwdpGybnud hpw-
ywt L hwiwywpgswiha thnpdbph wpynuboptbph dheli: Rwlh np AMdlu-h
wopuwopwslwiht wnsbpp pwgwpdwy Onyb 6O, wwyw Gopwnpynid t a prion
GnyOowlw Ynudpnpiwghwibn® shwjwé dnnGiwynpiwl popwgpnid GYwwntih
G0 npnawyh vnwpptpnipinLbOtip:

Shunwpyyt] 60 Gwb wéuwepwétuwihh wnstph phnipwaphs wy wwnw-
deunntn, npnbp ujubdwwnhynptt GEpYuwywgywé &G GYwnp 5.1.8-nud, npuntin
-0 wngh hwundwl (Ywd Yupdwéph) dwytpbub t, 4, -6 Gpyztipinh hhnpn-
$np dwuh hwuwnneimbo £, npujtu dnjbynth wéuwepwétwywo wnsh 7, Gp-
Yuwpnipinis ytpgynid t Gpw wewehl dtph GOwh0 fudph wéjuwésbh wwnnihg
yGpeht wotuwstwiha wwnnidh dholu htrwynpnipynibp:
<l >=<z,>-<z,>,1,-0 I -h wpntiyghwt t z wewbgph pw, 6-0° we-
fuweopwdbwiht wnsh pbpiws walynibp, huy d,.-0° dnibynith Gpyne wnstiph
dhol Ghohl htnwynpnipinubp: dbpp Gwéd wwpwdbnpbpp 86Y dnGYnyho
pOYGnn dwytkptiup (< 4 >) hun weGsyntd GO htwnlyw) Yepuy

<A>cos8=2-Z (5.1.3)
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Llwp 5.1.8 UsjuwenwidtwihG wnsbph pGnipwqgphs wwpwibupbph
uuGiwwnhy GEplYuywgndp

Anupbnwywt  Jhsdwynd Yupwéph ¥ dwytiptup tnwwnwadmd
18.5~ 214" uwhdwbbtpnud L Ywjudwé obipdwunhswihg b wéuwopwdtw-
JhG wnsh Gpywpnipintlhg” Ywpnn t thnthnfudty [162]: dnudnihwhn/entp hw-
dwlywpgh hbnnuy pyncpbnwwG thnyh hwidwp, uwyuwyl, syw ng Sh thnpdtw-
wo vnfuwy, L wlo qowbhwuinygnmd t Ghuyst hwiwdwyo (5.1.3) pwlwdlh
(£ ~254°): <wiwywngswiht thnpdh wpyntGpntd win wwpwidtuph hwdwp
unwgynui t £~ 27.74° wpdtpn:

Ainupbnuywt  Jpgdwynd  Yupwoph ¥ dwytipbup  tnwunwbymd ¢
18.5~214° uwhiwGGtpnd b Ywiuws gbpiwunh&wihg b wéluwenwétw-
)h0 winsh Gpywpnipintihg” Ywpnn £ tinthnfuyty [162]: dnudnihwhn/entp hw-
dwywnpgh hbnniy pinipbnwywt thnep hwdwn, uwywib, sjw ng dh thnpdbw-
wo vnguwy, b wis qhwhwwnynd t Ghuysd bwiwdwyt (5.1.3) pwlwdlh
(2 ~254°): <wiwlwpgswihG thnpdh wpmyynGenid wyn wwpwidbuph hwiwp
unwgynii b X = 27.74° wndbpp:

<hdw nuunuibwuhpbtp wéuwepwdtuwht wngph nwuwynnnipyntbp® nh-
wnwnytiiny tptp hhibwywt nbwp’

1. d, >l —wétluwepwslwiht wnstipp hpwphg htinn bG:

2. d_ <l -wnstipp Obppwihwagnud GG hpwp dtg:

3. d_ =~ -wngtpp hwiwnjw hwywuwp 60 nwuwynpyws,
npwnbn I =1, +1,,, 1, b 1,,-p L -h wpnjtlghwG t Gpyztipunh Ylipht L Otp-
phb 26punbph Ypw: Lywp 5.1.9-md OEPYuyWgYwé &G 4. L /7 -h Ywiudwént-
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pinLbp  dnnGjwdnpiwb ¢npdh dwiwlwyhg: bosweu Gplmd ¢ OYwnhg,
|d, =1 |-0 wwwnwbynid £ 0.01+0.224° uwhdwbObpnud (Shehtp qhwhwun-
UbL | d, -1 |2 0.124°), wuhGpl’ Ywpbih b hwdwptl, np wnstpp qunbynid

GG tuhun nwuwynpnipjwl dke (close packing configuration)” dwuwip Gkppw-
thwagtiny hnwp dbe:

296 — ¥y
20 4
285

2.80

2.75

2.70

Uhghl htrwynpnipynilp, A°

2.65

2.60

L PR | N | A i " 1

0.0 05 1.0 1.5 20 2.5 3.0

Unntiwynpiwb thnpdh nnbkinnnipyniGp, Gy

Lwn 5.1.9 d, b I_ -h Yujujwénipginiap snntjwynpiwt dwiwbwlyhg:

GnYy2tpwnh Gpyne tnwpptp dnGntpuintiph hwiwp qwhwwnyb) b Gwb wé-
fuwonwéhwiht wnskph pbipnipwt 6 wayniap Gnpdwih GYwwndwdp (/, U&Y-
wnph Lz wewGgph dhol Yuqiwd walynibp, wk'u Ghwp 5.1.8): Gpynt dnln-
2tpwntph hwdwp b pbpiwd wolynp unnwgyby t 27° +39°, huy walywo
dwiwlwywyht dhehOp hwywuwp t ~ 30° (GYywn 5.1.10): PGwywh t Ghpwn-
nt, np woywa wnwunwondttpp wwpwlwdnpwd B0 wngbnh ebipdwih
pOnyph twuinwbnitepny: <witdwwnnipwt hwiwp GEpYwjwgbblp Gwl h-
pwywh thnpdhg utnwgywéd wpdtiptbnp: EiEYUPNG uwhb riqnGwbup (EUN

9 U. Mnnnuyw@, U. Cwhhijwb 129



Yui b ahunpnl wwpwiwgltnhy rtiqnbwbu ~ EMN) dEpnnny wnywdé thnpdt-
pp pGpnipwlt wilywo hwiwp vnwihu 6O @ ~ 30° wpnynopbbpp [163] (Ghhg-
nbr “gbl” thnynud etOwngtt nhdpwyghwih dtpnnnd wjt qlwhwunyty L
31.6°[164) wd 30°[165)): Uty wy hbuinwgnunnnh Ynnihg [166] YMblu/onip
hwiwywpgtph hwdwnp (7 =15°C nbwpend) dnibynih pbpnppulb wolynbp
unwgyby t hwdwuwp 32+0.5°: Uhontuiht dwgOhuwywl nbqnGwbup -
Uun dbpnnny wpywé ghinpdbpp gniyg G0 indty, np phpnipjwl walynibp po-
Ywé bt 27° ohask 34° wnhpnypnid [167], huy whw uwtlupnuynwhy thnpdtpp
wwwgnignud &0, np wngbph pbpnipjwl wolynop 25-30°-h Ywpgh t
[168,169]:

Uuwhuny, wbubnid Gop, np dtp Ynnidhg hwiwywpgswiht thnpdny
unwgywd wpynmpObpp tnwihu B0 pwywluwbht (wy hwapoyond hpuwywo
thnpdbph wpnyntGpltph htwn:
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Ulwp 5.1.10 Gpym 2tpuntiph hwiwp wnsbiph pbpdwl woymop'
Ywiuywé dnnbpuwynpiwi dwdwbwyhg:

USuwopwstuihl wyngtiph ptipiwG waynlp, wuwn
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Llwp 5.1.11 2-pn, 5-pn, 10-pn L 16-pn (Ubpohh) ubqitOwnbtph
wétuwshObbph dhol htrwynpnipintbltpp” Yuiuywé dnnbjwynpiwb dwiwlwyhg:

Gdu gty pOnpwgnwywl wwpwidtup, npp G4wpwgpnud £ dnudnihwh-
nwihl dnibynyGbph woluwenpwéluyht wnskph nhawdhy yunpp L nwuwyn-
pnipyntbp, dnjbYynih wngtiph dhol tnwd hbrwynpnipiniba £: Lwp 5.1.11-nLd
wnpqwé 6O 2-pn, 5-pn, 10-pn L 16-pn (Ybpeht) ubquibUwnGtnh wétuwdhGlatph
Ghol htrwynpnipintGubpp™ Ywiudwéd dnnbjwynpiwl dwiwbwyhg:

Ppwywh thnpdbphg unnwgywd phpnipiwt @ waynithg b 7, wéluw-
opwdtwht wngh Bpywpnieinihg quwhwwnyby t (d,, =2/, sin8) dwjpwih

fudph wétuwshGtph dhel hrwynpniueintlp (~134°), npp pwywywihG jwy
hwipOyonud £ hwdwywnpgswht thnpdny unwgywéd wndtipltph htun (GYwp
5.1.11):

<wdwywnpgh opwihl dhowywjph nruntibwuhpnipintGp hawpwynpnipyntl
t wnwihu wwpaby Bpyztpun/enip pudwbiwb uwhdwGh pw onh dnityniGGph
nhGwdhy quppep L quuwynpniginilp, hbswbu Gwb oph dniGYnGEph™ Gpy-
2tpunh dhonyd, wagnnnibwynipiwb hbun Yuwdwd fulnhplbnp: Wn Gwwunw-
yny Obplyuwywglblp oph dnibynylbph hnfuwnwpd nwuwynpnipinap Ghw-
pwapnn wwpwitipp, npG hpkGhg Gepluwjwgbnid t enh dnitynith nhwny dn-
dkGwnh L Bpyztpunh Gnpdwih dhel Yuquiws walywb Ynuhbnup:
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UGlywa YnuhGniup, cos(8)
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Ljwn 5.1.12 ph dnitynth nhwng dndikbunh L BpYytpunh
Onpdwih wilywb Ynuhlniup:

/\><L\|\/ I\\//\
DS AN

Ljwp 5.1.13 Lpuihl showduwyph nnwpwlpwunnidp — w) wquin,
P) pny| Yuwwywo L q) nidtin Yuupwé gnp:
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Llwn 5.1.14 ph dnUny 0tph pwiwyp opwght dhowywinh wtnwpptip
hwunydwobbpnid” Yuwiudwd dnnbiwynpiwl dwiwGwyhg:

Llwp 5.1.12-nud ywuwnybpywé t wolywa Ynuhbnup' Yuuywéd z wewl-
pny oph dnitynt Gbph® GpYyztipunnh dwytplinyphg nlbtgwé hbrwynpntpynibhg:
Llwphg GpLund t, np oph dnjunith opwidth wunndlbpp ninnywé 60 nbwh
AMdlu dnikynytbph $nudnpp, huy eoph dnibynih prywdth wuinndbtpp’ nb-
wh YMdlu dntyny Gtiph wgnup: Wnwhuh nwuwydnpnipiwl wywwnswep, hw-
Jwlbwpwp, 666 pyny 9pwélwiht Ywwbph weluwynipnill t, Bpp oph unib-
ynt bbpp dgunnud B0 Yepwynnibnpnyyt) wjbwtu, np unbnéyta opwéhwhh
Yuwbpny Yuwyws hGwpwynphlu 2w fudpbp: Upmyniapnid, opuwidbunhG
Yuuwtpny wwjdwbwynpqws, $nudnthuhnh giiuhlbtiph 2ntpg dlwdnpynud
&G nuinnrpnywd oph dnGynyOtp: LiwGwwhy nwuwynpnginid nhunyb; £
Gwl hwiwyuwpgswihG wy thnpdtpnud [130,133,170, 171):

LwjwinGh t [172-174], np puwn dnudpnihyhnwihl Gpyztpnh dwytptuh hbwn
thnfjuwqntgnipjwl nudh, opuyht 2Epunp pwdwlbynud £ Gpbp nbuwyh’ w) w-
qwwn 9nLp, npp gunGymd Bpyzpinh dwytptuhg qquith hErwynpnipniGGtiph
ynw, p) pny] Yuwwyws enip, dhohl htinwynpnigintbbbph nbwpentd L g) nidtin
Yuuws onip’ dnun hinwynpnipinubbbph nbwpnid (GpQujwgyws t Glwp
5.1.13 -nud ujubdwnhy duny):

Qnuywtnipjwl dbe hwyinbh 60 OGwlk PnudpnihwyhnuihlG Bpytpunbnp
npwwwiinnn opughl dhowyuwyph® pun hwunynipintGGtph twpwGwndwa
wy albp, dwutwynpwwtu, dheiwdbiuhl enuyht dhewyuwpp Ywnpbih t

133



wnwppbpwyt) suwrgnn (nonfreezeable) L uwnrgnn (freezeable) onph [175] Ywd
wwpqwuwbu dhowikjwihh (interlamellar) L wquwn (bulk) oph [176]:
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Lluwn 5.1.15 Nwnhw pwtuiwb nublghwih Ynptipp tnpywis oph dniknih
ppUwslh L opwdlh pwziuntdp plbnwhb qiihlh wqnunh GYwwndwdp (w) b
onh dniayniih ppqwélh L opwdlh wwnndbbph pwaiunidp thuhnwihlG dniaynih
aiiuhyh nudnph GYwndwdp (p):
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Utp ynnihg Ywuinwpdwé nuunuibwuhpnugynuGotpp gnyg 60 thwithu, np nt-
dtn ywwywd hwndwénd dnudnihwhnh 06Y dnitynyh plbrwht qfuhyb
ynndhg dhoht hwzyny Yuwynud t dnun 2 opwyht dnyny, ey Yuwws
hwwndwdntd pnudnihwhnh ity dnilnih hwqwpynd Yw dnun 4-10 9ph tn-
(Byney, huy dhwgudp wquwwn onnb £ (Gwp 5.1.14): LYws wpynGpGEpp
wnwihu &6 jwy hwdpbynd UUN-h depnnnd unwgywd wpnyniGpGtiph hbwn
[(141,173,174):

dnudnihwihnh dniyniih plrwhb gijupbh 2nipg oph Bniyny GEph nwuw-
ynpnipintbp wwpgbin bwwuwnwyny™ hwadwnyyb t Gwl $nupnph L wgnunh
2nLn9 onh uniyny Gbnh rwnhwy pwztudwb $nilyghwd (NRD):

Lywn 5.1.15-nud wwuwnyepqwséd &6 NRD Ynpbpp” tnpdwé onh dnikUynih
prUwdsbh L opwélhh pwpuntdn pubrwihG qilupyh wgnunh GYGwndwlp (w) L
oph dniayniih prYwolh L opwélh wwnndbtinh pwuntdp (hwhnwihl dntiynt-
th aituhbih dnudpnph bhwndwdp (p): POswEL Bplntd | ynpbiphg, wqnuwywl
L dnupwuinwiht fudptipp qqwihnptlt hhnpwwwgdwsd GL: dnudpnph 2nipg
Gywwblh &0 bpynt whybp, bhwiwwwwwuuwlwpwp, =29-3.04° L
~3.9-4.04° hbrwynpnipjwl ypw, huy wgnunh 2ning gpuitgyty b ponwdtGp
gty why = 4.4 - 4.6 4° hbrwynnnipjwl Ypw, npp Lu Gh wlgqwd wwwgnignid
t w)G bhwuwnp, np Yw oph dnibynyGtph hunwy nippnpodwé Ynndbnpnanud
pltrwiht qiuhyh GYwrndwdp: b nbw, Odwlwwhy wWwnybnpbtp unwgyti
B0 Gwl wy wtuwunwbpbbpnd [134,152,177], uwlw0 whytph wpdtpltph
0h thnpp 2EnnudbbEpny, npnbp pun Gpunypht Ywwywdé GG onh tnwnpptp dn-
ntatph pownpnipjwb hswn (SPC, TIP3P, TIP4P, L wyb):

128N dlu/onip L 5129Mdhu/onip hwdwlwpgtph uyqpowywi L YEpohw-
Ywh YnnpnhbwwnGbpp, hoswbu 0wl wpddwl hbnwgsh duwybpp YuptGih t
GbppbrOb] 0Gp (wpnpwwnnphwih Ywgphg hitp://bicinformatics.sci.am:

