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OnuncaHme CoCTOSAHUM KOMMeKeca
n3 aByx komnoHeHTtoB C,C,
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I'Ip%ueccu onucaHHble B 00006LLEHHON KUHETUYECKOW MO,CI,eJ'IXI
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B3anmopencreme oByx gOTOCUCTEM C
y4yacTneMm rnoaBuXHbIX NEPEHOCHNKOB
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N3ydeHne BNuaHna mytauum

3aBHUCUMMOCTL CTenexu okucnexua P700 B 3aBucumocTy oT PGR proton gradlent regl"atlon
WHTEHCMBHOCTH OCBELLEHUA
Y AMKOTO Tuna u myTtaHToB Arabidopsis Thaliana
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3KCNEepUMEHT moaens

y crr-MyTaHToB nogasrneH Tonbko NDH-3aBUCMMBIN 9NEeKTPOHHBIV TPAHCMOPT, a 'y
pPgr5- MyTaHTOB NoAaBIeH Kak LMKnuyeckuin Fd-3aBncrnmbliin aneKTpOHHbIN
TPaHCMOPT, TaK U 3NEKTPOHHbIN NOTOK B akuenTtopHon yactu OCI.

Ounnom Makcuma MatpuHa. Kad. 6nodmsmkm
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Photosystem ||
— the source of

fluorescence

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

Chl, PSII chlorophyll, P68S0 -
photoactive pigments; Phe,
pheophytin; Q4 and Qg , primary
and secondary quinone acceptors;
PQ, plastoquinone; PQHS,,

“Em : f plastoquinol;
. * and H,;" protons in lumen and
' Lumen stroma,
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MO,EI,GJ'II/IpOBaHVIe OTKITUKa CUCTEMbI Ha KOPOTKYIO

BCMbILLKY

Experiment (dots) and simulation (solid Laser flash Schams of experimant
lines). Fluorescence induction curves —s <10
afterthe saturating 10 ns laser flash, cells 9 ns
of thermophilic Chlorella pyrenoidosa
Chick . 1 Registration
lab. Prof. G.Renger (Berlin) 1

T R S

| { Afpins time

ER
 § -
ER
¥ it
s l %
t 4 4 4 3 2 4 1 "
e I(Bpeses, cox) g S
Lg (Time, s) [ Y-
L - - -
‘.'.- - » ‘l_.,-") 1 » » .
Belyaeva, Renger et al., Phot.Res. tmser anergles: 7.5404 phicr Tissh {dark biue), €240
2008-2016 phicm: fiash (magents), 3.0-10°> phicm: Miash (Deige):

5.4-10** phicm* Mash (Nght-green).



Electron transport
in PSII

| mﬁ Arrows — the

H2 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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(A) First turnover

Stroma

Lumen

(B) Second turnover

Stroma

2 2@

PQH, PO

2@ (PSIN 3= POH,

Cxema Mut4yena
dYHKLMOHMPOBaHUSA
LIUTOXPOMHOTIO
KoMmrekca.

ConpsikeHune
SNIEKTPOHHOIO
TpaHcnopTa u

TpaHCMeMbpaHHOro
nepeHoca NpoTOHOB



States of the Cytochrome complex
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Scheme of
PS1
Complex
States

(PSI)

Fdox

P700 68
FeSo*

P700 - the reaction center
chlorophyll,
FeS - the entire acceptor
complex;
Fd, ferredoxin;
Pc, plastocyanin;

(PSI,)

P700
FeS*

(PSL)

P700*
FeS°x

P700*
FeSox

(PSILy)

Pcox

69 P700*
FeSr

Fdex

superscripts mark
the reduced (r)
and oxidized (ox) states.
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General kinetic model.
Fluorescence induction curves
simulation

Experiment

Red light (650 nm) Intensity
600 (100%), 60 (10%) and 6
(1%) W2,

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

Model

Light constants:
1500, 150 u 15 ¢ .

Chla Flourescence intensity

DrayopecleHIpsI, OTH. efl.

10

~ P 100%

0% 107" 10° 10" 10% 10° 10* 10
Time (ms)

0.2 2 20 200 2000
Bpema {mc)



Kinetic curves of variables of the model

(a)

(6)

(8)
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I=100 Wem2
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OpgHoBpeMeHHoe (hnTnupoBaHue AaHHbIX PrIyopecUeHLMN U KUHETUKN
penokc npespaweHmni P700 - doToakTnBHOro nuHrmenta ©CH

1.0 : : : : 0.4

Belyaeva,
Bulychey,
Riznichenko,
Rubin. Phot. Res.
2016

Bobixoa donyopecuenyum (oTH. ea.)

KoHueHTpauua okucnentoro P700 (oTH. ea.)




