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B Te4yeHne mmnnmpaos NnetT

9BOJTHOLUNN

 JKnBble CUCTEMbI HAY4YMNITUCH
ncnosib3oBatb PU3NYECKME 3aKOHbI A1
peLleHnsa ceonx npobnem (obmeH

BELLEeCTB, POCT, pa3MHOXeHUe, oToop,
CMepThb),

cOo34aBafA CJTIOXKHYHO reOMeTpuio

BHYTPUKIETOYHbIX peaKLMOHHbIX
00BbEMOB

Ha HaHO-ypOBHE Mbl MOXXeM HabnaaTh,

KakK q@n3nyeckne 3akoHbl peanunsyroT
brnonornyeckmne PyHKUNM



JKcrnepmMeHTarnbHble MeTobl

o [lann NHCTpyMeHT anga n3y4yeHuss HaHOCTPYKTYP C
BLICOKUM paspeLueHunem (Bnnotb Ao A)

e OINEKTPOHHAA MUKPOCKOMUSA
* PeHTreHo-CTPpYKTYPHbIN aHann3

ATOMHO-CMITOBasi MMKPOCKOMUS
TyHHENbHAsA MUKPOCKOMUS

» OcTaeTcd npobnema —
HabnogaTb AMHAMUKY
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JlTannacoBckun
OETEPMUHN3M

BCSKOEe cocTosaHne BceneHHOM ecTb
crencTeve npeabliaywmx n npuymHa
nocreayrLwmnx ee COCTOAHNN.

YM, KOTOpOMYy Oblnin Obl M3BECTHbI ANA Kakoro-nmbo
OAaHHOrO MOMEHTa BCe Cunbl, oayweBnsawLwmne
npupoay, W OTHOCUTENIbHOE TONOXEHNEe BCEX ee
COCTaBHbIX YacTen, ecnu Obl BOODABOK OH oOKa3arncs
OOCTaToO4YHO OBLIMPHBIM, YTOOLI NOAYUHUTL 3TN AAaHHbIE
aHanusy, obHan ©Obl B oOAHOM dhopMyrie [OBWXKEHME
BENMMYanLnx Tesi BCENIEHHON HapaBHE C OBWXKEHUSIMU
ner4yamwmx aToMoB: HEe OcTanocb Obl HUYEro, YTO ObINO
Obl 4NA HEro HeQOCTOBEPHO, N Dyayulee, Tak Xe Kak u
npolleawee, npeacrano 6el nepen ero B3opom

Nbep CumoH Jlannac
1749-1827

Teopus
BEepPOATHOCTEMN,
MaTeMaTUu4ecKumn
aHanu3, HebecHas
MeXaHuKa
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BO3MOXHOCTb HaNpamyHo
HabnwgaTbh B3aUMOOENCTBUS
aTOMOB Jana
BblYMCIINTENDBbHAA TEXHUKA

npexnoJiarasi, 4ro CHpaBefJuBa KJaccHueckKas MEXaHHKA.
CoctaByifisi ypaBHEHHS NBHXKCHHS MeXaHHUECKOH CHCTEMBI B umCJe,
PaBHOM uHc/Jy cTeneHed cBoOOAb, U MHTErPHUPYS HX, Mbl NPHHIIH-
NHaJbHO MOXKEM NOJY4YUTh HCUEPNLIBAIOUIHE CBEICHUA O MABHKEHHH
cucteMbl. OpHakKo ecJH HaM NPHXOAHTCS HMETh J@JO € CHCTEMOH,
XOTS W NOJUUHSIOMEHCS 3aKOHAM KJIACCHUGCKOH MexXaHUKH, HO olJa-
Jaroled KoJoccaJbHBIM YHCJIOM cTeneHeft cBo6Gojibl, TO NpH MNpaKTH-
YECKOM NpPHMEHEHHH METOJOBR MEXAHUKH MBI CTaJKHBaeMcsi ¢ Heo6Xo-
JAUMOCTBIO COCTABHTb H PEUIHTh TAKOe XKe 4UC/IOo AH(pbhepeHilHalbHBX
YPaBHEHHH, YTO MPEACTABJACTCSA, BOOOLe roBOPA, NPAKTHUCCKH Heocy-
mecTsuMbiM. CrieiyeT TNOAUepKHYTh, UYTO €cJH OBl Ja)Ke W MOXKHO
GHI0O TPOHHTErpHPOBaTh B OGUIEM BHJE 3TH YpPaBHEHHs, TO COBEp-
IIEHHO HERO3MOXKHO OBLIO OBl MOACTABHTH B OOLLEE DELIEHHE HAYAh-