Zuinth £, np YeGuwpwlwywo pwnwOpdbnp pwnywgws GG dh pwbh
wnbuwyp dnudnhwhnbbphg, uyhunwynigttphg, pwndnw- L guwopwdn|tyni-
jwjhl wyy vhwgnipntabtiphg: Wuop hiwnbauhy nuuntdGwuppynud &6 wnnwpptip
$nudnipwhnliiphg pwnywgwsd pwgiwyndwynbtbwn hwiwywnpgtp [178-191]:
Vwubwynpwwtiu, Ytpoht zppwinud hwiwywngsuyhl thnpdh depnnny ht-
nwgnuydnid &6 gdhuinbphnGwiht (dnudwwnhnhifuniha - du) L ppYwihl
($nudpwinhnhiubpht — $U) uwrlnipnitnhg Yuqidwo hwdwywngbip® dnit-
Yn(l0bph  wéluwopustwlywt  npwlbph  hewnlywy  plnipwgphsGpny.
(16:0/16:0 Btu/16:0/16:0 DU) [192], guhinbnhnbwiht L Ywuinhnbwiha [193],
guhwnbphnOwyht L wohnbwghlG (Dhotthidnudwinhnhifunihl/Thothipnudw-
whnhigthgbpht — NODU/N0DB)[194], L wy uwrlnipnuyhl hwiwlwnpgbp
[195-198], npnlgnud $nudnihwhntbpp nwpptpynild GO g GnjGYnyh plbinw-
IhG gtuhyh wbuwyny b pt wélwepwstwiht wnstnh Gpywpnipjwip b hw-
gbgdwoénipjwl wuwnhdwbny (Yplyowyh Ywwtph pdny b intinny):
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Pwaqlwpnudnihuyhnuyh Gpljpbpuntp

Uuwbtu, ophtwy, dtp Yynnihg nuntibwuphpyty G0 fuwetnipnught Nhih-
phuinnhdnudpwinhnhifunh — Wdhu(14:0/14:0 dlu)/IMdlu/onip juwrlnipn-
GGphg  Ywqiywsd bpyztpintp,  pnudpnihuhnbbph  YnGglGunpwghwitph
htunlyw| hwpwpebpwygnipjwip® 25%, 50%, 75%:

Nuwypiwltwynpywé hwiwywpgh thniwht ypswyotpny’™ hwynbh G0 Gptp
wntivwyh fuwebnipnbtp

l) tnuntilyunply juwnGmpnobn, Gpp pwnwnphsbtipp $60 juweGtynd hwdiw-
Ywnah “gby” yhdwynuy,

) hpbuywlwa juwnrGnipnltp, Gpp pwnwnphsbtpp (npnGp puwn dnikyny-
Otph uwemgywoéph dnun G0 hpwp, ophGwly AW/ Ndlu, Wdu/AYNdlu, L
w)L0) uwrOynid G0 hwiwywpgh L “gly”, W hbnnuy yhawyatpnid,

Wy Ns-pnbuywlyws (Yud ntgniywp) uwetnipnbtp, Gpp thnywihG nhwg-
pwinud weyw &G Shwdwdwbwy L “gtl”, L henniy thneykp:

hwrOnipnbtbpnud  $nudnihwhnttph  dniGynGeph  puuwynpnipinibp
GnyGwbu Ywplnp Gwlwynipynid nubh, L wyu nbuwGynahg hGwpwynp &G
Gh pwlh wnbuwyh nwuwynpnipmbobp’ Ywdwséd Ywuwnbph swhbphg: Un-
Unpwpwn  Ywunbphqughwih gnpéwyhgp (Ywd  Ywuwnbphqughwh C,
dwywnpp) hwiwpynd § hwiwywpgh hhitwywo pempwgphsbtphg 8y, n-
pp Gepywjwgynud t heinbywy Yepuy

1
C, =
Cs N,
npuintin C, -p Ylwuwnbiph swihG (cluster size) t, huy N, -0 Yiwuwntplbph pw-
dwliwl uwhdiwbbeph (interfaces) phyl t:

WNiO00 90600 ROGON
$88508 RAGAUG 2aAGAG

w)eywqugniG pywuwnwhwlyw q) hwqwuwnwéwth
pPufuqw
Llwp 5.1.16 wrGnipnuyht shwynpttph ptp hhdGwyw( nwuwdnpnipyntGGtpp:

(5.1.4)

GlpwnpkGp, np nlbbGp fuwreGnipn” pwnugwd Bpynt inbuwyh $nudpnih-
whnbtphg” M L P: <wpyh webbiny dnikynt Gbph dhel. gnnpdnn mdtph dgnnw-
Yuwi L ywinnwywb panypp’ nhunwpytip tptip hhdGwywl hGwpwynp nw-
uwynpnipgnibltp’
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1) Odwquagnyl (Gywn 5.1.16 w)), bpp dnitynyGEpp YEpwnwuwydnpyned
G0 wybwbu, np NLbGOWG GhGjubg hbin hiwh wikGwihnpp uwhdwbp
L hGwpwynpht swih 866 C, (C, =0, C, - «);

2) wuwunwhwlwo (G4wn 5.1.16 p)), Bpp dnudnihwhnh dnikynyGbpp nw-
uwynpynid GO ywunwhwywbnpkl;

3) hwjwuwpuwsunh pupfudws (Gywn 5.1.16 g)), bpp $nudnthwhnh dnt-
yn Gbpp nwuwynpynud G0 “Qwiniwunwiht juwnwnwiunwyh” duny,
npp hwiwwwwnwuluwOnud b wewybiwgnyt pynd pwdwldwd uwh-
dwasbph weywynipiwop (C, =1, N, 5> o)

0.3

- W Ndlu=3:1
-8 NUdlu:NMdlu=1:1
-+ WUdu:NNDdlU=1:3
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[\
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e
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015
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-—
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Mnstph GGppwihwigiwl gnpdwyhgp, d,

0 1 2 3 4 5 6 7 8 9 10
Unntiwynpdwb thnpdh wnbnnnpynibp, Gy

Llwp 5.1.18 "UdNU dnityntjbGph wéuwgnwébwih(a wnstiph
ObppwithwOgiwb gnpdwygh Ywiuntdp dwiwbwyhg:

Wuop gnmipinth nubtignn phqhywphdhwywb dtpnnGtpp hGwpwynpne-
RINLG &G twhu pOnpwugpt) L hwyytl hwdwywpgnd $nudpnihwhnlbph pwp-
funidp: MEwp b 026], np hpwlwb peewiht pwnwlpGtpnid pnudnihwhnbbpp
pw2lujwé GO wuhdbuinphy duny' pwnwlph 4tp- L GEppoowihl dwubpned:
<wyinbh t Gwl, np hnbwjwlw juweGnipnGbp henny yhawyotbpnud nhunyti
G0 dhwyO wyb nbwptpnud, Gpp fuwebtnipnnud dwulGwygnn $nudnihwhnltph
dniEynt GEpp wwpniGwynud GG ShuOnyo pubrwihG gilupyp, L Opwig nwppet-
pntpyntlGp hhdowywantd wéuwepwétwiht wngkph dte t [178-182):
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Ljwn 5.1.17 YMdiu dnibyniGbph wéuwenwébuwihh wnstph
Gtppwithwbgiwl gnpéwlygh Ywiuniip dwiwbwyhg:

Apw hbwn dEluinbn, wéluwenpwélwiht wnstph wwppbpnpjwla (gpuyw-
Unipywil k9 hwynbGh t npwtu — hydrophobic mismatch) dtéwgniip pbpnud
dnudpnihwhnbbph nsg-hnbwiwywt fjuwrtnipnbbph weweowgdwip [199], huy
wyn nwpenid $nudpnhwyhnbbpp, npnGp hpwphg wwpptpynud 66 dnptynt OG-
ph pbtrwiht giluhytbph wbuwyny L wéuwepwsltwht wnstph hwgbgyw-
dnpjwdp, pUnhwlpwwbu shijwig s60 fjuwreOynd, Gpp hwidwlwpgp guni-
ynud t “gqb)” ypswynid [182]: Wuwhuh fuwrGnipnbbpnud nhunyndd |, wjuwtu
ynsqwd, “Yuuwnbpwiht nndkGObph” wewowgnid [200,201], L hGunlwpwp,
$hahlwlwb nbuwbynibhg htunnwpnphp £ nuuntdbwuhptp wyn Yuwunbpwih
nnibLatph wewldtwhwwnynipintbbbpp L wwpqb]” wpnnpe dnGyny Geph wé-
fuwopwdtwiht wngbph Gplwpnipjwip L hwgtgywoénipjwip § wwjdwbwynp-
qwsé dnudnihwhnuyhl bphzbpunnud wnstiph® hpwp dtig GGppwhwignuip
(huyinbh t npwtu partial or full interdigitation), pb n:

Uinwhuh Yiwuwinbplbpp wplnp nbp G0 uwnnud pwunwbpbtpnd pbpw-
gnn wpngbulbbpnid [202-204): Un huy wwwnsweny nuuntdbwuppnipjwi hw-
duwp ytpgub t 14:0/14:0 dhu/ 16:0/16:0 dhu/onip tplytpunp:

Wu hwiwlwngh hwiwp pwqihgu unwgyt) 66 thnywyht nhwgpwdGtpp
thnpdbwlwl tnwiowyny [183,184,186,188,189,205-214] obpiwuunhidwbwihl
L YnGgtOwpwghnl jwjb wnhpnypOtpnd, vwywyt dnYnLwiht nhowdhyuwih
Gdwbwuwnhy nuunuibwuppnepyntbObp syw, ptiplu, ywptih t 026] 664 w2uw-
wnwbp [197], npnud dniEYnywyhG nhowdhywih L UUN depnnny htunwgnunybi
t MOd/NIDIV/ONLD hwdwlwpgp:
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Ubn nwunuiGwuhpnegnibbtpnud Jepgyb) 60 juwrbGnipnuwihG |hwhnbtph
wnwppbp Ynagthuinpuwghwitn® 25%, 50%, 75% hwpwpbpniginiabtpny: Ni-
untiGwuhpyty 60 fuweGnipnuwiht |hwhnbtiph wnstph 8h 2wnp nhGwdhy
hwunynipyntbotin, dwopwdwub pGbwnydt) 60 wnstph’ ppwp GG Ghppw-
thwagti(nt funhplbnp:

Ahuwnwnyyt) B0 Gwl fuwebnipnObph Gpbp nwppbp nbwptp, Gpp Yin-
thnfuyti] t Bpyztpunnud dngayneGeph phyp’

(i) 32 dnitiyny Wdlu L 96 dnityny MMdlu (MUDU:NNDIU=1:3) + 4234

onh dngbyney

(i) 64 dntyny Wdlu L 64 dntyny Ydlu (WD NNDIU=1:1) + 4263

onh dnikyny

(ii) 96 dnltyny MWdlu L 32 dniyny IMNDU (M DU NYNDIU=3:1) + 4248

onh dnjGyney

L ! | ¥ ] T I T T T 3

80 - AUDhU:NNDIU=3:1 ]

AUDU: N NDlU=1:3

Uty dnibyniht pwdhh plYyann Gwytntup, A%

| ) ] \ 1 ]
0 4 6 8 10

Unnbiwynpiwb thnpsh wikinnnipinilp, 0y

Llwn 5.1.19 ULy dnikyny b pbyonn dwytpbup Ywiunuip dwiwlwyhg:

Pninp tptp hwdwywpgtiph uyqplwlwi swihtpp Yyepgywd GO dnin
62x63x774°, huy wyu nbwpentd bpyztpnnh dwytpunyphlt dGY $nudnihwh-
nhG pbYyGnn Swytpbup hwiwywngswht thnpdnud Yuqandd ~614°%, npp
hwywuwp t phahywlwh thnpany Gnyl wwpwibnph hwiwp unwgyws dh-
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oht wpdtphb: UnuunnG-Nwdunth wignphpdny (Gnun 5000pwy) tobpghwih
dhohdhqwghwihg htivnn hwdwywnpgp dnnbjwynpyty t NPy /I wluwdpntd
300y dnnbiwynpdiwl wnbnnnipjwdp:

Npwtu dSpwqpuiht thwptp oqunwgnpéyti t NAMD thwptipp CHARMM27

“wipnnowywl” nidwiht nwawny: Sph dniGynih hwdwp oquwgnpoyly t
TIP3P dnnbip [87]): <wiwlwngsuwhl thnpdh ebpdwuwnhiwlp pninp Gptip hw-
dwywngbph newpentd yepgyty t 323 K L wwhwwoy) t LlwodWbah nhGwdh-
yuwyh depnnny [99]: dhqhywywb thnpdhg huwywnGh GG Gwb Gdwé fuwnbnipn-
Obpmd “ghi” — htnniy pyniptin thnyuwiht wogdwG (Ly — L,) gbpdwuwnhdwl-
Gtpp’ AWdlu:NMMdlu=3:1 — 27,5°C [188,210], AU d:INDU=1:1
— 32°C [188,210,215), Wdh:AYMdu=1:3 — 36,5°C[210]:
Wu wnjuilbphg Giotind, Yuntith ¢ Gopwnpty, np hwiwywpqswihG tinpdny
htunwgnunynn hwiwywnpgtpp wbuip £ qunbyto htnnuy pinupnuywt yhsw-
ynud: Gplytipinbph dwybpLnipwht (wipdwoénmpiniop ¥ Jepgdt) ¢t hwywuwp
50nh0/ud-h, huy £anudp dnuin 109p0., npp WwhwwOyb] Ungb-{muytp LwOdlbl
whuwinnGh depnnnd [112]: YUnynlwb thnfuwqnbgnipnabtpp hwwinytine
hwiwp Yppweyt] t MUE dnuinbgnudp, huy Jubnbpwwiuywb thnfuwgntgnt-
pIntblGph hwdwp ogunwgnpéyby ¢t “YGupdwd” dkpnnp’ 12 4° Yupdwlb w-
rwynny: Lhipwywl Ywwtph GpywpnipintGtbph wwhwwodwt hwdwp og-
wnwgnpoyty t SHAKE wignphpdp [53]: <wdwlywngbpp dnabiwynpyti 66 qne-
quwhbnr 24 wpngbunpGtpny: UwnndGtph uyqpGwywl L Ytpelwywhd ynnpnh-
Owwnbbpp Ywpbih t Gepptinlt] hitp://bicinformatics.sci.am Ywjphg:

[l - L
r 1 r

1

T,

Y

w) uyqpiwlwt  p) pugdwd  q) Swuwdp Ywd iphy  n) pigdwé  B) wwinwhwiwo
tEppwihwOgnyd

Llwp 5.1.20 Onjuwnwpd nwuwynpnipjwl dh pwih nbiwp” puwgyws,
dwuwdp Ywd |phy GEppwithwbgnid, pbpdwd Yud wywunwhwlwh:
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Llwn 5.1.21 Npn Wdlv L WDy dnbynyGenph qnugtip Yepgwé
AU IMNDIU=3:1 hwiwlwnpghg:

Wdd GtpYuywgltop hwiwywnpgsuwyht hnpény unwgywd dh 2wpp hhd-
Owlwl wwpwdidbwnpbp, wn pynd” $nudpnihwyhnh deY dnibyni ht payann dw-
ytiptup, hwiwlwpgh fuwnnenibp, $nudpnihwhnught dniGyn GEph wéhuwe-
pwéltuwht wngbph wpwéwlwa Ynndtnpndwl wuwnhdwlp, hoswbu Gwl
wnsbph’ dhijwig vk GEppwithwagbint wuwnhs8wlp npnann gnpdwlyhgp:

Gnyztpunnnud  hwywnhp dnGntpunbph $nudnihwyhnuyht  dngyny Geph
wouwopwstiwywl wnsbph dhgjwag dte GEppwihwbgtint wunhswop pant-
pwgpymd t gnpéwygny (overapping coefficient), npp GYwpwgpymd
hGwlyw Yspuy’

2], -d,
l

z

d, = (5.1.5)

npwnbin d, -0 Bpyztpuinh hhnpndnp dwuh hwunnginll £, huy /7, -p° wotuwe-
PWotwywl wngh Epyupniewl wpnjtyghwh GplyzGnunh dwytiplnyph Gnpdw-
th dpw: dtpohGu hptGhg GEpYuywgGnud b wnsh Ybpghwywh L uyqplwlywh
wéfuwshGGtph’ z wew(gph ninnnugywidp YnnpnhGwuinbtiph vnwnptpnigni-

p’ /, = |< z,>-<z, >| (nbyu GQwp 5.1.8): POswtu wpnba Gk Gap, gnyni-
RNl NGO wnstph nwuwynpipiwl Bpbp hhdGwywa dukp” |d.|>|27,],
ld.| <[21,| Ywd |d,|=|24,|:
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AU DU ANDU hwpwpbpnigynlp

