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Fotosyntéza: svetlem indukované oxidacne redukcni reakce

sunlight
CO, + H,O mmm=p- (CH,0) + OzI

carbohydrate

Cornelius van Niel, 30.1éta 20.stoleti
Holandsky mikrobiolog, Stanford University, Kalifornie

CcO, + 2H,A —» (CH,0O) + 2A + H,A

2 oddélené redoxni reakce
2H,A — 2A + 4e” + 4H"
CO, +4e + 4H"— (CH,0O) + H,A




Robert Hill, Cambridge 1930

Obnoveni fotosyntetickych aktivit v
izolovanych chloroplastech po pridani
akceptoru elektronu

Fotosyntéza je redoxni reakci

Kyslik pochazi z oxidace vody, ne z CO,

2H,0 + 4Fe®* - O, + 4Fe2* + 4H*

Meril kyslik zmenou barvy hemoglobinu

sunlight
CO, + H,O mmmmp- (CH,0) + 021
carbohydrate




Maximalni kvantovy vytézek vyvoje kysliku

ProcC je dulezity?
-stanovuje maximalni moznosti
-ukazuje na omezeni ve vyuziti svétla

Otto Warburg

definice ® = moly produktu / moly absorbovanych fotonu

kvantovy pozadavek = 1/®

kvantova ucinnost (A) : energie ulozena v produktu / energie absorbovana
Maximalni kvantovy vytezek

Otto Warburg, 20.l1éta: @ =0.25 g/CO, (4 fotony, jedna fotoreakce)

Emerson, 50.Iéta: ® =0.12-0.10 g/CO2 (8 fotonu, 2 fotosystemy)
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béhem ,svételnych” reakci fotosyntézy je energie pohlcena
pigmenty transformovana do energie elektronl a vyuZzita k redukci
universalniho nosice redukénich ekvivalentt NADP a k tvorbé
univerzalniho bunécneho paliva ATP
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Vektorialni prenos elektronu a protonu
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W= Ok

tyri faze procesu premeny energie ve fotosyntéze
absorbce svétla a prenos energie v anténnich systémech
primarni rozdéleni naboju a prenos elektronu v reak€nich centrech
stabilizace energie v sekundarnich procesech
syntéza a export stabilnich produktu
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Reakceni centra

N
PA
l hv
P*A
|
PtA-
|
D*PAA,
P

P primarni donor, D sekundarni donor, A akceptor elektronu



Obecné vilastnosti

reakcnich center Periplasm N
4 y L-Subunit
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4
integralni membranoveé
pigment-proteinove

komplexy

vektorialni orientace v
membrané

svetlem indukovaneé
pfenosy elektrond,

rozdéleni naboju

néktera RC pumpuji protony

Cytoplasm




Chemické vlastnosti pigmentu v excitovaném stavu

jsou odlisné od molekuly v zakladnim stavu
redoxni potencial excitovaného stavu je jiny nez stavu zakladniho

Redox properties of ground and excited
states of reaction center chlorophyll

Poor Good
LUMO oxidizing | — | Acceptor Donor <t reducing
agent orbital orbital agent

%

Light
Poor Donor Acceptor Good
HOMO reducing 1_17 orbital orbital 1‘ oxidizing
agent agent
Ground-state Excited-state

chlorophyll chlorophyll

PLANT PHYSIOLOGY , Third Edition, Figure 7.23 © 2002 Sinauer Associates, Inc.



Stredni redoxni potencial excitovaného stavu
E_(P/P*) = E,_(P*/P) - E(P/P7)

E(P/P”) je rozdil energie mezi excitovanym a zakladnim stavem

Table A2 Midpoint redox potentials for reactions of interest in ) 4 — D
photosynthesis B
1.0 o

Redox reaction E.' (V) \
NADP* + H* + 2¢” = NADPH -0.324 -0.5 )
0,+ 2H"+4e"=2H,0 +0.816 = ETC NADP
P700" + e~ =P700 +0.49 L‘é 0—
P870*+e = P870 +0.45 :. N
P680* + e~ <= P680 ~1.1 Oxidant

0.5
2H*+2e" = H, (g) ~0.414 \—/N
UQ+2e +2H*+=>UQH, +0.060 HO o Photosystem I iy
Chl*+e- < Chl +0.78 10 oxican
BChI*+ e~ <= BChl +0.64 %