Hble YCJ10BUA O51A CKOpOCTeVI N NOMOXEHUN 3TUX YacTuL,
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Phase Transition for a Hard
Sphere System

B. J. ALpEr AND T. E. WAINWRIGHT
University of California Radiation Laboratory, Livermore, California
(Received August 12, 1957)

CALCULATION of molecular dynamic motion

has been designed principally to study the re-
laxations accompanying various nonequilibrium phe-
nomena, The method consists of solving exactly (to the
number of significant figures carried) the simultaneous
classical equations of motion of several hundred par-
ticles by means of fast electronic computors. Some of the
details as they relate to hard spheres and to particles
having square well potentials of attraction have been
described.!? The method has been used also to calculate
equilibrium properties, particularly the equation of
state of hard spheres where differences with previous
Monte Carlo® results appeared.

The calculation treats a system of particles in a
rectangular box with periodic boundary conditions.*
Initially, the particles are in an ordered lattice with
velocities of equal magnitude but with random orienta-
tions. After a very short initial run'-* the system reached
the Maxwell-Boltzmann velocity distribution so that
the pressure could thereafter be evaluated directly by
means of the virial theorem, that is by the rate of change
of the momentum of the colliding particles.!* The
pressure has also been evaluated from the radial distri-
bution function.® Agreement between the two methods
is within the accuracy of the calculation.

A 32-particle system in a cube and initially in a face-
centered cubic lattice proceeded at about 300 collisions
an hour on the UNIVAC. For comparison a 96-particle
system in a rectangular box and initially in a hexagonal
arrangement has been calculated, however only at high
densities so far. No differences in the pressures can be
detected. It became apparent that some long runs were
necessary at intermediate densities, accordingly the
IBM-704 was utilized where, for 32 particles, an hour is
required for 7000 collisions. Larger systems of 108, 256,
and 500 particles can also conveniently be handled; in
an hour 2000, 1000, and 500 collisions, respectively, can
be calculated. The results for 256 and 500 particles are
not now presented due to inadequate statistics.




MonekyndapHaga guHammka
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ma(f) =F(7)

|macca x yckopenue = cunal

a(?) = dv(n)/dt = d*r (1)/ds?

m_d2r (1)/d22 = F (1)

F.()=-0U(r,,..., ry)/or,

Hy>xHo 38aTh mume U(r,..., Fy) uim F !
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Yncno vactuy B padbotax no M1

1964 1.000 Rahman

1977 454 Taxenblx aToMa - MUHIMOUTOP TpUNcuHa
naHkpeaTtunyeckon xenesbol McCammon J.A., Gelin B.R. and
Karplus M., Dynamics of folded proteins. nature 267: 585-590, 1977

1984 200.000 Abraham
1990 1.000.000 Swope, Anderson
1994  100.000.000 Beazley, Lomdahl

1997 1.213.857.792 Stadler

1997 1.399.440.000 Muller

1999 5.180.116.000 Roth

2000 8.500.000.000 Vashishta

2003 19.000.416.964 Kadau, Germann, Lomdahl
2005 160.000.000.000 Kadau, Germann, Lomdahl
2006 320.000.000.000 Kadau, Germann, Lomdahl
2008 1.000.000.000.000 Kadau, Germann
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MOMNEKYNSIPHOE
MOOENWPOBAHME
TEOPUA U NMPAKTUKA