Llwp 5.1.22 Uty dnibyny hG poylnn dwytptup Yuiujwé MU Ddh:
AMdv hwpwptipnigjnbhg:

Gpbp wnwpptip hwiwywpgtph hwdwp Gywp 5.1.17-nid L Gywp 5.1.18-
nd ObpJuwywgdwé 6O pnudpnihwyhnbbph dnjynyGGpp wéuwepwdhwywh
wnsbiph® dhdjwlg dtGe Gtppwithwigdwl gnpéwyhgltnp Gywpwagnnn Ynptpp
NUDN L MMdlu dngbynGbph hbwdwp: Roswbu Gplnud b gpudhyhg, GGppw-
hwbgiwlb wewybjwgnyl swihp nhudnd t 304 thnpdhg htwinn, tGpp fuwe-
Unipnnud WMdlu dnitynGbph pwowlp gwép t (Wdu:INDU=3:1), L npp
wwjiwbwynpywé t wybih 2wn wéuwslwht wwnndbtp wwpniawynn (16)
wngbpny dnitiynt GEph thnpp pwlwyny: Yw, hp htipphl, wtwnp t ptnh Gpy-
2tpwn-onip-tpyotipunn  hwiwywpgnd  dhohwpenipintbwht  hbrwynpnipjwl
Owqiwlp L a6y dniYynyhl payonn dwytptuh dEéwglwap, hGsp wybhwy-
wninptG hGwnlnud £ hwdwywngsuhG thnpdh wpmyyniGpltphg (Gywp 5.1.19):
{Guwppphp t wwpgbp Gl dngEynybbph wéuweopwsbwywb wnstph Ynh-
$npiwghwl L thnfuwnwpd nwuwynpnignibp Gpy2Gpuninud:

SGuwywanpbb Yupbih § Gapwnpti dntynbGph thnjuwnwpd nuuwyn-
pniwl dh pwih wwppbpwy pwgqwé wnstpny, dhdjwig it dwuwdp Ywad
inhd Geppwihwdgnn, pipywéd Ywd wwwnwhwywbnpbt nwuwynpdwé (GYwp
5.1.20): <widwlwnpqswiha thnpdh wpyniGpnid  unnwgdwd  wwwinytpltpp
(GYywn 5.1.21) Jywynid 6O wyb dwuhb, np syw gtphztunn nwuwynpnipintl, b
hwiwlwpgnid weyw 6O dnbyny Gtph hnfuwnwnd nwuwynpnipjwd hwdw-
njw pn(np aLbpp:
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Llwn 5.1.23 t[bl;mnnﬁwmn fuinnipjwl Ynpbpp twpptp ntwptph hwiwp:

Wdd winpwnwrlwbp tpyztpinh dwytipunyph Ypw, $nudbnihuhnh dty
dniaynih pubiewihG qluhlhl pGyann dheht dwytiptiuhG, npp GpYztpunh hhd-
Owywl ponipwaphsOtphg d6YG £ U Ywpnn § swindly Gwb hpwywl hnpdh
oqnpjwip: Wo Ywpbih t Gbpyujwuglt) hanbywyg Yepwy'
S<x—y> _ vV - 4VCH;

Yo dNy 4
npwnbn ¥V b Ve, ', hwiwywunwuuwbwpwn, wétuwgnwébuwyhl wnsh b Gpuw-
OnLd BeY dEph GOWhG fudph 6wywitept GG: UGY dnitynyht poyGnn dhohl
dwytiptiuh wnpdtipltpp, Ywhuyws Pnudnihwhnh Ynbgblinpwghwihg, npdwé
G0 Gywp 5.1.22-n18: L{wphg Gpundd £, np Jhohl Jwytptiup O66 t wyb dwdw-
OGwy, Gpp thnpp b WD dnlnyGtiph  YnGgkluwpwghwb:  Uunwgywé
wnyntbpltpp Ywnbh t obYowpwit] hbwnlyw) Yepw. MMdu L Wdl dnib-
yniitph wnsbiph GpywpneincbGEph dhole Bnwé tnwpptpnignubp ptipnud £
AUdD dniYyne Geph, wjuwbu Ynsgwéd, “Yuuuwnbpuwiht nndtLibph” wewowg-
dwlp, npG hp htpphl, powywlwpwn, wtwp § ptph Gplzpinh hhnpndnp
dwuntd “nwuwnwpy’ (void) dwywibbph gnugiwlp: Uwyw)l, hagwbu hwpnbh
t, nwwwpynpnbp totpgtunhy wnbuwbynahg dtrGunne sk, L hGnlwpwn,
Jwnblh t Gapwnpbl, np wuwbu Ynsws, “nuunwpynipintabtpp” wbwnp t
(pwgytl tnYyztipnh hwhwnhp Yeutpnud qunGynn $nudnihwhnughl dnbyng-
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O6ph wétuwenwdbwiht wnskiph Ynndhg' win “nwunwpynipyntbbtiph” dte Jw-
uwdp Jwd |phy OGppwihwagiwdp: Lkhp Gwl, np wju Ywpgh nbdtyunGtpp
hGwpwynpnipintl GO untndnid $nudnihwhnuiht dnikyntGtph wiyhjwywo
wngbnhb bt wytih 2wpdnil [216], wuhbpl’ wtuinp £ Gywunydh dnudpnihwh-
nwihl dnieYynL atph YnGdnpdwghnb thnthnfuntpnlGOtph wa:

w)
2
¢ ) ¢
‘,‘-. \‘.( .‘ . ! .
o e\ R o ENEGAIT WS
WAl S S ISR S
"""”‘9‘4&"? &-m ‘ \ 3 MM 0F ‘]4
hmy ﬁ e AN S
X S& Q:«gz i1 '.:tg‘;u'
~ ‘\v 0 " {¢ ‘ l"\ 50
“’ t\ %“ " -\
q;,,l& 'l." ‘ (oy
‘ ~=-~-’ SR04 'sv... d ‘
' ¢ o e
g a “. ! » NV ‘ '!‘;g'.; _;.' \}%\
* A3 3 Wy B '“"lf "' 1

R

b&wn 5.1.24 wdwywngh uyqpriowywb(w) L YEpebwlwi(p) wylpwppuyhlt wwun-
ytnGtpp: Mwnqnipywl hwdwp onph dnjtyny Gbpp pwg 60 pnnGYwé:
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dhahywywb nbuwbynibhg wyu Gplnypp wtiuinp t ptph Gpy2tpunh npn-
2wyh dwutpnud MU DN dnjeYyny bsph dhols uilinniywl punyph nudtph nudt-
nwgdwap, ophGwy, dnityniibbph pliruhl gtupybtinh dhel, npb hp htpphl
Uptph hhnpndnp thnfuwqnbignieintbbbph nidinwgdwap, hosp Gopwnnpnid t,
np BpYztpwnh hwywnhp Yeubpnud gunbynn $nudnihwhnwihl dniGyniaeph
wéluwepwdtwywb wngbpp whwnp t GEppwihwigkt shijwag vke:

Nwnidbwuhpybl £ Gwl pnudpnhwyhnwiht dnEynybeph nhGwdhy quppp
BnYyzGpwnuy, dwubwynpwwtu, hwqwpydb] GG dniGyntbeph wnpddwl jw-
ptpwy(fateral) L Gnpdw) (normal Ywd transversial) nhdnighwh gnpdwyhglb-
pp: <wdwlwpgsuht thnpdtpnud npwlp hwwpyynid 6O GpyGEpunncd dngb-
yniiatph Swonnipjwb YeGupnbGtnh dheht pwrwYyniuwihla 2tnnuihg (MSD),
npp GGpYwywgynid b hbnlyw Yenpwy'

all e
MSD =Y <|r()-r,(0)['> (5.1.7)
i=l

npuintn 7,(#) -0 ¢+ wwhhb i-pn dniynith nhpeo &, huy gnuwpnuip Ywuwnwp-
ynud t punn pninp dnyne GGph: <wdwdwjt YWl L WMMdlu GnGndnudpnih-
whnwihl GpyzGpntph hwiwn hpwlwo thnpdtiphg unwgywé wpryntbpatph,
nh$nighugh gnpéwygh wpdtpp nhunynud b = 6-30-10" ud?y whpnypntd
[217]): Utp Ynnihg unnwgywéd wnpnyntpibpp wtwpywé 60 wnynwuwy 5.1.1-nwd:

Nhnighwih gnpéwihgn, us“/y by U
AUDN: NN Du=3:1 5.1-10°® 5.8-107°
AUD:NNDIU=1:1 5.8.10°° 5.-10°
NUD:NMDU=1:3 4.4.10° 89-10°°

Unjniuwy 5.1.1 WU L WMdiv hwiwlwpgbph hwiwp hwiwywpgswiha
thnpdny uwnwgywé nhdnighwih gnpéwygh wndtipltnp:

uyohwyun £, np hwdwlwpgswiht thnpdny unwgywd wpyniapbtipp pw-
Jwywlht jwy hwdpayamd GG danGndnupnihwhnuwihlt Bpytpuntph hwdwn
unwgywd wprynibpbbph htwn, wuhbpt® Ywnbih £ Gopwnpbl, np $nudnih-
whnOtph juwreGnipnGbph nbwpnud dnitYnGEpp hpttg wwhmd 66 wybwtu,
hiswtu dnGnpnudnihwyhnuwiht hwdwywpgbpnud: Npwbugh wybih hunwy
wwuwnytpwgnid YuqikGp $nupnihyhnwihl dngynybph wndiwb yepwpt-
pwy, OEpYuywglblp dh MMdlu wewGdhla dnitynyGbph wpdiwb nhGwdh-
Ywjh wpnieyghw x -y hwppenipjwl Ypw: Vwulwynpwwbu, Gywp 5.1.25-
myd oEpYuywgqwé b nip wewOdho NMdlu vnibynybtph wpddwl wpnity-
ghwl x -y hwppnipjwb Ypw 100yY-nLd:
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Llwp 5.1.25 "M3lu wihwunwywt dnityny Geph nhawdhywb
X~y hwppnipjwl Ypuw:

AMdlu o6Y dnjtynh hwiwnp unwgywd nhdnighwih Shoht puyp x—y
hwppntpjwa Yypw Ywqiby t = 274°, huy o6y niphp dnibynih 2wpdnudp uwh-
Swlwhwqynud £ 2pewlwqgény, nph 2wewyhnp dnun 54° t: QGGwhwuinyb t
0wl z wewOgph nuinnnpjwdp dnibYni GGpp 2wpdnuip, nph nGwpentd dnyt-
yniih nh$nighwih dheht pwyih déneINLGp nhundnud £t ~10-154° Showluwy-
pnuu:

<wuwpydt £ 0wl W L YMdlu dnityntbtph wéuwepwésawiht wn-
s&ph YynnilGnpndwl wuwnhswbp, npp dwipwdwubnptl OEpYUywgywd t
[218] w2luwuwnwbpntd:

Uuwhuny, hwiwywngswihb thinpdh dhengnd gnyg b uinyty, np dGYhg w-
dbth wnbuwy $nudpnihuihnbtip wwpnibwynn Gplztpntpnud $nudpnihwhnbt-
nph ynbgtOunpwghwObph hwpwpbpnigniop hindhnfubine nbwpnid wnknh £ ni-
O060nuw Gpytpnh nhwdhy Ywenmgywépp GYwpwgpnn wwpwdtuptph thn-
thnfunipynth: Onthnfunipintb &G Ypnud Epytpwnh hwuwnnipinibp, dwytplnyph
ypw dkY dniyniht pbyann dhohl dwybptup L hhnpnnp Swywind Hnudpn-
thwhnwihG dnityni bGph wéluwonwdlwht wnssph Ynbpnpdwghwb: Yhun-
ynud t Gwbl GpYyGpunnh hwwnhp Yeubpnud inbnwywpqwé pnudpnhwhnGtiph
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dniayny OGph wéuwenpwélbwywh wnskph Geppwdhwagniy dhijwbg dG, npp
wpnn £ pbpt; wewGdhO thnytph wewowglwp:

(Bt" dntndnudnihwhnwihl, L pb" pwqiwdnudnihwhnwihG Gpyztpntph
hwdwlwnpgswiht thnpdh dhengny unwgywé wpnnibpltinp pwdwpwp Yyan-
wny hwdpaynud &6 phahwiwa thnpdny unwgywé wpnyntbpltph hbwn:

Ephepnghunuyhl pwnwipbbn

Roowyh( pwnwlpGtph wewyb] ppwwbuwywh dnnbabp unwlwin hw-
dwp’ pwaiwdnudpnihwhnughl Bpytipntinhg quin, Ywenigyt o Gwl pwq-
dwnudnihwhnwiht phztipntn” GEpnpywé uwhunwynigGtipny:

Npwbiu poowihl pwnwlph hpwuinbuwyws dnnb ntunbwuhpyby b dwp-
nnt wpjwl tphepnghuinh wuhdbunhy puwnwipp:

Unitiymih Ustuw- Bunwipeh Bunwbph |Uhehlp knhe-
s Wntuwyp opwdl. wpuw- aGppeowihG | pnghunh wd-
NpW poowihG dwund, %  |pnn9 pwnwl-
dwuniy, % . pnuy, %
udhgnihbthl 24:0-14:0 . 19.8 2.3
udbhlgndhbihG 16:0 — 14:0 20.6 23 21.8
Snudwinhnimubiphl 8:0 — 20:4w6 0 9.9
$nudpwinhnhjubphG  18:0 — 22:6w3 0 10.8 10.7
nudwwhnhipwlinuwdha | 16:0 - 18:1 1.6 18.3
nudwinhnhjpwlniwdha | 18:0 — 20:4 3.3 18.3 214
$nudwinhnhifunthl 16:0 - 18:1 14.9 7.6
22.6
$nudwnhnhijunthl 18:0 - 18:1 15.7 7.6
lungtiuwntipng 2414 229 23.5

UnynLuwy 5.1.2 Uwpnnt wnwa tphppnghunh wupdtuphly pwnwoph
dnnbih onibyniiwht Yuqdp:

NuntdGwuhpyby b Swpnne wnjwo tphppnghinh pwnwiph wewyt) hpw-
wbuwywh dnnbp” Ywaddwé 256 dnitynyGkphg, npl hp dtg GEpwenid £ h-
pwywl pwnwlph 0t9 wewyt) hwiwiu hwinhwnn 4 whwh dnudnihuhnw-

_ JhG SnGYnt G, funiGuwntipng L Gkpnpywo Qihyndpnpht U uwyhuinwynig:
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Liwp 5.1.26 Eppppnghunh dnnbiwht pwnwOpp, 256 dntyn taphg pwunlugwsé
Gny2Gpun opuhl dhowywypnud GEpnpdwé Qhyndnpht U uwhinwynigny:

LwyinGh t, np onquGhquind tphppnghuinGtinp 2w Ywplnp nbp G0 fuw-
nnud’ Yuqibind wpywb wipnng éwywih dnwn 45%-p: Lpwlg dshengny Yy&a-
nwbGh opqubhqintd Ywunwpynid b ququihnpuwOwyneeynil, hoswbu Gwl hn-
OwyhG Ywqoh wwhwwinud: Ephppnghwinh pwnwbpp, npp Ywqdndd t tphepn-
ghinh wdpnng dwywih 10%-p, wwnnibwynd £ nudpnhyhnuyhl pwnwipeh
htwn hOwnbgpywé dnun 10 uwyhuwnwynigbtip, win pYnid’ gthyn$nnht, uwbyun-
PhO L wyG: bpwyw thnpdtpny wwpayt § dwpnne wpywa tphppnghuinh pw-
nwoph dniGyniuyhl, wyn pyYnid® dnudpnihwhnwiht Ywadp' pwgwrenipjwip
uwhunwynigbtph (ntu wynwuwy 5.1.2) [219], hwdwdw)bt nph L Yuwemgyb ¢
O2wé pwnwlph dnnbip: Snipwpwbgnip whwh dnudpnihwhnuyhl dnltyney-
Gtphg ytpgyb) t Gpyniwywl wnbuwy wwydwiwynpgwé onkyneGbph wo-
fuwopwélwiht wnstph viwppbnp Gpywpnegynibbtpny L hwgbgywénipjwl
wunnh&wbny: Npwtu pwnwph dnnt; yepgyby t 256 $nudnhwyhnwihl ongb-
Untihg L funiGuntbphhg pwnyugwé GBplztpun’ opuyht dhewyuypnid®™ Gpy-
2t6punud Gepnpdwé Qhyndpnpht U uwhunwynigny, npp dnnbiwydnpdty
NPT wluwdpinid 2nipg 800Y: {wiwywpgswiht thnpdp hpwywbwgyt| t
310K -nud: 2bEpdwunh8wlbh hwuwnwwnnibngyntbp wwhwwytb) t lwbaduka
nhGwdhywih [99] dtpnnnd, huy &020wlp (19p0)" LwOdLEG-whuwnbh db-
prnny [112]: UninGjwb hnjuwqnbgnipintGGEph hwdwp oquwgnpdyti t MUE
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[68] dbpnnp, huy Ywhnbpwwiywl thnfuwgnbgniginbbtpp Yupykp GO
124° -144° wnwynny: hdhwywl ywwbtpp $hpuyty GG ogquwgnpédtiny
SHAKE [53] wignphpdp, huy oph dnjtynih dnnbih Ywenigiwl hwdwp og-
wnwgnpéyty t TIP3 [87] dnntip: <wdwlwnpgnid oph YnbgbGunpwghw( hwp-
duwnyyty t npwbu 33 onh dnjbyniy g6y dnudnihwhnh hwadnd, npp hwiwuww-
nwufuwlOnd t wipnnenpjwip hphnpwuinwgywé dnudbnihwhnwiht pyztn-
wnwd oph pwlwyh htuin: Unun 15000 pwy tGEpghwih dhohdhqwghwjhg hbuinn
BpLztipunh hhnpndnp Swywinid tnbnwnpyty t Gthyndnpht U uwhunwynigh
GEppwnwipw)hb dwup, npp pwnyugwé t 40 wihGwppyuihl dGwgnpnbtnhg
(91hunPnppl U dniGYnip wipnnontpjuip pwnugwé t 131 wihbwpplwihl
dbwgnpnbtphg L 16 ohgnuwpiwphnwiht npwitphg): Wumhbwnlb hwdiw-
Ywpgp Gnphg ptipyty § hwdwuwpwyzhe yhdwyh: <wiwywpgswihG thnpdép h-
pwywlwgyt, t NAMD 6pwagpwihb thwpbph oqlnipjwdp “wdpnnowlwl”
pGnyph CHARMM27 nidwjht nwwny: Ukp Ynnihg unwgywéd tphppnghuinh
pwnwlph ptpinnhtwdhynptl hwywuwpwyewé wwwnnytpp GbpYwjwg-
Jwd t Gywp 5.1.26-nui:

% —T 1 1 - T T T T T 1

g8 8 ®

s 8 &

©
o

UhghwppnipintGwihG hpwynpnigynilp, A°
(o]
(o2}

78 1 a1 L | aJ " 1 " | I — |

] 0. 20 30 40 50 60 70
Unnbiwynpdwb thnpdh wibnnnipynibp, Gy

84. i1 . 1

Lywp 5.1.27 Ephppnghunh dnntjwih( punwiph dhehwpentpintowiht
htrwynpripntlp’ Yuuwénipynibp dwiwlwyhg:

Swdwlwngswihb thapdh wpaniapnid uinwgyti| B0 dh 2wpp g btip, n-
pnGg Gh dwup uinwgynid £ Gwl Phqhyuywhb thnpdh dhgngny:
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Llwp 5.1.27-nd GEpYuwjwgwé b hwiwywnpgh dhohwppnipnibuwiht ht-
rwynpnipjwl Ywhujwénipintbp hwiwywngswihb thnpdh dwiwbwyhg: L{W-
phg tplnid t, np dhGsk 50-600Y wintnh nibh Shehwppnipntbw)ht hbrwynpnt-
pjwl ws Ywudwd dwiwbwyhg, huy wjbnithtinb wyn dGénpjwl hwywuw-
pwyzhr wpdtipp hwuwtnwuinygnud t 93 +£14°-h 2pewluwypnid: buy BpYykpuinp
hwuwnnipinibp thnpdh ytpentd hwulnd £ 51+£14°-h, npp pwwywohb dnun k
hpwyw thnpdny unnwgywé wndtpht™ 55 +£0.54°[ 220):

Gpyzt6pwnh dwybpunypht Y dnitynyhh poyann thoht dwytpbup hwp-
Juwpytihu wybwbhuh pwpn, pwqiwyndwynotiun hwiwywpgtpnud, hGswhuh k
tphepnghunh pwnwlpp, unynpwpwpn ogunynid &G Unpninjh [221] dbpnnhg:

Utpnnh tnipintbp Yuywonid £ huinlywinud. GapwnptOp, hwppnipjw( ypw
nObOp Yewnbph hweonpnwywnipinib: 3nipwpwbynip i-pn Yewh hwdwn
Yunbih t yurenigt] ptlwibtp wybwbu, np Yewntpp, npnbp gunbynud 66 i-pn
ytwnha dnun, hwynbyto plywittpny Yurenigwd pwqiwbywG dbe: Gk nn-
wbu yswintph ynnpnhtwwntkn yepgltbp $nudnhwhnbtph dntynt Gtph plb-
nwjhb qifuhybtph $nudpnph Ywd wgnunh winndlbtph Ynnpnhbwuwnbbpp, www
pwqiwblywl dwybptup Yhwiwwwuwnwupuwlh iy dnityneht pyonn dh-
oht dwytpbupb: RwGh np nwnuiGwuhpynn pwnwlpp wuhdtwnphy t, www
Opw wpunw- L OGppeowiht Jwubph hwdwp YnoEGowbp JEY dnkYnyhG poy-
Gnn Ghohl dwytipbuh hwdwp twppebp wpdtpbtip:
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Llwp 5.1.28 lunjuwntiphGh dnjGyntiGbph fuwnnigynibp:
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Nunuibwuhpnipjwl  wpyniGpnid wewGdha pnudnhwhnlbph hwdwp
unnwgyti| &0 htuinlyw) wpdbplbpp® 24:0/14:0 UU ~ 67 4A° (wpunwpeowih() L
57A° (Gbppoounhh), 16:0/14:0 UU - 654° (wpunwpoowih) b 554° (Gbppoow-
iha), 18:0/20:4 DU — 68A4° (Gtppoow)ht), 18:0/20:4 DU - 534° (Lkippoouyhl),
16:0/18:1 Dt — 58A4° (wpunwpoowihl) L 534° (Ubppeowyht), 18:0/20:4 St -
~ 55° (wpunwpgowht L GEppoowihb), 16:0/18:1 dlu — ~ 704° (wpunwpoow-
1h0) L ~ 644° (Ubppoouyhl) L 18:0/18:1 dlu — ~ 58 (wpunwpgowihl L Gbp-
poowjhb): POswbu wpntl G26) Ghp, pwnwiph wpwnw- L OGppeewjht Jwub-
pnud dwybiptuh wpdtipbtph twppGpnipnlip pwgwuinpynid | pwnwGph wuh-
dGwphynigjwdp L vnwpptp $nudpnhwhnbtph ynbgbhinpwghwatph nwppb-
pnigwip, hGswbu OGwbl OGEppwnwipwiht uwhwnwynigh htwn JnLpwhwwnny
thnjuwqnbgnipjwip:

COnhwlntp wedwdp, dhoht dwytpbulbph hwdwn unnwgywd wndtip-
Gtpp hptGg dESnLRywdp (wy hwdpbybnd GG hogwbu dwpnip $nudpnihuhnuw-
Jht BpYy2Epwntpnud uunwgywé thnpdbwlwl wpdbpltph, wbwbku | tphppngh-
nuwyht pwnwopbtpnud unwgywéd nyjwibtph htun:
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Llwp 5.1.29 Qhyndnpha U uwhunwynigh wuwpnynbtph dheb
Yuqiwé walynop’ Ywiujws dnnbiuynpiwl dwiwbwyhg:
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<wqwpyyt) 60 wl pwnwOph Gepunud wrwGdht pnudnihwyhnbbph nh-
$niqhwih gnpéwyhgltipp: Angnp dnudpnihuhnbtiph hwiwn nhypnighwh gnp-
Swyhgltpp unwgyty 60 4.3+14.3.10° ud?y dhowlywpnid: <wpy t Gwl
G261, np thnpdbwywl swiwwywphny unwgyws nhdnighwih gnpéwyhgbbpp
lwy hwdpyanud GG dbp Ynnipg hwdwywpgswiha tdnpdnd vnnwgdwd wp-
dtpltph htwn:

<wywinGh £, np junibuntiphth weywninibp pbpnud t Gpytpunh Ynuinni-
pjwl dbEéwgiwlp U pwnwlph hwiwp fuwnnud t Yuplunp wwwwbwywa
ntp: Wu wnbuwayniahg Ywplnp t nuntdbwuppb) funibunbphGh dngbynejGt-
nh nhGwdhy ywnpp b wnbnwuwydwb ophbwswhnipintGbtipnp pwnwbpnud: Un
Owwunwyny nuunuibwuphnyt) B0 junBuntphth dniynt Geph pwtuntip pw-
nwopnty, L funibuntphGh dniEYny Gtph 2npe oph dnibYyniGkph pwunuip:

Lywp 5.1.28-n1d GEpYwjwgyws t tunibuntphth dnityniGeph fuinneeynt-
Op tnhppnghuinh wuhdGuinphy pwnwipnud: UYtpwppwihG  wwwnytplbnhg
wwnq Gpunid £, np funiuntphGh dniyne GEpp innbnwynpyned &G hhdGwyuw-
Onud pwnwph hhnpnynp dwundy, hGsp wythwyunn b Gwb GYwp 5.1.26-hg: tun-
(buntphGh dniynibbph jurnpwt wewydbjwgnyb wpdbpltpp, hboswtu
Gplnud £ GYwp 5.1.28, unwgynud B0 pwnwoph dwytiptuhg ~ 234° funpnt-
pwl Jpw, huy pwnwOph wnwpptp dwubpntd junibuntphh dntyneGtpnid
qulynn pprYwdéth wuinnibtph dhol htrwynpnipynibp thnpdh Ytipentd hwyw-
uwpynud t ~ 374°-h: Uu tnwppbpnieynibp, ptplu, wywjdwowynpyws t Gpw-
Und, np unibiuntphbh dnieynybbph prywoéth wunnibbpp (hhnpopuphy OH
fudptipny) nuinnywsé &0 nbwh pnudnihwhnbtiph plbiewhG qituhybbpp, dhbs-
ntr funituntiphth dniGyn GEpp hhdtwywbanud gunbyned 60 pwnwOph hhnpn-
Inp Swywynid: lunibunnbphbh dnieynt Geph hbwn oph dniGyntGtph thnfuwg-
ntgnipjwb ophGwswihnipntbGEphg Gpknud t, np oph dnityn Gtpp wewybjw-
wtiu hwqwpynid &b funjiunbphbh dniEynyntd qunbynn ppywéth wunnibt-
nhg ~34° htrwynpnipjwl Ypw, npl t pny b wwihu Gopwnpty, np dhehl
hwdny puniGuntbphGh dnibynitph prywdéth wuinndlbtpp wbwnp b gunbyka
pwnwoOph dwytptuh opwihl 26pwnhg dnunnwynpuwtu 34° htrwynpnipjwl
Jpw: PBwnwlpnud tuntunbphth dntyniteph 00wl nwuwydnpnipintab £,
hwwlwpwpn, wywwndwre upnn § hwinpuwbw] wjt pwGh, np 20nphhy tun-
lGuntphOh pwnwGpp nwranud t wybih dwénighy L phs pwhwlghy gwépw-
OnjtYniwht dhwgnipintbbtph hwdwp:

<hiw wigltlp pwnwpnud Gepnpdwd Qthyndnpht U uwyhuinwynigh ni-
untdGwuppnipinip: Qhyndnpht U uwhwnwynigp, npp wwwnywond t gih-
Ynwnnunbhnbtph nwuha, hp tEppwnwipwiht dwuntd Ywqdnud £ Yuynea nh-
dtn: Qhynpnpht U uwhuiwynigp pGnipwgpnn hhdbwlywb ywpwdtwnptphg
t Gpw Gpynt Ghpwdhwynpbbph (Ywd wwpnyptbph) dhol Yugqiwé woynibp:

Ppwywb thnpdhg hwyuinth £, np dlu dnitynybbphg pwnlugwd Bpybp-
wnnd Qthynpnpht U uyhunwynigh wwpnypbbph dhol Yuqiwd wdlynibp
39° +46° +£34wngh t [222]:
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Llwn 5.1.30 Qihndnphl U uyhinwynigh wwpnypGbph Gly™ - vai®
wohOwppywih0 SGwgnpnitph dhel hErwynpnipimip” Ywiuwé
dnnbiwynpdwl dwiwlwyhg:

<wdwywngswihG thnpdh dhengny unwgywd QihyndnphG U-h wwpnyp-
GGph dhob woywl Ywjudwénipnilp dwiwGwyhg GEpYwjwgywd t GYwnp
5.1.29-n1d: POswbu inbubnd GOp, nhundnud b Gwé wolywl nwwnwbnid
33° -53° £ 2 dhowywjpnid, huy thnpdh dbpenid wyl hwubnid t ~ 43° —44°-
h, npp pGplu pwywywlhb dnwn £ $hahywywlb thnpdny unnwgywd nyjubb-
nha [223]:

Uun nwnubwuppnigntbbtpp hwuwwwnned 56 0wl, np Bpyz6punnud
dnudnihwyhnitph oniynyteph hwgbgywénipjwlb wuwhswlhg Yuuywé
thnthniuyntd | uyhunwynigwhb nhakph dhol Yuqdywé walynibp [222-224]:

Ahdtph Yuwynuaniggnup wwipgbint Gwwwnwyny thnpdtbp qUwhwwnby
Gpwbnid Gnwdé wwpnypbtph wihtwppywha sGwgnpnatph dhol. thnjuwqnb-
gntppnthlbpp: UUN thnpdbphg huyunGh £, np Qthynpnphoh widhbwppywihl
00wgnpnOtpp Ywpunp nbp G0 Yuwunwpnid uwpunwyngh nhdtphqugdwb
dt9, hwuinywwbtu 20nphhy opwstwlywb Ywwbpny dhijwbg hbwn thnfuwqnnn
Gly™, Val®® L Gly®*® wihGwppywjhh dGwgnpnttph: Snuyg & wpyti, np nhitph
Yugnibnepyntap  hhdGwlwond wwwhnddnud £ Gly™- Val®® wihGwprpdwih
qnugh dhongny: Utp Ynnihg quwhwuwnyty t Gdwd tGpynt wihliwppywihl
dOwgnpnltph dwapnuejwb YELuinpnbGtph dhel hErwynpnipyntbp’ dwiwlw-
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Yhg Ywudwéd (Gywp 5.1.30): <wiwlwpgswiha thnpdh pbpwgpnd Gwé w-
dhGwppywihG dGwgnpnGbph dhol Gnwd htrwynpniginiip tnwwnwayntd ¢
5-7A° whpnypnid, hasp pniyl bt vwihu Gapwnnt, np §thynpnphbh dnGYne-
th @ LA wwpnypltpp Ghwbg htwn Yuwynid 66 hhdGwywond b hwzhy
GxxxG L GxxxV wihOwppywjhlt dGwgnnpnbtph hnfuwgntgnipjw:

Ywplnp t Gwl pwnwipnid Ghyndnpht U uwhuinwynigh L Gpwb 2pow-
wwuwnn $nudnhwpnlbtiph L junibuwntphh dnityniGtph dhol thnpuwgqntgnt-
pyntbp, npp hGwpwynp t wwpqb] nwnuGwuhptin uwhuwwynigh 2npg
Gdwéd dneynGEph pwpudwlb ophbwswihnipntGbspp, npnbg 20nphhy k|
Ywntih Yypth unwbw] uwhunwynig-pnudpnihwhn L uyhwnwynig-funjbiunt-
pht thnfuwqntignipjwl npwywlwl pwgwuwnpnipinibp:

