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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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Description of the states of
complex C,C,

0 k 10
el s cley 3
X. - concentration of /-th metabolite. 12 12

Ik

Probabilities k, 3

of the electron carriers C, states o~1 K |1
2) C1C2 _1>C1C2 4)

dp: ! :
Pioy (pj k& ji = pikyj), P =k;py —kipy
dt j=1 : :
Dy =kypy — (k' +ks + k_,) p,
The initial probabilities Ds = k1p1 T k'3 P4t k_zpz — kng
(0 :b., .:],..., [. ' '
pl() i ! :klpz_k3p4

ptp,+pstp,=1




Interaction of the
complex with - [C,C,.C ]
the mobile | &, kj
electron carrier D — 7

dlD ]

= kol DT 1=k [D7NC, 1= k(DI Tk (€D

[DT], [D”] - concentrations of the mobile carrier in the oxidized
and reduced forms;

[C;71,[C; 1LIC,"1LIC,,”1 - concentrations of the components of
complex;

K. - bimolecular rate constants.
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N3ydyeHne BNnMaHna mytauun

PGR progesterone receptor

3aBUCUMOCTL cTeneHn okucnenuna P700 B 3aBUCUMOCTH OT
WHTEHCUBHOCTU OCBEeLLeHUA
y AVKOro Tuna u mytaHToB Arabidopsis Thaliana
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States of the Cytochrome complex
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Scheme of (PSL,)

PS1 Fdox P700
PCOX
Complex FeS'
Fdr 71 70 Pcr
States
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P700 68 P700* 09 P700*
(PSI,) P E— D — (PSL)
FeSex FeSex FeSr
Fdox
PCOX 72
73 P700*
Pcr FeSox Fdr

(PSIs)

P700 -the reaction center

chlorophyll,
FeS - the entire acceptor .
_ superscripts mark
complex; . the reduced (r)
Fd, ferredoxin; and oxidized (ox) states.

Pc, plastocyanin;



General kinetic model.
Fluorescence induction curves
simulation

Experiment

Red light (650 um) Intensity
600 (100%), 60 (10%) and 6
(1%) Wm—.

Strasser R.J., Srivastava A.,
Govindgee // Photochemistry
and Photobiology. 1995. V.61.
P.32-42 44.

Model

Light constants:
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Kinetic curves of variables of the model
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MoaennpoBaHue OTKINMKa CUCTEMbI Ha KOPOTKYHO

BCIbILLUKY
Expernment (dots) and simulation (solid Lasec Nash Schems of experiment
lines). Fluorescence induction curves ‘18___) “TOns
after the saturating 10 ns laser flash, cells oH
of thermophilic Chlorella pyrenoidosa
Chick . e Registration
lab. Prof. G.Renger (Berlin) 1 , e~
.I 1 3 L) | >
. ‘ ! | . time
204
18+
zlh i L 8
: i
11+ % 3 :
i 3 4
- | BN / .
u l {1 / 4
! 4 &5 4 3 2 a4 0 “f/ e
Hac Ig(Bpesea, cox) /
Lg (Time, s) { o
* - -
‘-'" . ) “-.'-o‘) ‘ ] P 4
Beljaeva, Rengeretal.,
2008,2011,2013 laser energles: 7.510°> phicm: fiash (dark bius), 6.2-10'>

phicmé fiash (magenta), 3.0-10'> phicm: fiash (Deige);
5.410"* phicm? fiash (light-green).



Electron transport
in PSII

Arrows — the
processes of non-
radiation
relaxation

Rate constants of this
processes can be
evaluated only by

simulation
(notdirectly in
experiment)

Beljaeva,Rengeretal., 2008, 2011; 2013
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HeooctaTku KUHETUYECKUX Modeneu

TpyaQHOCTM B ONUCaHUN MPOCTPaHCTBEHHOW reTeporeHHOCTH
HecBoboaHasa anddysmsa nogBMKHbIX NEPEHOCHNKOB

HeBO3MOXHOCTb NpocneanTb cyab0y OTAENbHOro y4acTHUKA
npoLiecca
(A)

Inner
envelope

Chloroplast

2 ATP synthase
) Photosystem I T Stroma-

d
Cytochrome bg f thylakoids f}):;l(ﬁ(eoids
@ Photosystem II
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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



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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bpoyHOoBCKaa AnMHaMuKa
(Brownian dynamics)

Ana Kaxxgaon YacTvubl pellaeTcsl ypaBHeHue:
2
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
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Description of protein movement by Langevin

Equations
Transition
L dx , 2KkT &
Ge E=fx(t)+Fx <f(@#)>=0 <f,(t) >= A:t

X —coordinate,
§&x —vicious friction coefficient along x,
f.(t) and F, — projections of casual and electrostatc forces

k — Boltzmann factor,
T —-temperature

d :
on the axes x, respectively F =_q.£ @-potential
Rotation )
X 2kTE
érx cji_qg =m, (t) + M & < mx(t) >=0 < mx(t)& - Atér
4

@- the angle of rotation around the axes x, {¥— vicious frction coeffcient for rotation around

the axes x, m,(0) and M, — moments of casual and electrostatic forces relative to the axes X,
respectively