Q M3 AATENBLCTBO

MonekynapHoe
MoagenupoBaHue

Schlick T. Molecular
modeling and simulation.
An interdisciplinary
guide. Springer, 2002,
2010




KBaHTOBasA XMMMA U MOneKkynsapHas
aMHamMmka

« Bce npouecchbl B Monekynax (bnomakpomornekynax)
OCHOBaHbl Ha B3aUMO4eNCTBMNM aTOMOB

 MD (molecular dynamics) MonekynsapHaa guHamMmuka
paccMmaTpMBaeT aTOMbI Kak TBepAble Tena v onuckbiBaeT
OVHaAMMWKY B3aMMOLENCTBMA aTOMOB B COOTBETCTBUN C
ypaBHeHUAMMN HbOTOHA 1 JlarpaHxa.

° ypOBeHb AJIEKTPOHOB U NMPOTOHOB — KBAHTOBAA
MEXaHWKa

_h?

5 —VY+U(x,y,2)¥(x,v,2) = E¥(x, y, 2)
m



Procedure of MD

Give atoms initial positions r=%, choose short At

4

Get forces F=-V V(r?) and a = F/m

¥

Move atoms: H*7 = r® +vO At + 1/, @ A2 + ...

Move time forward: t =t + At

L 4

Repeat as long as you need

Pingwen Zhang, Molecular Dynamics Simulations
(http://math.xtu.edu.cn/myphp/math/image/MD.ppt)



MonekynspHas MexaHuka " :;

ATOMbI B MOJIEKYNne — yrnpyrne Lapukm

pasnn4HbIX pa3mepos, COeANHEHHbIE ;
NPY>XMHKamMu pasHon OfnHbI (CBA3AMM)

B npouecce pacyeToB NoJfiHasi 3HEPruss MUHUMU3UPYETCSI OTHOCUTENBLHO
aTOMHbIX KoopauHaT

Etot — Estr +Ebend +E +Evdw +E

tors elec T ..
E... — NOnHas aHeprus Mornekyrnbl

E., — 3Heprna gedopmarmm cBa3en

E,cng — @HEPIMA AedopmMaunm BaneHTHbIX YrmoBs

E..s — 3Heprnsa gedopmarMm TOPCUOHHbBIX YrroB

E, 4w — 3HEPIUA BaH-Aep-BaanbCOBCKNX

B3anMOOENCTBUN

Eclec — 3HEPINA 3NEKTpOoCTaTUYECKNX B3aMMOAENCTBUN




Bknaabl B 3HEPIUto

1 2
E str 5 kb (b - bo ) PacTsaxeHne BaneHTHbIX CBA3EN
1 2
E,,. = Ekg (9 - l90) Hedopmaunsa BaneHTHbIX YrioB (B NIOCKOCTN)

E :%k¢(l+cos(ngo—¢0)) Oecdopmaumnsa TOPCUOHHLIX (ABYrpaHHbIX) YrroB

tors

Al-j Bl-j BaH-pep-BaanbcoBbl B3anmogeucTeus
Evdw = Z TR (noTeHumnan JleHapaa-[xoHca)

. _100

elect ~—
r

AneKTpocTaTuyeckue B3aumonencTeus



BaH-gep-BaanbcoBckue
B3aMMOOENCTBUA

Lennard-Jones interaction potential
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YpaBHeEHUA OABMXKEHNA aTOMaA |

d’x dzy- d’z
L — m. -=F L —
ml dl_z EX ! dt-z Ly mi dtz F;Z
oU
F, _a_U E _ F, _v
8xl. Y @yl aZi

| | |
U(I/;Ja&:]:%) :Ezkw (Vz _VOi)2 +§ Zke(ei _‘901')2 +§ Zk(p[l_l_cos(n%' _%ij)]