KuHeTtnyeckmne MoHTe Kapno mogenu

A
e P700 redox transformations

e

L
Iy

A820, oTn.en. m

°
"

°

3 millions of Photosynthetic Chains 3KCNEPUMEHT
As in a real micro algae cell
Maslakov, Antal et al. Biophys. 2015; Antal et al., Photosyn. Res. 2018
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Kak ncnonb3oBaTthb
KI/IHeTM‘-IeCKI/Ie MoAernun

OUTUPOBAaHKE 3KCMEPUMEHTANbHBIX KPUBLIX
1 oueHka napametpoe. He onpegenaembix
3KCNepUMEHTanLHO (NnapameTpel
BesblanyuarensHoil penakcayuu 8 OPLL)
OueHka napameTpoB hOTOCHHTETHYECKOIT
Lenu B pasHbIX YCNOBHAX - ANA Pa3HbIX
BUAOB, B XOA€ POCTa KyNbTyPbl, NP Pa3HbIX
pexnMax KynsTHBMPOBAHNA W peXumax
OCBeLeHUA, Npu CTpecce
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HepgocTtaTku KNHETUYECKNX Moaenen

» TpygHOCTV B ONMMCAHMN NPOCTPAHCTBEHHOW reTEPOreHHOCTH
» HecBobogHas anddysns noaBUKHbLIX NEPEHOCHMKOB
* HeBo3MoXHOCTb NpocneauTb cyapby OTAENBHOro y4acTHMKa npouecca

(A)

Inner

‘Chloroplast

' ATP synthase
@ Photosystem I
® envelope Stroma @ Cytochrome bgf
@ Photosystem I1

1 Stroma-
L;-ra]n: o exposed
thylakowcs thylakoids




N300paxkeHnst MembpaHbl TMnakonaa

ATtoMHas cunoBas MUKpPOCKONusA

Bup yyactka TunakongHou memo6paHbl B 3N1€KTPOHHbIN
Mukpockon. Pasamep uso6paxeHusa 4 Mkm. MpaHa —
CTPYKTYpHasa eguHuLa TUnakouaa, umeet cpopmy ancka
avameTtpom 500 HM u TonwmHon 15-20 HM



MeTton npsAMoOro MHoro4yactTu4Horo mogenupoBaHusa

KosaneHko v ap., 2003, 2007,2008, 2009; Kovalenko et al., 2006; A6aTtypoBa u ap., 2008;
ObsikoHoBa u Ap., 2008; 2016; YcTnHuH 1 ap., 2013; Xpywes n ap. 2015; PusHnyeHko u ap.,
.2009;.2017; Rubin, Riznichenko in “PWotosynthesis irtsfeoF?Springer, 2009; math.
S [ €

= Biophysics, Sptinger , 2014 o Pt e o
- . d :
@&e = Feredoxin (e © e* e
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BpoyHoBCcKkas guHamMmuka
(Brownian dynamics)

ﬂﬂﬂ Ka)K.EI.OFI YyacTtuubl pel.l.laeTCf'l ypaBHeHMe:
* - _dx
E—=f(1)
dt

» 3pecs f{f) — cnyyariHas cuna, pacnpeaeneHHas no Fayccy ¢ HyneebiM
cpegHuM 1 gucnepcuen, pasHon 2kT¢E, k — noctosiHHasa bonbumana, T—
TemnepaTtypa, £ — K0ahPULMEHT TPEHUSA B cpeae, BbluncnaemMbli (B
NpeAnonoXeHUn o cHepUYHOCTH YacTuLbl) No dopmyne ,

E=6mna

e rOe n— BS3KOCTb cpeabl, a8 — paguyc YacTuubl

[MapameTpbl NpsaMon moaenu:
OhbhekTnBHBIV pagnyc B3anmMoaencTeus
BeposiTHOCTb JOKMHTa
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MopenbHas Tpaektopust Mmonekynel PQ B
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Complex dissociation
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Description of protein movement by Langevin
Equations

Transition
dx 5 2kT &7
s —-= LM+ F, < f,()>=0 <f0) >=T“

k — Boltzmann factor,

X —coordinate,
&x—vicious friction coefficient along x, T-temperature
f,(t) and F, — projections of casual and electrostatc forces do .
onthe axes x, respectively F,=—q = @-potential
Rotation

,  2kTE&F

oy “;_‘p= m ()+M, <m()>=0 <m/(1) >=A—'§'
¢ t

@- the angle of rotation around the axes x, §¥— vicious frction coeffcient for rotation around
the axes x, m,(f) 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=27.9Kda M=10.5KJa
Axes of ellipsoids of rotation ~ a=47 A, b=17 A

a=21 A, b=14 A



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

surface electrostatic potential (right) of plastocyanin,
pH=7,1=100 M/m?