5.2 Lhnunpnwy htinniy pynupbinbtip

Uwlbpbuwyha wipnpy dhwgnipinaGbph (nionyplbbn

b vnwppbpnipintt $nudpnhwhnbtph, dwytpbuwht wywhy dhwgnipynil-
Gbphg wwtipp, hbswtu ophbwy AwpwuwihG penibtph wnbpp, wiyhi-
uni pwunbtbpp, wiyhiunydnbwnnbtpp L niphtbpp hptitg  dnYyn Gkpned
wwnnibwynud GG shwyt deY woluwepwstuhl (hhnpndnp) 2npw, puly plb-
rwjhG gtuhyh nhwnjwhG fudph thnfuwptb gpned nhungynn funtdp:

Giu6iny Godwéd jnipwhwunynipntbhg” Ywptih t Gopwnpt), np wjuwhuh
Gniptph fuhuin opwihb (L ng Shwyb opuwyht) [PLényRLERNLY uwnhwgynn thnw-
pnw henniy pynuptinbtpnud ((wdtiughG thingnud) wewewgnn tpyztpunh Yw-
rnigwdpp L hwwnynipintabtipp wbunp t qquihnptt wwppbpyta pnudpnih-
whn-gntp hwiwywnpgtphg:

SwpptpnipyntGbtph hhdtwlwl wwwndwep, wdtbwt hwywiwywbne-
plwip, wbwnp t Ywjwiw opwlnud, np Bphybpunud (Ywd dhgbinid) wewybg
hhnpndnp dnibynuGbpp (Pnudnihwhnp dnibyntGbpp) thnfuwphGynid G0 wo-
hwditdwuwn wytih phs hhnpndnp dniyny bkpny, nph htinbwGpny |hgpwihl
Jwinnuywl L Juinbpjuwwiywb dgnnuywb nudtph hwywuwpwyenipynt-
Gp 26nynid £ hogniuin Juwlnnwywah:

Uté pyny wuwuwnwbptbp Ywh oyppdwéd ytipnhhjwy hwiwywpgtph ni-
untiGwuhpnipjwlp [121,122, 225-230]: Uuwhuh hwidwywngtpp oquwgnnpd-
ynud 60 npuwtu YEhuwpwlwywl pwnwapltph wwnpquagnyb dnnbiGep [228-
230], hgwtu Gwl dE§ Yhpwenipnth nokl pdynipjwl [231], Gwypwpnynt-
OGwpbpnpjw [232,233], wgnpnphihwjh [234] L wy| plwqwdwrOtpnud [235]):

Qpnud Gwuwphnuwih nnnbghpuny$wnp (LAU) L Gwwppnuih webunwnt-
ghiunt nbwinh (LAY) dnikYn bGphg pwnywgwé tpytpuntpp L gwén ynb-
gibuwnpwghwbtbph nbwpnud” dhgtitepp, pEplu, hGuinbGuhy nwunuiGwuppyb
GG vnwpptp hnpdbwyw dtpnnlbtinny [236-246), wyn pyntd Gwl hwiwywpg-
swyhG thnpdh oglnipjwip [240-246):
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Lywp 5.2.1 G1, G2 L N1 hwiwywngbph dtY dniynihl poyonn
Jwytipbup Ywiujwo dwiwlwyhg:
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Llwp §.2.2 G1, G2 L N1 hwdwywpgbph dhohwppnipintbwjhl htrwinpnipinibp
Yuiujwé dwiwbwyhg:
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{wiwywngswihb thnpdh dhengny nuunudGwuhpyt) 60 Shgbiwht (nuéniyp-
OEp ynbgbbwnpwghwOtph |wyh wnhpnypned [241-245): Ophbwy, 60 dnikynt)
LNU/onip dhgbjwiht hwiwywngp dnpbiwdnpybg b (Gnun 504 tnblnnnipjwdp)
Ppnwh b wuwwnwypgbtph Ynndhg [240,243], npnid dwOpwiwulb niunwd-
Gwuppyt| &G 9ph hwwnynipnibbbinp nwppbp fGYunpwunwnhy nwwnbpned,
hGswtiu Gwb pabwnyyty &G Shgb Eph hhibwywl hwunynipintbOtpp: UGY wy
whuwunwbpnud yepgyt) t 42 dnityny LU/ dhgbjwiht hwiwywpgp
[244], nphg htwnn hwqwpyyt; GO hwdwywnpgh hhibwlwh wwpwdtunptpp b
hwibtdwwnytb] hpwywb thnpdny unwgqwd indutbph hbuin: Ywb Gwb wp-
fuwwnwbpatn” Gyhpdwéd LU dnbntpuntphl [246-248):

Utp Ynnihg Yuunwpywé [249] wtuwnwbpnid dnjtynywiha nhGwdhyw-
Jh dtpnnny nwuntiGwuhpyt 66 LNU/ONL hwdwwpgnud weweowgnn LAU-h
tnyz2Gpwnknp:

{wiwyuwngswihG dhnpdp hpwywbwgyti ¢ NAMD L GROMACS §pwagpw-
Jh0 thwpkplbph dhongny: §12ULNU/150009nip Gplytpunh pGnhwbGnup thnpdh
wnbnnnipiniip Yuqat L dnun 13004:

Uwnwigyty GG Gpyztpunp dwybplinyphb day dniyniiht pnbyonn dwytptup,
Bply2tpunh hwuwnnigjwl, Bpyztpunh dwytpunyeh Ynzunnipjwb L dnitynyGtbph
nhdnighwih nhbwdhy ophGwswihnipnalbpp: <dwdbdwunnipinid § Yuwnwp-
gty hwdwlywpgswiht thnpdh L rEGLNGEGWG nhppwlghwih dtpnnny unwg-
wd wpmynibphtph dhol:

Oquwgnpétiny wwpptp nidwht nwawnbp® tptp thnpdbwywh hwiw-
Ywpgtiph (G1, G2 L N1) hwdwp Yuwnwnpyb] 60 nunuiGwuhpnipintbGtn dhask
1300y wbnnnipjwip: Bptip nGwpnid paunpybg £ Gnyb 512070 dnjbyn Gtnhg
pwnyuwgowé tiplztpunp opught dhewdwipnud: Urwehl tpynt thnpdtipp (G1 L
G2) Juunwpyty GG ogunwgnpétiny “Ghwgjwy” pnyph GROMACS épwgpw-
jhG thwpbpp hp GROMOS87 nidwihl nwawnny: Upwehl nbwpnid G1 hwiw-
Yuwpgp (512LNU/~15000 9pp dniyney) nuntiGwuhpyby § NPT wluwdpnud
dgnin 5004 wlnqnigjwdp, huly  Gpyprpn nbwpnid G2 hwdwywngp
(512UNUI~15000 9ph tnitynty) htrnwgnunyby t ~200Y NP, yT whuwdpynid,
npwntn dwytplinipwiht jwpqwéntpintap thnthntuyti § 50-200nhG/ud: Gppnpn,
nbwpentd N1 hwdwlwpgh (512L1U/~15000 oph dntyny) nunidGwuhpnt-
pnLlp Ywwnwpyt £ NAMD spwgpwihl thwpbph oginipjwip CHARMM27 ni-
dwjh( nwauwiny: _

Luwilu Gbpluywglbtp snptjwynpiwb dwipuwdwultpp, nphg hbwin Ywig-
GkGp BRuzbpup Ghwnwagpnn wwpwdbnptph hwagwpyht:

G1 L G2 hwiwlwpqgbp: Npwbu nudwihG nwwn Gqwé hwiwywpgbph
hwdwp ogunwgnpdyb b “Shwgyw” pbnyph GROMOS87 niduyhl nwawnp, huy
onh dnitYynyGEph hwdwp pGunpdby £ SPC [93,94] dnnbp: S6piwunnhswip
(T = 298K ) wwhwwiyb; t Ptiptanuklh [98] ptipdnunwunh oqlnipjwdp, huy
&Ganuip’ (10p0), hwiwwwunwuuwlwpwn, NwphOtn-Nwhdwbh [250] pw-
pnutnwwnh oghniejwdp: hihwlwl uwu.lbnh wwhwwodiwb hwdwp oquw-
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qnpéyt) t SHAKE [53] wignphpip: dwinbpywuwjuwb thnfjuwqnbgnipyntbbb-
np $hpuyt GG 204° Yupdwl wewynny, huy Yninbjwb thnfuwqnbgnipynil-
Gtph hwdwp oguwgnpéyt t MUEL [68] dnuntignuip: Unnbiwynpiwb G1 L G2
¢hnpdtpp Juunwpyt) G0 UNPUYLUUSEN hwiwlwpgswihG Ywuwntph oqlnt-
pjwdp’ oquhwgnnpébiny dhbsl 50 wpngbunp:
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“Lwin 5.2.3. G1(w), G2(p) L N1(g) hudwlwngtiph wypwppuwih
wwwnytpltpp dnnbwynnpdwb ytpenud:

N1 hwiwlywnq: Uu nbwpnd npubu nudughG nuizun dwewt | NAMD
thwptipnid welw “wipnnowywl” panyph CHARMM27 nidwihG nwauwnp, huy
onh dnityny GGph hwdwp oquhwgnpéyty t TIP3P [87] dnnbip: QEpIwunhsw-
Op ytpgyty t 7 = 298K L wwhwwiyb| Lwldlblh nhGwdhyuyh [99] dtipnany:
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hOswbu L Gwhunpn nbwpenud, 02nuwip pOnpdt) ¢ dnun 10R0 L wwhwwoytg
LwGdLta-whuwnnGh [112] dGennny: Yninlywl tnfuwqnbgnipntbOtph hw-
dwp oguwgnnoyt £ MUE [68] dnunbignuip, dhosntr quintpwwiuwb thn-
fuwqnbgnipyntblbnh hwdwnp Yupdw wewyhnp Ywaot b 124°: Npwbu ph-
dhwywl Ynpph wwhwwliwb nwlwy, wiu ntwpnid GnyGwbu plupdt) ¢
SHAKE [53] wignphpip: ®npdbpp Ywunwnpybp 50 UPUYLUUSEN hwdiwywp-
gh ypw’ ogqunwgnnétiny dhisl 30 wpngbunp:
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LUlwp 5.2.4. G2 L N1 hwiwlwnpgtph Ynunnipju
Ynpp Ywhuwé hErwynpnipjnilhg:

Npwtu hhibwlwo wwpwdknptp, npnbp ovnwgnpdyt| 54 hpwywa thnp-
dh wpnynibpbbph htwn hwdbtdwwnbint hwdwp, Ybpgyt, GG Gpytpinph dw-
yeplnypht deYy dntynyho pbYyonn dwybnpbup L hwdwlwpgnid dhehwppnt-
pINLOwhG hGrwynpnipinibp: NEGngEGwb nhdpwyghwih dEpnnny unwgwsé
wnyjwibbpp [228), hwuwnwuwinntd 5O w)b hwuwnp, np hbnniy pinipbinuywa Yp-
Awynd (Gpp UNU-h Ynlbgtlunpwghwb ~20-2342r.% t) UAU-h Bpyz6puntph
Jpw 0bY dniYnyhG pGYyann Shohl swybpbup Yuwqdnid £ 0.40606% {wiw-
YwpgswihG thnpdny Jtipp Gzqwsé bpbp ntwptph hwdwn tp hwaywpyyty t
Uqwé wwpwditwph thnthnjudwb phbwdhywb: Ljwp 5.2.1-ntd GEPYwywg-
Jwsé b G1, G2 L N1 hwiwywngtph hwiwnp deY dnieynitht pbybnn dwybnku-
OEph thnthnfunipiniop’ Ywiujwé hwiwlwpgswiht thnpdh nbinnnieynibhg:
LYwphg Gpunud ¢, np G1 hwiwywpgh hwiwp thnpdh Ybpgbwdwunid dh dn-
l&uniha pGyGnn dhohl dwytptbup hwywuwn ~0.217500%-h, npp uwyuwyl sh
hwdpGyemd hpwyw thnpdhg unwgywé nwih hbw:
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Uwytpunipwyht (wpywénipiniap bwayh webbint nbwpnud (G2 hwdw-
Ywpgh hwdwp) a6y dniBYynihG pbylnn Sheht dwybpbup wanmd t dhosh
0.308042, uwlwyl uw Gnylbwbu sh hwiwwwinwuwind pEOngLlWh nNhd-
pwyghwjh dtpnnny  unwgdwd  wpnnibphl:  Llwqwgnylt  hwdpGylnudp
gnpwogyt; bt “wdpnnowlw(” ponyph N1 hwiwywnpgbph nbwpnid, tpp 106y
¢hnpdh wpnynitopnud hwdwywpgp hwutnid £ hwywuwpwyzhe yhswyh, L Gy
dniBYn G paYyann Sheht dwhtpbup hwywuwpynd t 0.4000%, npp wohwdb-
dww wybh dnwn b hpwywl dhnpdh nuibsph htw: Unnwgynn wpdtipbtph
whhwiwwwwnwupawbnignilp, ptplu, ywiwliwynpywsé t G1 L G2 hwiw-
Ywpgbpp nbwpnud oguhwgnpéywd nidwiht nwwh “dhwgpwy” plnypny:
“Uhwgjwy” C - H udph oquiwgnpénidp, wiklw)t hwwlwywbnipjwadp, pb-
pnd t C-H qnuygh quintpuwwiywl wewynh thnppwugdwbp, npb hp
htppht wwwdwe t nweOnd deY dnityniht payonn Gwb dhoht dwybptup
thnppwgdwlp, wyuhbpt fOnhpp Yywwdwé t tnpdh dwiwbwy opwébh
wuwnniGtpp hwayh wetkint Yuwd hwdh swreGkint hbw:

Uhehwppnipintbwihl hrwdnpnipiwt (hwplwl Gpyztipuntnh dhol Gnwo
enwjhG 26puinh hwuwnnipynlbbbph gnidwpp) Ywjudwénipinibp dwdwbwyhg,
npp pEpdwd t 0Ywnp 5.2.2-m4, Gnyowtu yywynd £ wyt dwuhl, np G1 L G2
hwiwywngbph hwiwp wyu dednpjwl wpdtpp sh hwiwwwwnwufuwonid h-
pwywb ginpdhg unwgyws ndjuih htiwn: Lykap, np rEGngklpul nhppwy-
ghwjh dtpnnny [158,228] dhohwppntpintbwiht htrwynpnignip utnnwgyntd
[ hwywuwn 4 = 5.6 (4:

“Uipnnowywl” pGnyph bwiwywpgh nbwpemd hwiwywnpgswiha thnpdh
dhongny uwnwgywé dheohwppenipintGwyht htrwynpnipjwlb Jhoht wndbtipp
(~6.1400) pwywlwOht jwy hwiptyond t ppwlwl hnpdhg unwgywéd
wnydjwih heun:

Gnytpwh Ywenigwéph dwipwdwulbtph Ybpwptnuwy wytih hunwy
wwwnytpwgnud uqitine hwdwp® G4wnp 5.2.3-nud pbpdwé 60 G1, G2 L N1
hwiwlwnpgbpnud tpyEpuineph wytpwppwiht wwwnytnpbtpp hwdwywpgsw-
JhG thnpdh dbipenid, npnGgnid Gywanbth £ Gpytpuintph dwytplnypbbnhl
funpnnipnpnnieynLGGtph weuwynipgnuap: <wyinbh £, np dwybpunyph funpnnt-
pnpnnipintbp  GYwpwgnynud £ Gpw Ynauwnpywt $ncbyghwny, npb nuah
htwnlywy inbupp’

ER) =< (z(r)-z(r+ R))* > (5.2.1)

- -» -

npintin z(r) L z(r+R) bGpYpwnh wpuwphl Ywd O6pphlG Ytubph dw-
YepLnyplbph Ypw dwybpbuwihG wywhy dhwgnipjwa dnieYnyh plbruwghl
qtluhyh phpuwd wwnndlGtph YnpnhbwwnGbnt G0 z wewigpny: <wiwuww-
nwufuwlwpwnp, G2 L N1 hwiwywnpgtnh hwiwp hwdwlwngswht thnpdh
ogUnipjwdp hwaqwnyyt t Gplzbpunbph Ynaunnegywb nebyghwl, npp L Obp-
ujwgywé t Gywp §.2.4-nui: <wny t G26;, np nbuwywh hwwplibphg
UNU bpYytpinh dwybpbup ynauinipjwl $nibyghwt hwdwuwp t ~2.4 4°
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[251], GhGsntr hpwwb thnpdny wyb unwgynud | hwywuwp 2.7 4 ° - h [252):
Utp hwqwpyatpnud G2 L N1 hwidwywnpgbph bwiwp Ynawnnigwi pniby-
ghw unwgymd t, hwiwwwunwupuwlwpwp, &(R - ©) ~2.64° L ~2.54°:

hOswtu inbutmd Gop, wpmynbplbpp 2w (wy hwipbyond GG hpwywh
thnpdh wnnywbbph htwn:

20

15

10 |

Nwnhw) pufudwl pnilyghwb

0.5

0.0 { ] . 1 . L
0.2 0.4 06 0.8

Lsnwynpnipynilp, G4 w)
35 — T v T

25|

20

15 |

10

Awnhuy puwiudw Snlyghwut

Ganwnpmipynilp, GO p)

Llwp 5.2.5. G1 L G2 hwiwlwnpgtph bpYztpwtnh Ypw oph (w) L Na’ pnGGGph (p)
pwinhwy pw2iudwl $nibyghwbbpp:
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LU -h Bpztpuinh dwybplnyph ypw dngsyni bsph nhungiwl htunblwi-
pny wewowgnn hwlwhnbGtph (Na*) pwpuniip wwpgbint Gwwwnwyny’
hwaqwnyyt] b Gwl LAY -h dnieyni b6ph plbrwhl giluhybtph ~SO4” wlhn-
Guwijhb fudptiph 68dph wwnndbbiph 2nipe oph dnttyntbtph L Na* hnbGkph pw-
nhw| pwudwl $nibyghwl (Gywp 5.2.5); POswbu wnbiubnd Gop, G1 L G2
hwiwywpgbph hwiwp rwnhw) pw2iudwb $nibyghwbtph wpdtpltpp gnpo-
Owywbnd bwdpbyonud GG: Ujnwu Ynndhg, 6énidph wwndh 2nipe oph Gngb-
yni Gbph pw2tunidp GYwpwgprn Ynphg inbubnud Gop, np oph UntynGeph
wrwybiwagnylb phdp nhwnygnmd t 64dph wunnihg ~0.3860G4 htrwynpnipjwl
ypw (bywp 5.2.5 wy):

{wiwywnpgswiht thnpdny utnwgywé nwibtpp dnwn 60 Gwb w)) wpuw-
nwbptbpnd unnwgywd nywibbph htwn [242); Wu hwdwywpgbpnid Gnyb-
wbu nhuinyntd t GpyEpwnh dwytptuhb qunbynn 9oph wwpwbowuwnnud’ nidtin
wwywd oph, npbt hp wewybjwgnyl wpdtpht § hwubnd dwytpbuhg
0.38600 hGrwynpnipjwb ypw, pnyy Yuwywé oph’ 0.66700 htrwynpnipjwl
ypw L wybnihGwnl wquwn 9ph:

O6aph 2nipe hwwhpnbObph pw2iundp EpYuywgywd t 6hwnp 5.2.5 p -
nud: Uu nbwpnid Oniowbu G1 L G2 hwiwlywngbph dhobl shw twywh wnwp-
ptpnipinth, L Bpynt nbwpnud §p Na* hnGObph wewybjwgnyl wpdtplbpp
nhuinygnd O 66dph wunndlbphg, hwiwwwunwuluwbwpwn, 0.3-0.3304 L
0.6204 htrwynpnipinbOtiph Ypw: Mtwp ¢ Go6g, np Na* hnGGtph dnun 70%
qubynid t dnun 0.4-0.4500 hbrwynpnipjwb ypw, wyuhGpl, thwuwnnpkb, nhun-
ynud £ hwywhnOOtph Yniwnnwyned juwwywéd oph wrweoht 2tpunid:

05 —
—a—-G1
—@— G2
~A- N1
04} ./._—_-_.5.\. O Onpatwywh
" [ ]
~ >
| | a
03 | 4

02 - \ \. -
| O ;

Unndlnpn2dwl wwpuwiituinpp, -S

o A
ST A,
0.1} o\ .
o 8
00 1 — 1 " 1 " 1 A [ "
2 4 8 8 10 12
Udtuwéth hwdwpp

Llwp 5.2.6. G1, G2 L N1 hwiwywpgbph LAY dnitynt Gtph
woéluwepwsiwywh wngbph Yrndanpndwb wunhswip:
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Puptudwonipynilp

\/\./\
0

-180

180
¢, walymop
Llwp 5.2.7. G2
hwdwywpgh pnpuhnl
wolynbbBpp
pw2fujwénipynibp:

Nunibwuppyty b Gwb LAY dntyn OG-
ph wéuwgpwstwywt wnstph Ynndbnpny-
0wl wunhwlp (nbu pwh. 5.1.2-h), npp
GEpYuwywgywé t Gywp 5.2.6-n1d: LNyl GYw-
pnud hwdwlwpgswht thnpdny  unwgywid
nwiltph hewn Shwdwdwlwy GEplwjwg-
Jwsé GO Gwl hpwlwl thnpdhg unwgyuwéd
wnwybbpp [253]: Mwpq Gpumd £, np G1 L
G2 hwiwhwpgbpnid  wéuwepwdlhwywh
wnstnh YnndGnpndwl wunh8woh wpdtp-
GGpp qqwih hGent GG hpwlwG ¢hnpény
unwgywdé wndtipltphg, pwgh N1 hwdiw-
Yuwnahg, nph nwpntd hwdwywpgswiht L h-
pwywb ¢npdh nuwitbpp hphwlwh hw-
dpbyaned 60 Ghgjwbg hbwn: Yhunynud £ tghnpp
bnmud hpwywl  wpdtipbphg  wnskiph
¢, -Cy whpnypnud, npp, ptipbu, dnnbjw-
ynpiwl upuwih wpnynibp t:

Mnsbph wrwbdaha hwuwnywébbph
wwnnywnbtpny  wwpwbwynpdwsd YnGpnp-
dwghnb thnihnfunipntblbbpp wwpqupwbs-
it Owwuwwyny’ nuunudGwuppdly £ anGyne-
th pLtruwyhl gituhlhg dhOsl wngh éwnG po-
Ywé pninp pnpuhnl walyniGbbph pw2funudp:
Pwjudwl Ynpbpp® ¢ -06p0 &G (i =1...10),
hwdwpwywndp uumd t qiiuhyh O-hg
(¢, =0-C, -C, -C;): Bnpuhnl wayntGlb-
ph pwpiudwl Unpbpp  GEpYuywgywé GO
GYwp 5.2.7-nud: Unptph uhdGuphynenibp
wuwjdwlwynpywé £t hwiwywpgh™ hwywuw-
pwyzrywdé yhdwynid gunbytint hwoquiwa-
pny, tpp nhuinynud b wouwepwéslwiha wn-
s&phG pOnpnz ywppwghé: Thunyty &G Epun-
pGdnuittp +60° gauchex L 180° trans
ynapnpiwghwbbph ytGuwnbpnud, shwjwd wn-
Yw 60 thnpp gauche Gnnudtbp (Gwpuhdn-
dp 26nybl £ £5°): Uw Lu oGy waqud wuwjw-
gnignud t L dnitynyGGph wéluwenws-
OuyhG wngtiph ng wpquynpqwé dhswyp:
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Lluwip 5.2.8. tiyupnGuyhl junnepjub Ynptpp:




Npn2yty £ owbl Gpytpunud onitynyOtph wéuwepwétuwhG wnsbnph dwy-
ptph dhehl htrwynpnipynilp, npp G2 hwiwywngh ntwpentd unwgyt t hw-
Juuwn 12.8 4° -h, huy N1 hwiwwpgh ntwpnid” ~11.2 4 ° -h: {wikdwuwnt-
piwb hwdwn, wnstph éwyptph dhohlt hErwynpnipynibp ghwhwwnyb) b juwnnt-
pwha ynptiphg, wyn pynd’ hpwywb thnpdhg unwgywd wpdtplbph htn
[254]: ®npatwywh Gnwiwyny LIJ-h dnieymibEph wétuwopwotwywl wn-
s&ph dhohl hbrwynpnipjwl hwiwp unwgyty t /= 11.64° wpdbpp, npp (wy
hwdpGybnud t N1-h nbuwpnud hwdwlwpgswihG thnpdny unwgywsé wpnynil-
ph htwn: Wuwhuny, wéluwopwdbtwlywb wngtph YynGHnpdiwghnt hwwnynt-
pINLabtpp wytth &2anphwn GJwpwgpynid GG “wipnnewlw” paniyph nudwihl
nwywnh 4hpwrdwb nbwpntd:

<widwywngh tEywnpnbwght funnegnilp, npp swidynid t owl thnpdOw-
Ywl Gnwlwyny, hwdwnpynid t Gpytpunh pinipwgpuwywt wwpwdtuptphg
dtyp: Lywp 5.2.8-nd ppdwé GG LpYytpuninud LAU-h, oph, AMa™h L SO,°
gtiuhyh EiEYnPNOWhG fuinnugjwl Ynpbpp: Pninp atwptpnld £ Ghwwnbih ¢
hwiwywpgh uhdtunphy Yuwengwspp, tnwpptpnipinilp, ptplu, dhuylh wo-
fuwopwduyht wnstinh dnfuwnwnd nuuwydnpnepjw gk k:

G1 hwiwywpgtph fuwnnipjwa Ynptipp wwpptpynid &6 ginwu Ynpbphg w-
rwyt| ywe wpunwhwjnywsd whybpnd, npntp hwywbwpwp dwybptup™ 066
wywjihwnipny funpnntpnpnpintbbtph wpnynubp GG:

ElEYwpnGwihG fuunnepjwl Ynptinhg Yuntith § qGwhwinty Gwb qufuhlttph
dhol.  htrwynpnipnip:  <wiwwwwnwujuwowpwp, wit G1  hwdwywpgh
hwdwp unwgyt) t ~304, G2 nbwpnud’ 2.2504, huy “wdipnnowlywl” phnyph
N1 hwiwywpgh hwiwp unwgyt b ~200: Gpt panniakGp, nn LAU-h dnk-
ynip gunGynmid £ ippy dqquwé yhdwynud (all-trans conformation), www Ywfu-
Juwé dnynind wétuwepwélwyhG fudptph puhg (r) dnikynih Gpywpnt-
pIntOp GYwpwgpynid t hbunlyw| pwlwadbny’

1=(1.265n+3)A4° (5.2.2)

npubn 34° -6 LAU dnjtynyh pubrwht giiuhyh qdwihl swhb £: ULIU-h nbw-
pntd, Bpp 7 =12, dnjkynih GpywpnipntGp uunwgynid £/ = 1.9 6d: ROwywl t
GUpwnnbl, np dGp Ynndhg nuntdbwuhpynn hwdwlwnpgtipnud nhuynid G0 pb
pbpqwé L b hpwp Gk GEppwywlgnid wnstin, npp Gplned t 0wl wylpwp-
puyhl wwwnytnbphg (Whu Ghwp 5.2.3): Onpdlwlwi bnwlwynd wwpqyty
t, np bpYtpu/enip hwdwlwpgh shehwppnipintbuhG  htrwynpnieinilp,
Yufuqws 9ph Ynbghluinpuwghwihg, tnwunwlynud £ 2.80d dhask 1004:
Zwiwywnpgh dniGynyotph nhOwshy Jwppp nuunuitwuhpbine hwdwp
hwqwnyyt| 66 enh L LNV dnitlynyph nhdnighwih gnpéwyhgltinp: {we-
Jupyytiny (hwiwdwyl pwb 5.1.7-h) dhehl pwrwynuwyhl 2ennidp” uinwg-
Jbi 50 nhdnighwih gnpéwygh hbwnlywy wpetiplbpp’ D& =4-107 ud?y,
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D& =2.6-107 ud*y L hwiwwwwnwuuwbwpwn, onh dnitYntbph hwidwn
DS =2.5-107ud®y, Dyir =2.33-107° ud?/:

Onpdbwywl swlwwwnphny unwgywéd oph dntynybEph nhdniqhwih
gnpéwygh wpdtipp ~ 5-107° ud?y Ywngh t: Gewhwuwnyty t Gwl hwywhnbob-

nh nhdnighwih gnpéwyhgp (~ 5-107 ud?y): 2ph dniYny tkinh Ynndtnpnznt-
dp GphzGpunh dwytpbuh G4windwidp wwnqyby £ hwayting eph dnitynt Genh
nhyniotph® dwybptuh Gnpdwih GYwwniwdp Yuwqiwd walwhd Ynuhlniuh
hwzqwpyhg: <wiwlwpgswiht thnpdhg unnwgdnid £, np wyn walywb wndtp-
GEpp hhdGwywbnwd gunbGynid B0 ~ 30— 50° wnhpnypnud:

Wuwhuny, hwiwlwpgswihh tnpdhg wwnq t nuetndyd, np “wdpnnow-
Yuib” pGnyph nudwih( nwzuntpny wpywé hwiwlwnpgswyha thnnpdh wpnyntGp-
GGpp wyth dnun 60 hpwywb thnpdnd wpdwé wpyyntpbtpht: Ywulbwynpw-
wbu, “wipnnowywl” dnunnbgnidp pwdwywl hwenn GYwpwgpmd b wdtuwe-
pwélwihG wnsbph Juwppp, hbswbu Owl &gphin dnunwnynid £ Gptipunh
dwybpunipwiht tdpEYNGEPP: Npnawyh uluwh wwwndwep, pbplu, hwdw-
Yupgsuwyht thnpdh Yups dwiwlwyhb t, pbswbu Gwl nidwjhb nwanbph “pb-
nh” thGtp, npnlg htunwqw Yepwdwynidp L Yuwwnwpbiwgnpdniudp wbng t
pEnh hpwlwl wwwnytiph wytih 82gphin epwpuwnpdwon [249]:

Uwilinbuught urdpeniryd dhuwgnigint /i hobn fuwnGnipnuyha hwdwiwngbn

<wywnbh t, np wnihdtpteph welwyniginibp thnunpnw hennly pynupbn G-
pnid ptpnud £ hwdwywpgh hwinynienibGlph tndhnfunigjwbn: Wu Gpbnypp
66 hbuwppppnipintt £ GEpYuwywglnud, dwubwynpwwby, pdyniput L
Gwypwpryntbwpbpnipjwl pwquywrbbph hwdwn [255]: Ywiuwd wnihdk-
ph wnbuwyhg” wjb Ywpnn t (nedty Gpyzbpwnh hhnpndhp ud hhnpndnp dw-
ubpnud [256-262]: Uju fuwrGnipnbbpp pwqihgu nuunwiGwuhpyt 60 tkwwpptn
thnpdbwywl depnnitpny, ophlwy, ownhlwlwld Ywd tEYwnpnbwiht dhy-
pnuynwbtph dhongny [258,259,262] L rtninghwywl [263] dtpnnGtpny,
rtOwngblwlh nhdpwyghwh [258-260] L UUN [264] dtpnnObpny L wyl
[265,266]: dtpohh 2powilnud swywinil wuwwnwbpbtn G0 hpwywbwgynid
dwybpbuwyhl wyunnhy dhwgnipynib/ihgpwynpywd wnihdtp hwywdwpgbph
nwuntwuppnipjwt pGwqwywenid [266,267): Uwulwynpwwtu, UGunnGhb-
wnwih L hwiwhbnhbwybsph Ynndhg niuntdbwuhpydty t wnihwyphjwepniGtph
L wnihnhwihinhdbph, wanthnudh pinphnh (MUNUUR — polydiallyldimethyl
ammonium chloride — PDADMAC) wqntgnipjnitp UNU-h hwpp dhgtittph
(6nyztpwntbph) L dhypntdnyuhwlbph Ywehittph  hwuynieyntbbtinh  dpuw
[268,269]:

MU ULLNY hwiwywpgtph nwunudGwuhpnieinup dwipwdwuG Gbp-
Yuywgyws t Ynuingh wiuwinwGpbbnnud [236,258-262], npuntin nhunwnlyut
wnihtGYupnihnh (MUUUR) wqnbignipintGp LU Bpyztpuinbph Ypw: Ne-
unudbwuhpnipywb wpynlbpltpp gnyg &0 wdb, np (hgpwynpywd wniht-
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LleYwnpnihunp jnipnyh b wgnnud Bpyztpunh swywih dnthnfunipiwt Ypw: Uwu-
Gwynpwuwbu 2-3% MMUMWUL-h weluwmpjwl dwiwGwly thnpany nhunynd
b Bphztpu/enip hwiwywpgnid shohwppnipyntbwih htrwynpnupiwl shw-
dwiwbwy tpynt wndtip, npp wWiklw)t hwywlwywinpjwdp wwjdwlbwynp-
Jwsé t shwdwidwbwy Gpynt nwpptp jwobiwhG gingh gynepjwdp, npp hb-
tnwaquyntd Owb wwwgnigyty t dtp Ynnidhg [270] ppwywGwgyws hwiw-
Ywngguiyhb thnpdtiph wpnyntGpnd:

Ldwl juGnhpbbph nbwpmd bwpnbh t, np dnbynuywihb nhbwdhywih G-
pNNQ wrwwnynid t pninpnyhl 0np dnwnbgnid” tnwiny hGwpwynpripintG w-
y&ih dwOpwypyhuin niunudbuwuhpty hwiwywnpgh dniGynijwiht Ywenigywspep
L Opwanid pbpwgnn wpngbubbpp:

POswbu wpntio GG GOp, dwybplnipught winhy GneUUL)/entp hw-
dwlywnpqgtiph hwdwp (htnny pinpbnuwo b dhgbiwhG gy bpnud) dnibyne-
(wihb nhGwdhywsh depnnny Yuwwnwnyws 56 pwgiwphy nunidGwuhpnipyniG-
Ot [245,248,249,271), dhGsgntn UUL-Gph pwpn fuwrGnipnughl hwidwywp-
qtinp (wy nuntdbwuhpywé s60: <wpy t G26) Shwyl [272] wztuwnwbep, np-
wnbn dniGYntiuwgh0 nhbwidhywih L Unbunk Yweinh dbprnbtpny nwuntdGwuhp-
gty G0 MIUNUUR-h YnGPnpdwghnl hwuinynipinibltinp opwihl (nuényplt-
pnid:

Utp Ynndhg thnpd t wpdby nundGwuhpty thgewydnpywé  wnihdtph
(npwlwb (hgpwdnpdwéd MUINIUR) wgnbgnipiniip LU/MGYwGn/onp hw-
dwywpgbph dpw: Uunnpl GepYuywglbiGp hwiwlwpgswiht thnpdh npnp
dwlpwdwubbp: 512LAW/MGLHWaN/enp (1.18:1 — onip:LAUNEYWON] hwpw-
ptpntpjwdp) Gpyztipwh Gpyne Yeubipnud Gepnpgtg £ 30 dnGndbp (2.6% wnih-
dEpwyht ynbghbwpwghw) wwpnilbwynn MUIJUR dnitynyp: ®npéh obip-
dwuwnh8wlp (7 = 298K ) wywhwwyb) t lwodlblt nhhwdhluyh [99] dEpnnh
oqUnipjwip, huy 02mop (19p0.) wwhwwiyt) LwldLbs-wyhuwnnGh [112] d6-
pnany: Ynynbwl thnfuwgnbgnipinitGobph hwdwp oquwgnpdyty t MUL Gk-
pnnp [68], huy Juinbpywuwiywl thnfjuwqnbgnipntbbbpp Yunpyby 60 124°
wnwynny: hdpwywl Ywwbpp $hpuyty 6G° ogunwgnnstiny SHAKE [53]
wignphpdp, huy npwtu oph dnibynyh dnnby pbupybg t TIP3P [87] dnnbip:
Unun 1000 puy tGEpghwih shohdhqugniushg heuinn (UpniinnG — Nwdunbh dk-
pnnny) hwiwywpgp dnnbiwynpyty t 506Y° NPT wluwdpinid: Npwtu 6pwg-
pwiht  dwptp oquwgnpdyty ¢t NAMD-p hp  “wdpnnowwl”  pOnyph
CHARMM27 nidwiht nuiwny: UztGp Gwb, np thnpdtpp Yuuwnwnpyby GO
UPUyLUUSEN hwdwlwpgh ypw' ogunwgnpdbiny shagl 40 wpngbunp:

<wywpyyt; 66 hwdwlywpgp pontpwgpnn hhdbwywo wwpwdtnpbpp,
npnOghg’ 0bY dniyniha pGYyGnn dwytptup b dhehwnenpnbwhG hrwyn-
prpinLlp hwitiwwnyt; 66 thnpdbwywh ndjwiGsnh htin [236,265]:
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Ljwp 5.2.9. ULY dntiynehl poYyann shohl dwybpbup ywiuwéd dwiwGwyhg
MAUNUL-h wejwmpjwl L pwgwlwynipjw nbwpnid;
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Ljwn 5.2.10. Uhghwppnigjntbuwshl hrwynpnipniip Yuwiujwdéd dwdwbwyhg
MAIUNUUR-h wryuwynigjuwl L pwgwwinipjul ntwpntl:
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Lluwp 5.2.11. GpYytpuinh Gpyn Yeubpnid 66tph wuinndbtph dhol hirwynpnienip
Yuwujwé dwiwlbwyhg MMUIJUL-h welwjnipjwd L pwgwlwnipjwl nbujpnid:

Llwp 5.2.9-nd Gbpyuwywgywéd GG Bpyrbpunnud 06Y dnjyniho pOyann
dhoht dwytpbup® Ywpuwé thnpdh wnlinnnienibhg: baswbu wnbubnud Gop,
MIUINUUR-h weywnipjwb nbwpntd Uty dnitynihe pGYyann dhoht dwytpb-
up nwinwOynid b 0.27406% dhosk 0.28800% thnpdh wywpunhG hwubbiny
0.28108% wpdtipht: MnihtiYunpnihinh pugwywnipiub nkwpentd LAU/NN
hwdwywpgtpniy, hOswbu hwyuinbh t, 06Y dntynyhs pGYyonn dhohlt dwytpt-
up nhunyby t Bnwn 0.4001% [158,228):

®npdh dtpenty, htirwglbing MIUAWUR-h dnitYnip Bnpyztpwnhg L thnp-
ap 2wpnibwybiny Lu 10GY, gnyg bt wpdt), np tpytipunh dwytplnyph day
dniynih pubrwihG qiuhyhG pOYyonn Ghohl dwytpbup Guqnud £ Ghogl
0.27600% UYGhwyun t, np Bplztpinh Ypw quabynn wnihdtipp, thnfuwgntiing
UIU dnityniGeph plbrwiha giluhybbph hbwn, pepnud £ Aty dnibynihG poy-
Gnn dhohG dwytptiuh wahh: <wenpn wwpwabnpp, npg hbwpwynp t swdb
Owl $hghywywl thnpdny® Gpytipun/onip hwiwlwpgh dhohwpenipintGwhl
htrwynpnipintGl t, nph* hwiwywpgswihG thnpdh oglnipjwdp unnwgyws Yn-
pbpp wwuwnytpgwé 60 GYwp 5.2.10-n1d:
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Llwp 5.2.12. LAU dnkYnLGGph qifuhyatph 2nupe hwlwhnbbbph (w) b
oph dniGynt GEph (p) rwnhwy pwiudwO Hnbyghwa MU UR-h
welwnipjwi L pwgwuwnipjwl nbwpnid:
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<wiwywpgh shohwppnipintbwiht htrwynpnipnitbp MIUAUUR-h wryw-
npjwl nbwpentd thndhnfuynid £ 8.1+8.6 Gl whpnypnud™ dnpdh Jbpentd
hwutbiny 8.3500 wpdtphl: Gpytpunh dwytiptiuhg wnihdtpp hrwglbint
nbwpntd Gywunynid t wpdtiph Yunpnuy wqned dhagl 7.708, nphg htun Gn-
phg Yupniy wé dhogk 8.2104: Onpp wynibbbph wwy rbGngbljwl nhd-
pwyghwih depnnny wwnqyb; &, np LAY/EJwUn/enp (1:1.18 Ynbgblwnpw-
ghnb hwpwptpnigjwip) hwdwywngh dhehwppnipintbwiht htrwynpnipinbp
Ywaquinid £ 604, huy 848 wndtpp unwgynid § dhuyl oph pwndp Ynbgblunpw-
ghwbtnh nbwpentd [265]: <Guwpnphp t Gwl, np MUAUJUL-h GEpJwinip)nt-
Gp pbpnud £ dhohwpenipintbwht htrwynpnipjwh Gpynt tnwppbn wndtiplt-
nh* thpywé (swollen) — 604 L sthpywd (non-swollen) — 4G4:

T T T T T v | Y
v —— MAUNUUL-h wrlwjnipjwdp
OF MAUNUUR-h pwgwlwjnLpjwip]

1.8 f .
1.6- 1 | -
14 | |
12}

1.0 Bo

AtYwanih 26punh hwunnigyndbp, 66

0.6 . 1 N 1 " 1 " 1 A
0 10 20 30 40 50

Unntiwynpdwa thnpdh tnnnnipjnilp, 04

Liwn 5.2.13. MGJwbnih 26pnh hwunniegnitp Yuiujwé dwiwbwyhg
MAUNUUL-h weywjnipjwl b pugwlwnipjwl nbwpntd:

MAUNUUR-h weywnipjwl ntiwpntd tpytpunh hwuwinnieynbp qlwhw-
wnbnt hwdwp' O4wp 5.2.11-md pepdwé t Opw Bpynt ytiutpnud qunbynn
LVNU-h dnibyniittph plbrwhb quhybtiph ¢édph wwnibtph dhol herwyn-
pnipyntbp: Lwphg Gpunud £, np Bpytipuinh hwuwnnipntp twwnwOyned t
3.6-4.300 uwhdiwGobpnLy, huy thnpdh Yapentd wjt hwywuwnyned ¢ 3.8504-h,
huy Bpy2tpwp htin Ywwdws 9ph 2tpwnh hwuwnnipntlp Yuqunud £ 4.500:
Wuwhuny,
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Llwp 5.2.14. Mnsbpha gmquhte puuwdnpywé ntwbngh ongyn Geph uinynuwht
pwlwyp (w) L GpyzEpwnh Gnpdwih GYwndwdp nblwinih Yuqiwd walymbp (p)
Yuiujwéd dnnbjwynpiwl dwiwbwyhg MU UR-h wrlw)nipjwl ntwpntd:

172



BplzGpunnud wnihdtph pwgwywynipinuip pbipnud ¢ Gpuw hwuwnnipjwl wah
0hGsl 4.05G8-h: GpYztipwh hwuwnnipiwt wah plnyep wwydwliwynpywsé t,
hwywlwpwn, wl pwny, np LAY dnikynyGkph gifuhyttipp |pwglnid GG
MWUWUL-h pwgwywiniguwidp Gplztpnh dwyeptuh wnwowgnwd nuw-
nwpynipintGp: Ujntu Ynndhg whwnp t G26(, np LU bplztpunh duybplinypp
funpntpopn £, L MUIUUR-h welwnipjwl nbwpntd wnihdbpht hwpnn dw-
ubpnud nhunygnid £ Bpyzpunh 8higl 2.268 hwuwnnipnia, wyuhlpl™ wyb dwub-
pnud, npuntn wnbnwluyywé t MUAJUL-h dnibynyp, Ghwunynid t 26punnud
hwinhwwywg LI dnEYniGbph wéluwePwébuhG wnskph' dwuwdp hpwp
4G9 GEppwhwhgnLy:

0.12

010 o,

0.08

0.06

luwnnepinuln, A%

0.04

0.02

0.00

Z - wewgp

Llwp 5.2.15. <wiwuwpgh uunnipyw( z wewGgph ninnnipjwdp
MWW UR-h weYuwynipjwh nbwpnid:

Npwbuqh qwhwwnblp hwiwlwpgh opuyhG Swuntd hwywhnbGtph pw;-
junudp, hwaquinyyby t LU dniynylGtiph gifuhybbiph 2ning hwlwhnbGph
rwnhw| pw2funtip, b hwiwdw)t rwnhwi pwiudwl pndlyghwih (NRD) Yn-
nGph (GYwp 5.2.12w), nhunynid t dhuyb dEY dwpuhdnid, dnptynih giiluhyhg
0.404 htrwynpnipjwl Ypw, b hwlwhnblbph dnuin 75% wnbnuyuwyywé t hkag
wjn hwwndwénd, wyuhtpl® hGswbu b Gwpunpn fubnpnul, weyw t hwlywhnb-
GGph yntwinwynud Bpyz6pinh dwytpbuht wikGhg dnuin qunGynn L Gpw htin w-
rwyti mdtn thnfjuwqnnn oph wrewehl Gpwnnuld: MUINUUR-h pwgwlwjni-
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pJwl ntwpnid dwpuhdnidp nhuinygnid £ gifuhyhg 0.3G4 hinwynpnipjwl Ypw L
wpntl hwywhnabbph dnwn 80%-0 £ Yninwyynud oph htlbg wyn wewehl 6n-
wnnwd: Lywn 5.2.12 p-mid OGplhuwjwgydwsd £ LU dniynuyGeph gituhUh 2nipg
onh dnGynylbph rwnhwi pwpfunuip: QGpudhiuhg wwnpq tplnud £, np
MAIUNUUL-h weywjnipjwb nbkwpnid oph dnitYyni Geph Swpuhdnidp gunGynid
t pltrwihb qfuhyhg ~0.5040 htrwdnpnipwla Ypw, huy MIUINUURLR-h pwgw-
YujnipjwO nbwpntd wyb cdwqntd t dhagh 0.204:

QUwhwuwntlp Owb GpyzGpunh Gepund nGlwingh 2Gpuinh hwuwnnenubp:
Lywpn 5.2.13-nid wwwnytpdwd t nblwinh tpunh dhoht hwuwnnipynilp’
Yuwpdwé hwiwwngswiht thnpdh wbnnnigintbhg: LYwphg Gpund t, np
MNAUNJUR-h welwynipjwlb ntwpnid ntlwaanih 2t6npwnp thnpdh dwdwbwyhg
Juwiuqwé 1.804-hg helnud £ 1.2046: UhGsntr Gpytpuinhg wnihdbph hbrwgnt-
dp (dhnpdp uyubintg 1004 htiwinn) phpnud t nbwbnih 26punnh hwuwnnupywb
thnppwgdwlp dhogk 1.0500: WikGw)o hwywbGwywanipjwdp, ntwinih 2tip-
wnh hwuwnnpjwt Gwanudp wwydwbawynpywsé t nelwanih dnibynybbpp yb-
pwnwuwynpnipjwdp, Gpp uygpnd hnphgnOwlwt nwuwynpywd ntywanih
dni&YynL GEpp thnpdh pbpwgpntd ninnnpndned 5G° tnbnwidnpybinyd LAU-h dn-
(&Yn GEph wpwbpnid, hGosp L pepnud | nbYwinih 26puh hwuwnnpywt 0ywg-
dwGp: ®npdh ybpenid, MMUNUUL-h weuwynipjwl nbwpnud, nlwlngh dnik-
yntGbpp dnwn 60%-p (GYwp 5.2.14w) Ybpwnwuwydnpynid t LU dnEYyny Ot-
nh wéluwepwdtwiht wnsEpht gniquhte: LkGp Gwk, np wnsbpht qnuquihte
Ynndbnpnqwé ntElwanih dntynbtph prywéth wwnndlbpp hhdGwywonid
ninnynud 56 nbwh LAY dnibynGeph pltirwihG qiluhyttpp, dhasnte nblw-
Gnip dniGynih wstuwepwdtwlwb fudptpp qunOyntd &G hhnpndpnp Swyw-
(ned:

2wyt b wl nEYwlnh dniynyh™ LAIU-h 26punh dwybptuh Gnpdwih
OYwwniwdp uqdjwd waymbp, npp hwdwdwyt 5.2.14p-h GYwph nwwnwi-
ynud £ 30° —15° uwhdwbGEpnud: bOoswbu Gplnud £ unwgywéd wnyjwtbphg,
hwiwywpghg MMUAWUL-h htrwgnuihg htwnn htnwquw 1004 thnpdh pb-
pwgpntd wtnh £ nbtonud LAU-h dnEYnO6phG gniquihtie nwuwynpywd
ntlwonh dntynyotph pdyp ws, nph htwnlwlbpny nbywonih dhask 67%-np
wnbnwhnfuynud t 2tpuinh dkg, L hwiwwwunwupuwbwpwn, thnppwantd t 26p-
wnh dwytpbnyph Onpdwih Ywwndwdp nblwanh dnbynybbph uqiwsd
wbyniOp:

Alwonih 2tpunh L LAU-h Bphztpuntiph hwuwnnupjwt Ynpbphg qUwhwiin-
Y& t Gwbl 26punnud LU dnibyniGBph dwiptph dhol bnwé htrwynpnipiniGp:
NYUNJIUL-h GEpYwynpjwl L puwgwuynipjwl nbwypnid LIU-h dniYnL GEph
owjptiph dhol tnwdé htrwynpnipintbp Ywqiby £, hwiwwwwnwuuwbwpwn,
1.3504 L 1.50G6: UhGsntr huynGh t, np hwdwdwo pwlwdl 5.2.2-h |phy
dqwd Jh&wynd LAU-h dnityneh Gplwpniegnibp Ywqdnd £ ~1.904, ntuwnh
wiu wwpwaguwynd, Bpyne nbwpbpnud b nbkop nblwbngh dnitiynGbph
onindwé L sjwpguynpywsd wétuwenwslwihla wnskp:
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Llwp 5.2.16. Unwbaht pwnwnphsbbph uuinnipjwl Ynptpp
MNAUNUUL-h weluwnipjwl nbwpntd:
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AYwanth dniEYnyGbph wnstph Ynndbnpnanidp wwpqbine Gwwwnwyny
swhdbl t Gnpdwih 0Ywwndwdp wéluwenwdluyht wnstph Ynndlnpndwb
Scp wunhswip b wwnayt t, np wib pbyws £ C, = 0.345 dhasu C,, =0.29
wnhpnypnid: Unnwgywd wpdtipbtpp dnun Gpyne Ywpgny pwpdp 60 ntlwtnih
pwgwywnipjwip LW/onip Gpytpuintpnud LNU-h dnikynibbph wéluwe-
pwébwywb wnstph upgwynpywénipjwl hbuin: Usluwepwélwlwb wnstph
ynnibnpndwlb wuwnnhdwbh Ynptiphg tplnud £, np ¢, -Cy, wéhuwslh w-
wnilbtph whpnypnud Ynndanpndwl wunhdwlp dond t dnunnwynpwwbu
hwuwnwuwnnib (plateau), nphg htitnn Swipwiwuwh C,-pn wuinndh hwdwp

Gywunynid £ ynndonpnqwdnipjub pplwyh Gwqmud: Bwynp, S, -h ybpw-

pEpjwy $hqhywywl thnpdh inwibtph pwgwywinipjwt wwwsweny hOw-
pwynp sk unneglp hwdwywpgswihG thnpdny unwgywé wpnyniapltipp:

huinntpjwl Ynpbpp (GYwp 5.2.15) gnyg 60 tnwihu, np MUAUUR-h wryw-
Jnpwlb nbwpnd wewybjwgnyb wpdtpltpp nhundnud 50 LAU-h giluhy-wng
pwdwOiwl vwhdiwGh Ypw, huy jwquanylt wpdbplbpp, hwiwwwunwu-
fuwbwpwn, Gpuyztpuinh hhnpndne dwywinud, npuntin nuwuwynpywéd 6o nblYw-
Gnih dnGyni bbpp:

v L v ) v T

v Y v
— MUNUULR U

----- MIUWUR R

Pintpwgpuwi C hwpwptpnipinlp

Unntjwynpdwh thnpdh nnbinnnipnibp, Gy

Llwp 5.2.17. GpYytpuinh vnwppbp Ysubpnud gunbynng MUAUUR U L
MNUIWUR £ wnihtibYwnpnihinbbph pintpwgpwywt C, hwpwptpnipynp’
Juiuwé thnpdh dwiwbGwyhg:
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Llwp 5.2.16w -nid wwuwnltingws MUIUUR L LW dnibynyGeph 666ph
wuwnndltph fuunniub gpwdphylbphg tplund t, np MAIUNUL-h dnitynyp
hhdlGwlwbnid wnbnwdnpyws t LAY Bpybpnh dwytpbuh Ypw, Ghbsntr pin-
ph hwywhnOGEpp gunbynid 606 wqwn 9ph 2Epwinud (GY4wn 5.2.16p):

Ulwip 5.2.18 MMUNUJUR U "qlnwdl” YynGpnpswghuwl
Gpyztpwh dwytiplinyeh Ypw:

Apw hbwn deyuintn, pinph wewytiwagniyl wpdtipbbph 2powlwypntd Gwun-
nphnuih pwbudwl Ynpbipp vwihu G0 0wl pwipwihs whytn: <Gunlwpwp, Yw-
nth t Ghpwnpti, np wewowOnd 60, wuwtu Ynggwd, tikYunnwunwwnhy
“Yudnipebbp” Gwuwnphnuwh L pinph wwnndbbph Shol, wyjuhlpl’ pwgwuwlywl
thgpwynpywd pinph wwnndGtpp “praynid G0” npuwywl |hgpwynpywé Gwn-
nhnudh wunndbtpny, npnGg dkdwdwulnipnbp gunlGynid b Bplyztpunnh dwyt-
nphuwgh( w\h wnrwohl 2tipunnud: Swinwdwuwiht C,, wunndh funnipiwb gpw-

$hyhg Yuptih t ghwhwuinty nbywongh 2Epunh hwuwnnigynilp, npp hwywuwp
b 1.300 L hwdpGyomd t Owhunpn hwqwpylbph wprynibpbtph  hbwn:
NIUWUL-h pwgwuwynipjwl nbwypnid dwipwiwuwiht wétuwdth wunndlt-
ph funnipjub ggwéplbph (whytph) dhol tnwd htrwynpnipinibp hwyw-
uwp t 1.108-h, hGgp Gpunud £ GYwp 5.2.13-hg: MUIUUL-h pwgwlwinipjwl
nEwpntd funngywb Ynptpp npwywubu hwiwpw Gnyb 66, stuywéd bhnpn-
Inp Swywinud nhunynud £ thnpp 2ennd” hwibdwwnwé GYwnp 5.2.15-h htwn:
Lwuwnphnwih hwwhnOGepp pinph wunndbbph pwgwuynigiui  nbiwpnud
2wndynid GO nbwh wqwuwn 9ph hwuinywé, huy nelwbnih unnipjwt wewyt-
|qutjﬁ:wndbpﬁbnn hununtd GG wyl hwuwnh SwuhG, np nEwGnh dnibyney OG-
np 26puind hhdGwywand gunbynd 60 hnphgnOwywl nhppnid, dhGgnte n-
pn? zwg'mq nhunynd £ Gwl Gpwag” LU dngynyGbph wéuwepwotwyuwl
wnsGphb qniqwhtie YnndlGnpnzned:

Wdd dwipwdwult nunubwuhpbp wnihtieywnpnihnh dngGynih nhbw-
dhy quppp® swihbiny wnihtieyunpnihnh pinipwgpuywl - hwpwptpni-
pintip’ hitpghwh wewyhnp, hoswbu Gwl wnihbityupnihinh dnGynyp
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oswphg Swyp’ htrwynpnigintlp” hwdwlwpgswihG thnpdh mhnqmbjm&hg
Ywjuywé:
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Llwp 5.2.19 Bplzbpuinh tnwppbp Yutpnid quaynn MOUWUL U L MMUNUUR P
wniht GYupnhunGbph hatipghugh wewdpnp’ Ywiudwé dnnbjwynpiwl dwiwaw-
Uhg:

ROmpwagpwyw C, dénpnop hwinhuwlmd £ wnthdbph nhGwdhy
Jwppwghép OGywpwgpnn hpitwywd wwpwdtinptiphg deyp [273] L nbp
htuwnlywy nnbupp *
<r’>
— 523

e (5.2.3)
npwntn 7 -p LA-h dniynuh 6wiphg nbiwh uyhqe ninnywé Yeywnpl t, 7-p
npwintd  dnGndbpwiht fudptph phylb &, huy /-p° npwlg Bpjwpnipnibp:
Loblp, np wqwuwn-hwiwygywé npwltnh hwiwp 7 -h juiwjwywha wpdtip-
Gbph nbwpnid C, hwpwptipngntbp hwywuwn t 1-h, huy wdtih pwpdp

yuwngbp (<r*>,,<r®>,, L wyl) nhnwpybihu  hwiwywnwuuwl

C, =

(<r*>, /n** L wyl) weGsnpnlbGtipp, h twpptpnignt C, -h, Yuujws

GG n-hg L n-h waLINLl qnigplpwg dgunud GO wuhdwwnnunhy wpdtpbbnh:

Ljwp 5.2.17-nd Obpyuwywgywé £ pOnipuwgpuywt C, dbonpjwl Yuiuyw-

6nignLp thnpdh dwiwbwyhg: L{wphg tiplunud £, np Bpytpunh dwytiptuh
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wryw 50 Gpynt twpptp YnGdnpdwghwbbpny wnihdbpotp: Gplztipinh dw-
Ytptuht nbnwyuwyyws U YnGdnpiwghwih wnihdtph ponipwgpuywt C,
dtonLpjwl wndtplbpp uyuwd 504-hg Guwqnd GG, L MU UL-h dnjeynp
(U yn0dnpdwghwyh) nwretnd t wdtih gydwé (Gud Yoyyws): dnpdh ytpened
(5004) U yntpnpdwghuwyh MIUNJUL-h dnitynyGeph swipwdwuwihb fudpt-
pp dyymd 6O L pOnmGnud qinh 8L (OGYwp 5.2.18): b wwpptpnipinil
NIUWUL U-h, MIUNJUR R wnihtiGyupnihinh ynGdnpiwghnG pbnipwg-
ptpp hwiwpw 60 thnfudmd: PGwlwl t BOopwnpbl, np P wbuwyh
NAUNUUR-h dnitYyntip tpttipuinh dwybpbuhl prOoynud t h hwphy LU dnit-
ynih giiupyp pwgwuwlywo hgpwynpjwd d6dph L MIUNUURL-h npulwl
thgpwynpywéd wgnunh wunndlbph thele nidtn thnfuwqnbignipjwb: YnGdnp-
dwghwjh wnbuwGynihg twywb tnwnpptpnintt Gplnud £ 0wl tYwn 5.2.16w
-nd OEpYwjwgdwd gpwdphiyhg, npuntn hutnwy Gpunid £ Gpytpunh twpptp
dwutpnud nbnwywjywd wnihdbptbnh ququpeltph wpdbpttph L (wjbnyp-
GGph twppbinpnipynLlp:

Uwypninitynyaeph hotpghwih (s) 2wewdhnp Gnyowtu Ywpbih t hwiwnty
Gpw YnGdnpdwghw panipwgpnn dbéneINLG, nph pwewyniuht npnaynud §
heuinlywy duny’

2=(n+1)" Z":sf (5.2.4)
0
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Llwp 5.2.20 Bpltipunh niwpptp Yeubipnud gunbynn NUWUR U L
MAUNJUL R dnityniGtph wgnnh wwnndtiph L hwdwywpgh
Swlpnipywl YEGuinpnlh dhel tnwé htrwynpnipynibp:
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npwntin s;-p i -pn wunndp L dngeynih Swopnpjwl Yeohuinpnoh dhol Bnwé hb-
rwynpnipintbb t, huy »-p° dnbndbpltph phyp: Lywp 5.2.19-n1d Wwwnytip-
Jwé t hobpghwih 2wewypnp’ Ywhujwéd dhnffdh inbnqnipnibhg: boswbu L
Gwiunpn wwpwdbuph nbwentd, hbtpghujh wewyhnp Gnybwbu gnyg £
wwihu, np weyw b twywb wwppbpnipntl Bpytpnh Gpyne Youbpnud wnt-
nwyuwyqwé wnihtiyupnihinbtiph dhol:

Enpytpunh dk9 wnihtiGUunpnihinh dnUnt GGph pOYnUidwih wuwhswbp L
Gpytpuinh dwybptuh Gnpdwih (z wewGgph) GYwwiwdp dwypnantynth
ynGpnpdwghwih thnthnfunipntbbbpp qhwhwwnbint hwdwp® hwwpyyb)
hwiwywpgh dwopnipwld YeGupnGh L MMUIUUR-h dnjtynith wqnunh w-
wnndbbph dhole htrwynpnignibp (GQYwp 5.2.20-nud): U inbuwyh MIUINJUL-h
dniEynth wgnunh wwnndGeph L dwypndntynth Swopnipywl Yehuinpnbh dhel
z wrwlgpny htrwynpnipintGbbph wewybjwgnit L 0jwquagnty wpdtplb-
nh viwpptpmegntbp ywqdnd § 7, =2 06, hosp Gawbwynid £, np MUNUUR
U dntynyp dwuwdp pOynddwé t GpuyzGpuinh dke, dhiasntin MUNUUR R-h
nbwpnud wpdtptbph twppbpnuegniap Ywqdnd | pbnwdtap 7, =104, wju-
Ghpl™ MAUNUUR R dnibYyntp wntnwluwyywsé £ LI Bpytpuinh dwybplnyph
Ypuw:

55 — r . .
T e C‘;nm Q 1
— Cbpin U ]
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Llwip 5§.2.21 Uwltipunipuht Ynaunnipyul $ntGlighwh Ynpbpp hwwpyywé tpyne
wnwnptp 26puintph hwdwp MUAUJUR-h weywynipjwl L pwgwlwmpjwi nGwpned:
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L 5.2.22. <wiwywpgh wylpwppwihl wwwnytpltph MU UR-h
weYwynipjwl (w) U pugwywinipjwl (p) nbwpneu:
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Uniu wwpwdbwnpp, npp pbnipwgpmd £ Bpytpinh dwybplnyep, dw-
Yepunipwihb Yynainnigjwb pnbyghw b (pwl. 5.2.1): L{wP 5.2.21-nLd Ywun-
ybpywé GO dwytipunipuyht Ynaunnigjwlb pnibyghugh Ynptipp MU UL-h
wrYwnpiwi b pwgwlwinipiwb nbwpnid: L2kGR np, MNUNUUR U dnitynyp
wnbnwlwqwsé t Shpun U-h ypw, L hwiwwwwnwuuwlwpwn, MMUNUJUL L-0
Cbpun P-h Jpw: <wpqwnlltpp gniyg G0 wthwihu, np Shpunn B-h hwdwp Yyny-
wnnpjwb pnbyghwb hwulnid £ E(R — ©) = 2.74° wpdtphl, huy Ctpun U-h
nGwpentd unnwgyntd £ dnun ~ 44°:

MNIUNUURL-h wlhowwnnudp tphztpuinhg popnud t GpYytpunnh dwiybptiuh
ynawnpjw pniGyghwih ~ 3.24° wpdtiphG: Ywpbih ¢ Gopwnpbl, np Ynaunnt-
pintip wwjdwlwynpywé t wynihktyunpnihunh wewinipjwip, npp Gwb wyi-
hwjuin Gplnid ¢ hwdwywnpgh wylpwppwht wywwytpbphg (bQwp 5.2.22):
Spqwé wylpwnpwiht wwwnybptbphg tpknud 60 Gwlk wnstph® dwuwdp p-
npwp 0t Gbppwihwgtip, ntYwanih L oph dntYnL Geph YnndGnpnanudp:

Llwp 5.2.23 LI/onip thgbwht hwiwlwpgp-wEbinwbng/uingnkl (nuenypnud
NAUWUL-h wrlwjnipjwl ntwpmu:
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UdthnihGiny®™ GpkGp, np dbp Ynnihg wewohl wiqwd hwdwywngswhl
thnpdh  oqUnipjuidp  wwuwgnigdty L, np LAU/enip  hwdwlwpgbpnid
NAIUNUUL-h npnwyh pwlwynignibp ptipnud t Gpyne twpptp tnybpp (-
dGlwihb) wewowgdwbpn: <wpy t G26|, np thnGph wewowgnidp wadhowyw-
Gnpt0 Ywpudwé £t wnhdbiph Ynbgtlwnpwghwihg L hwiwwngh 9tpdwunh-
Awlhg: Wu L wy fuGnhpbbp gunGynid 60 wywnhy nwunwiGwuhpnipjwb thnt-
[ned:

Jdbponud G260p Gwl, np pwgh Gpyztpuntphg dntyniwiht nhGwdidhywh
dbpnnny nuntdbwuhpynud B0 wy hwiwywnpgbn, win pynud Gwl Yhpwew-
Yuwi 066 GpwbwynipyntG nlbtgnn dhynntdniuhwatbn (inbu GYwn 5.2.23):
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