Ai'j Bij 4.4, Q’j Dij
+ — T +
Z(’;jlz ’?j6 r ) (Z(l”yu r;jlo

NoTeHUunan BOOAOPOAHbLIX CBA3EU



Cunosble nons

B M/] BblunCnaeTcsa nonHasa aHeprug
MOIEKyInbl B TEpMUHAX OTKITOHEHUN
NMTMHENHbIX CBA3EWN, BANeHTHbIX U
TOPCUOHHLIX YIMOB, a Takke HeCBA3EBbIX
B3aMMOOENCTBUN OT HEKMUX CTaHOAPTHbIX
«HeHanpsKeHHbIX 3Ha4YeHun». Habop aTnx
HEeHanPsXXeHHbIX 3HAa4YEHUN Ha3blBaeTCH
CUNOBbLIM MNOJSIEM

[BXXeHUe Mmonekynbl 6enka npouncxoauT
B cpede — B uutonnasme (Boga + MOHbLI)



HeaBHbLIM pacTBOpUTENb

« Ha kaxnayto cteneHb cBOOOAbI NPUXOAUTCS
onpeneneHHasa Aona KNHETUYECKOU
9Heprmn, KoTopasi BKno4vaeTcs B
noteHuuan. ['lnc B3MMOOeNCTBUSA C
MONEeKynamu BoAbl U MOHaMK (3agaeTco

doopmyrnon)

U :§6T+m=m<(

acme
! 2

dx.
dt

) ) +...



AABHbIN pacTBOpUTENb

Monekyna acnupuHa B Boae



Ilepuoaunyeckue (TOPOMAAIbHbIE)

I paHnYHBIC YCI0BUA

—_— ] o o o

O (@)
O
LleHTpanbHaa s4yeunka
(@) O O O (@) (@)
o O o O o O
O O O
O O O
© O © O © O




MD simulation of Barnase-Barstar encounter complex evolution
on a GPU using SASA implicit solvent model
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MD simulation of Barnase-Barstar encounter complex evolution
on a GPU using SASA implicit solvent model
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Ha nyTn K HaHOMeTpaM U
MUKPOCEKYHAaM

MoaennpoBaHne anemMeHTapHbIX 0O bEKTOB BOMbLLUNX
pa3mepoB (B MD — aTombl)

CynepKkoMnbloTeps!
Cuctembl GRID (mMnpoBast KOMMNbIOTEPHAA CETh)

Me3ockonnyeckoe mogenunpoBaHme (course-graining
models) [JoCNoBHO: «KPYNMHO3EPHUCTOE

OrpybneHHble mogenu

Pa3sHomacwiTabHoe mogenmpoBaHue. Hactuubl+nons
Multiscale modeling (particles + fields)



HaHo-anekTpocTaHunmn
B XXUBOW KNeTKe

» [IbiIxaHune
* MutoxoHapun

ADP+P;

* [1pon3BoaCTBO 3HEPTUNK

* AT® 13 sHeprmm conHevHoro CBeTa

« XnoponnacTbl (3efieHbIE paCTEHUA U
BOOOPOCIIN)

n xpomatodopsbl (baktepun)



[1pOn3BOACTBO 3HEPINN OCYLLECTBIIAETCA B
CYOKIEeTOYHbIX cUCcTEMAaXx
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5 nm BLungTEM 1/7/0 REMF
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Fig. 1. A schematic representation of the oxidative phosphorylation svstem. The three-dimensional structures of
the individual complexes were obtained rom the PDB database. The coordinates used are as follows: complex 11,
I FUM. as represented by fumarate reductase; complex U1, 1BCC, |BE3, and 1QCE; complex IV, 2000, Ribbon
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CTpyKTypa MynbTUPEPMEHTHbIX
KOMIMJS1EKCOB
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Cxema npoueccoB B OTOCUHTETUYECKON MeMbpaHe, ONMMCaHHbIX B
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Kinetic curves of variables of the model
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HegoctaTkm KWHETUYECKUX Moderneu

TpyaHOCTM B ONUCaHMM NPOCTPaHCTBEHHOW reTEPOreHHOCTU
HecBoboaHasa anddy3ns NoaBUKHbLIX NEPEHOCHNKOB