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



The grid to calculate electrical potential
around the protein
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Equipotential surfaces (left) (-10mB, +10mB) and

surface electrostatic potential (right) of plastocyanin,
pH=7,/=100 M/m°
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Oxidized Pc
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calculation the distance between proteins
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Poisson-Boltzmann equations
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Changes of Pc potential by mutations
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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

140

130 140 150 160 170 180 150 200



Changes of Pc potential by mutations
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Reaction between cyt
mutants in

Dependence of Log k
experiment A. Kannt et al.(1996)
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k=7*10" (M*s)’! Glu59Lys/Glu60GIn

k=1.5*10° (M*s)

Glud3Lys Glu39,Gu60

k — rate constants of
interaction in solution

k=34%10° M%s)? <



Prelummary Final Kovalenko, Djakonova,et al., 2011
complex  * complex - reaction
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Simulation of the processes
in Lumen



Bsaumopelicteme mexay Pc u cytf
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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



Simulation of Pc-cyt f interactions in
solution and in lumen

Membrane 1

Membrane 2

e

Rate constant of the
reaction of complex Pc-
Cytf formation iIn
thylakoid lumen as a

functiononthedistance z ||
between the membranes == e
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PC transfers electrons from cytochrome complexto PSI

Photosystem ||
complex
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Electron transition by Pc molecule from cytochrome complex to PSI

CYthf PSI







Model scene: The number of proteln and
multienzime complexes
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« margin — take about
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surface;

» stroma takes 20% of
the tylakoid membrane

210 surface
PSI-Photosystem
cytb6f —cytochrome bb6f
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comples (dimer)

125 nm 80 nm pc - plastocyanin



Electrostatic potential calculation

Poisson-Bolzmann equation:

" - I bulk
VEEN ) =-—3c " qze 7 =P+ Pruns)
5‘0 ¢ 80
¢ — potential, £ — dielectrical constant, p.,.. — protem charge density, p.... — membrane
charge density, e, —electron charge, /- ton strength of solution, z;— charge number, ¢/~
volume chatge concentration

Linear Poison-Bolzmann

. . 1 > @o(r
— VGV () = - —[— 246, 84 p 4 p,.,,..,b]
L X &, kT
b (¢ +¢
z( ~ '-J-*) ¢~"'1 3 L(q;‘m«rwhj-t)
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27,
K = . -space step of
EKT calculation

G. M. Ulimann (2004)




Elecrostatical
surface potential of
cytbsf complex,
pH=7,1=100 M/m> g%




Elecrostatical surface potential
of PSI, pH=7,/=100 M/m3




otht

sYoma Cipon

Equipotential surfaces (6.5mV)in lumen of
chloroplastthylakoid, pH=7,7=100 mM,
0=-47.5 mQ/m?



Cytochrome f oxidation after the shot light pulse
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ORBANCE

CHANGE OF ADS

: c w0 s RN
71~ 101-190 mks, 1; ~ 635-1240 mks, T1 ~ 241 mks, 1, ~ 1030 mks,
Lag-period 30-50 mks (Haehnel 1980) Lag-period 25-30 mks

: sirzn:lation
con cet
Pcox + Cy(f’ed _){Pcox ) Cytf-red} _){Pcredcylfox}

k«=26-10°[1/c] (Hope 2000)
Kovalenko, Knyazeva et al.
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B3anmopenctsme Pc u PSI

PS I potential

(according to Puasson-Bolzman 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



PSlinteraction with donorand acceptor in plants and
cyanobactena

PsaB

Potential surfaces

(6.5 mV) round PSI Docking domain
plants cyanobacteria
(PDB 2001) Thermosynechococcus

/ tus(PDB 1
Kovalenko, Knyazeva et al. elongatus (PDB 1JB0)
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Dependence of the rate constants for

Pc-Cytfand Pc-PSlcomplex
formation in solution on the ion
strength for plants and cyanobacteria

Pc-Cytf
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==« Plants, simulation
(Kovalenkoet al., 2006;
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- (Cyanobacteria, simulation

Knyaseva,Phd thesis, 2012,
Kovalenkoetal., 2012



Coupling of Drownian and
Molecular Dynamics
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Me3ockonuyeckun noaxon

* OnuncaHme npoueccoB BHYTPU KOMIMIIEKCOB C
NOMOLLbIO YpaBHEHUU ONSA BEPOATHOCTEN
COCTOSAHUA

 MHorovactnyHaa bpoyHoBckasa dmnHamuka ang
NOABWXHbIX NEePEHOCYUKOB

* YpaBHEHUS B YAaCTHbIX NPOU3BOAHbIX A
pacnpoOCTPaHEHUS 3NEKTPOXMMNYECKOTO
noTeHumana B JltOMEHe.



doTocuHTETTUYECKAA MeMbpaHa 3eneHbIX
PACTEHUN N BOOOPOCIEN

(B)




Profile of proton concentration on membrane surface

Simulation of A pH creation
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Proton concentration in lumen
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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 NPOLECChI (POTOCHHTE3a
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