!quupo‘ren‘rual sur'!aces calcula‘re! accor'!mg to

Poisson-Boltzmann eauations

Oxidesed Pc

WT
190

180 4
170
160 4
180

140

130 =

0 160

0180 a0 ooy 140
lon strength - 100 mM, pH=7, &, ,,=80; €senva =2;
red-6.5 mB, blue + 6.5 MB;
green — atoms of molecules. Dotted lines connect gt '
residueson Pc and Cytf that were used by simulation for

calculation the distance between proteins



Reaction between cyt f and different Pc mutants in

solution
Dependence of Log k from lon strength
experiment A. Kannt et al.(1996) modeling

214 21

0—-1—~—Q88E —4—Q88E

—m—wt —a—wt

204 <1 — 0—e—D42N 21 —e—D42N

“1 > 0—s—E43N —v— E43N
1 ; ﬂ; E4ch)/D44N 1 E40

2 0_«—E4

22—+ E50K/EE0Q I Egg%gggg

3 = +1Lo— E50K/E60Q/E43N 18 —e— E59K/EBO0Q/E43N

T T T T T T T T T 1 T T T T T T T T T J
00 01 02 03 04 05 06 07 08 09 10 00 0.1 02 03 04 05 08 07 038 08 10
ha 1”2

k- (M-c)', |- 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



k=7*107 (M*s)"! Glu59Lys/Glu60GIn

Glud3Lys

k —rate constants of

W interaction in solution
k=3.4*10° (M*s)!



Preliminary  fipal
complex ™ complex - reaction

QDD
o

components C
- i 2 Complex
Non-productive di oo
complex

Kovalenko, Djakonova,et al., 2011

Non-monotonous
dependence of the

Rate constant of comples
interaction on the ion
strength

Fd-FNR interaction

oo 0z a4 as as



Carbohydrates
i Hydrogen production Carbon /
L =Y H, fixing
_—¥» reactions |~
Light Hydrogenase NADPH Co2
% NADPH . H*
ATP ADP + P
k"—-—‘,L_../
Photo- H+ Cytochrome Photo- ATP

Outside system Il complex (Fd) _system | synthase




BanaHne pH Ha 6enKkoBble MONEKy bl
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3aBMCMMOCTb KOHCTaHTbl CKOPOCTU 06pa303a|-|m=|

Komnnekca ®a-®HP u da-rugporeHasa ot pH
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JKBUNOTEHUMA/IbHbIE
nosepxHoctn ®g, PHP n
rmgporeHasbl npm pH 6

OeppedokcuH

[2Fe-289]
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[4Fe-4S]
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JKBUNOTEHUMA/IbHbIE
nosepxHoctn ®g, PHP n
rmgporeHasbl npm pH 8

DeppenoKeHH
[2Fe-28]

[4Fe-4S]

lnaporeHasa
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Bsaumopericteue mexay Pc u cytf

1801

160~

= MewmGpannas

140~ ¥ uacTs Cytb,f

120~

Niomen

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
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POTOCUHTETUYECKUM 3MEeKTPOHHBLIV TPaHCMOPT.
Komnnekcer v noaBuXHbIE NepeHOCUUKU
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PC transfers electrons from cytochrome complexto PSI|
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Electron transition by Pc molecule from cytochrome complex to PSI




Model scene: The number of proteln and
multienzime complexes
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Elecrostatical
surface potential of
cytbsf complex,
PH=7,1=100 M/m> a8l
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Elecrostatical surface potential
of PSI, pH=7,/=100 M/m3
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Equipotential surfaces (6.5 mV)in lumen of
chloroplastthylakoid, pH=7,7=100 mM,
0=-47.5 mQ/m?



Electrostatic potential calculation
Poisson-Bolzmann equation'
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Cytochrome f oxidation after the shot light pulse
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TIME
Ty~ 101-190 mKs, T, ~ 635-1240 mKs, T, ~ 241 mks, 1, ~ 1030 mks,
Lag-period 30-50 mks (Haehnel 1980) Lag-period 25-30 mks
simulation
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k«=2610°[1/c] (Hope 2000)
Kovalenko, Knyazeva et al.



Mesockonuyeckmnim noagxon

* OnucaHune NpoLeccoB BHYTPM KOMIMMEKCOB C MOMOLLIbIO
ypaBHEHU OS5 BEPOSATHOCTEN COCTOSHUIN

* MHoroyactnyHas 5p0yHOBCKaFI OuHamuka ons noaBMKHbBIX
nepeHoOCHYNKoB

* ypaBHeva B YaCTHbIX NMPONU3BOAHbLIX AJ14 pacnpoCcTpaHEeHNA
ANEKTPOXNMNYECKOTO NMoTeEHLIara B JitoMeHe.



PoTOCMHTETTNYECKAA MeMDpaHa 3ereHbIX
pacTeHun n Bogopocnen




Initial profile of proton concentration on membrane surface

‘Simulation of A pH creation




Proton concentration in lumen




Proton concentration in lumen, ATP-formation,

and pH profile
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[ MbpugHas moaenb bpoyHoBckas +
MOJIEKYNApHasa AMHaMMKa



Protein-protein complex formation

Brownian non-productive
Dynamics complex
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Final complex simulation by

Encounter complex simulation by
Molecular Dynamics

Brownian Dynamics



Ob6pa3oBaHMe KOMMNNAEKCa NAacTOUMAHMHA U uuToxpoma f
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Supercomputer «Lomonosov»
Moscow State University
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