HeBo3MmoXHOCTb NpocneauTb cyabby oTAenbHOro y4acTHMKa npolecca
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N3o0bpaxkeHnsa membpaHbl
Tnnakomnaa

ATOomMHan cunoBas MUKPOCKONUA

Bua yyactka TunakongHom memMobpaHbl B 3NIeKTPOHHbIN
MUKpockon. Paamep usobpaxeHusa 4 mkm. NpaHa —
CTPYKTYpHas eguHnua Tunakouaa, umeet chopmy AMcKa

anameTtpom 500 HM u TonwmHon 15-20 Hm



Bsaumopelicteme mexay Pc u cytf

180 —

160 —

140 —

120 —

Bernok
Pucke

2Fe-2S T

i MemGpaHHas

®  yactb Cytb,f

JNiomeH

Kovalenko, 1.B., Abaturova, A.M., Gromov, P.A., Ustinin, D.M., Grachev, E.A., Riznichenko, G.Y. and

Rubin, A.B. (2006) Phys. Biol. 3, 121-129



MeTon npAMOro MHOro4yacTtu4yHoro mogesfimpoBaHusA

KoBaneHko u ap., 2003, 2007,2008, 2009; Kovalenko et al., 2006; A6atypoBa u ap., 2008;
ObakoHoOBa u Aap., 2008; Y,eTMHMH nm ap., 2009; PusHnyeHko u ap., 2009;

ﬁRuh.l.n Riznichenko in “Photosymthesis in SI|IC<‘trSpwl§I" 09
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B3anmoagencteme gByx MoONeKyn

Ana Kaxxgaon YacTvubl pellaeTcsl ypaBHeHue:
s fy
dt

« 3pecsb f(t) — cnydanHaa cuna, pacnpegeneHHas rno ayccy ¢ HynesbIM
cpegHuM 1 gucnepcmen, pasHon 2kT¢, k — noctosHHas bonbumana, T —
Temnepartypa, ¢ — KoaPUUMEHT TpeHNsa B cpeae, BbluMcnsaembin (B
NpeanosioXXeHnn o chepuyHOCTN YacTumubl) Mo doopmyne ,

& =6nna

* rae 1 — BA3KOCTb cpeabl, @ — paguyc YyacTuupl

[TapameTpbl NpsMon Moaenu:
QP EeKTMBHBIN paguyc B3auMO4eENCTBUS
BepoATHOCTL AOKUHra



., o Wt BN T N . o S Y
t MopgenbHas Tpaektopusa monekynsl PQ B
MembpaHe ¢ BCTpoeHHbIMU PC1, ®C 2
LIMTOXPOMHbBIMW KOMMIIEKCaAMM
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Approximation of cyt f and Pc by ellipsoids
of rotation

Cyt f Pc
Molecular mass M =27.9 Kda M =10.5 KJa
Axes of ellipsoids of rotation ~ a=47 A, b=17 A a=21 A, b=14 A



Approximation of Pc and cyt T by the
number of spheres for the simulation of
collisions
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Green - atoms, blue — sphere approximation



Oxidesed Pc
WT

190 —
180 S
170
160 -
150 —

140 —

130 =

180 170 40 140
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lon strength - 100 mM, pH=7, &,
red -6.5 wmB, blue + 6.5 MB;
green — atoms of molecules. Dotted lines connect
residueson Pc and Cytf that were used by simulation for
calculation the distance between proteins
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Reduced cyt f

quipotential surfaces calculated accor
Poisson-Boltzmann eauations
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The Greed to calculate electrical potential
around the protein

= 6
s - (Zi=1 hep, ) drq,

5 ¢O — / 6

= 2

(E . hg.)+ N
i=1 !

2
Separate cell of p) 87Z-N A e ] K
the greed K = =1 Z Cbulk22
0, k T 2 l l
| B =

©
A
i
\
\
]
o0 -

|
\

Py
/

o~

/r— (D ~] y’ \‘

P wlin

K e, 2
< VeV =—4np+k-@

,,,,,,,,,,,,,,,,,,,,,,,,,




Changes of Pc potential by mutations

A Tt
ites Pc, connected

ith cytf
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Changes of Pc potential by mutations

A 180
E5S9K E6OQ

Sites of Pc,
connected with
cyt f

180 |

170 |

160 |

150 |

Changes in charges
of amino acid residues
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Changes of Pc potential by mutations

180
A ES9K E60Q E43N
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140

Sites Pc,
connected with
cyt f

f

Changes in charges
of amino acid residues
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Reaction between cyt
mutants in

Dependence of Log k
experiment A. Kannt et al.(1996)
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f and different Pc
solution

from lon strength

modeling

—A— QB88E
—u—wt
—o— D42N
—w— E43N
E43K
—4— E43Q/D44N
—p— ES9K/EGOQ
—o— ES59K/E60Q/E43N

|1-‘2

k-(M-cy', I -M; pH=7; r D42-R209 -18 A, r E43-K187 -18 A, r D44-K187 -18 A, r E60-

K58 -25 A, r Cu-Fe — 40A; P=0.01; dt=100 ps



Visualization of direct model

(reaction in the solution)
LN

o L\
i
I~

Pc — blue, Cytbsf — green.
Visualization by ellipsoids of revolution




Reaction in lumen of thilakoid




B3anmopenctsme Pc u PSI

PS I potential

(according to Puasson-Boltzmann equation )

-Positive potential
‘Megative potential
2 Other subunits
' Subunit F
®  Subunit A
5 Subunit B

F700

NoHHaA cuna - 100 mM, pH=7, €, ,,=80; €s.,.. =2; KpacHbll ysem -6.5 mB, cuHuti  + 6.5 mB;

p-pa
KPYHOYKAMU 0603HAYEHbI AMOMbI MOEKY



Pc and PSl interaction

Electrical Potential around PSI complex from pea and
cyanobacteria (point of view - the place of Pc)

psaB
: Saina e
psaF ;
psaA
1YO9- pea Psad 1JB0-cyanobacteria

(SYNECHOCOCCUS ELONGATUS)

WNoHHas cuna - 100 mM, pH=7, g, ,,=80; €5.,a =2; KPACHbIU Ysem -6.5 MB, cuHuu  +6.5 MB;
KpYy#O4YKamu 0603HaYeHbl AMOMbl MOSIEKY



®OTOCUHTETUYECKUMN INEKTPOHHBLIU TPAHCNOPT.
Komnnekcbl U NoOABUXHbBIE NepeHOCUYUKU
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{ Photosystem 2
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Me3ockonuyeckun noaxon

OnuncaHne NpoLeccoB BHYTPM KOMIMJIEKCOB C
NOMOLLbIO YpaBHEHUU ONSA BEPOATHOCTEN
COCTOSAHUA

MHoro4actniHasa bpoyHoBckaa uHamuka ang
NOABWXXHbIX NEepPeHOCUMNKOB

YpaBHEHMSA B YaCTHbIX MPOU3BOAHbIX OIS
pacnpoOCTPaHEHUS 3NEKTPOXMMNYECKOTO
noTeHumana B JltOMEHe.

(YCTUHUWH 1 Op., B nevaTtu)



doTocuHTETTUYECKAA MeMbpaHa 3eneHbIX
PACTEHUN N BOOOPOCIEN

(B)




Initial profile of proton concentration on membrane surface

Simulation of A pH creation
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Proton concentration in lumen

Y, hm
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Proton concentration in lumen, ATP-formation,

and pH profile
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Obuwasa cxema npoueccoB

g CuHTe3 Oenka

MeTabonuyeckun nyn yrnesoaos

~ o~ Hedpumur
N a3ora

—_~~‘

« CuHTe3 nunupos

Myn ATP ( BoccTraHoBneHue Bogopoaa

P

ATPase

azora ¥
cepbl

YcBoeHueE a30Ta

CPBUYHBbIE NPOUECChI (POTOCUHTE3A
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