Photosystem II

2 All values refer to the standard state of 298 Kand pH 7. ho

Table A3 Excited state redox potentials and excitation energies

Redox or excitation process E.(P/PY}(V)*  E,  (PIP*) (eV)°

P700* + e~ = P700* -1.26 1.75
P870* + e~ = P870" -0.94 1.39
P680* + e~ = P680" ~0.7 1.80
Chi*+e~ = ChlI* -1.07 1.85

BChI* + e~ = BCh!* -0.94 1.58







Kinetika prenosu elektronu a rekombinace v RC

*
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Popis mechanismu prenosu elektronu v biologickych systémech

Rudolph Marcus

Nobelova cena za chemii 1992

pfenos elektronu jako nezafivy relaxacni proces
|:)red 1 on == Dox i Ared

Fermiho zlate pravidlo — rychlostni konstanta k;

k= 21/ | < W|V|W, > [28(E, — E;)

Vychazi z Franck-Condonova principu. V je energie
Ky ~V.2 FC

V.2 zavisi na vzdalenosti a orientaciAa D

V.2 ~ exp (-d) klesa exponencialné se vzdalenosti



RC 11 b/c/FeS RC1

Dva typy RC:

chinonove
(vysokopotencialove)

FeS
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Zastoupeni typu RC u prokaryot
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Fotosynteticka membrana purpurovych bakterii
chromatofory ve vnitfni cytoplasmatické membrané

73
E & CM  Cell interior

Reaction center (RC) '\\\

Light-harvesting | complex (l‘.t—\| 1)

Light-harvesting Il complex (LH2)
ATPase

X PufX protein

Cytochrome b/c, complex

Cytoplasmic membrane

(@)




Schematic of Cyclic Electron Transfer in Photosynthetic Bacteria
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1988




L & M podjednotky:

5 transmembranovych

a Sroubovic, které tvori

hydrofobni
aminokyseliny

Pseudo-dvoucetna
symetrie

L a M podjednotky jen
30% sekvenéni
identita

kaiubum!

Periplasm

L-Subunit
;. f\ 4“1 /1 _

Cytoplasm




Redoxni kofaktory BRC sl it

elektronovy transport jen po vétvi A
P865 — A maxima absorbce

bakteriochlorofylu a

2N
¢

bacteriochlorophyll

BChla ‘

Monomeric

o TR BChls

Table 6.1 Chemical composition of bacterial reaction centers

Organism BChl BPh Protein Ubiquinone Menaquinone Metal Carotenoid
subunits?

Rhodopseudomonas 4 2 LMHC 1 1 Fe 1

viridis®

Rhodobacter 4 2 LMH 2 0 Fec 1

sphaeroides

Chromatium 4 2 LMHC 1 1 Fe 1

vinosum

Chloroflexus 3 3 LM (C)? 0 2 Mn 0

gurantiacus

® Molecular masses (from gene sequences) of the subunits are approximately L-31, M-34, H-28, C-41 kDa.
® Rhodopseudomonas viridis contains BChl band BPh b, whereas all the others contain BChl aand BPh .

¢ Certain strains of this organism contain Mn.




Primarni procesy v BRC 40— P
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Elektron oxidovanému P870* je dodan cytochromem ~ 100 usec



Kineticka absorbce — procesy s rychlosti od ps do ms

(@) (b)

0.10F 0.10}

0.05} 0.05}

S 0.00F ! 0.007

_s:oel -0.05}

| —0.10}
—0-10 [ i 1 L I N i A 1 . 1 " —015 i N 1 asonnm.

750 800 850 900 950 0 2 4 6 8

Wavelength (nm) Time (ps)

(c)

Actinic

light o
(Ay) %

7/,77/ -

[ 7
/ ° §
700 )
y
Measuring 'o 85 0 &
beam WaVeIength (n 950
(o) )




0 |
HsCO CH,
HCO X
n
o}

ubiquinone menaguinone

0
HyC . CHs
i I phytol
0 ‘ o

plastoquinone phylloquinone

0]
[ ] G;L:__
0 OH

quinone semiquinone quinol




,Dvouelektronova brana”

D Q,Q;
QH,
kABm }hv
D QAQBHZ D QAQB_
- _ 3+
Ha | DQQH DQQ; M
H*(1)
0 o OH
e e 2H+
O b B
0 (o} OH

quinone semiquinone quinol

a protonace chinonu

O
r! 4
Ser L223 L H+ (2)
Ht (1) . .
Asp L213 ) Glu L212
Asp M177D
Asp L210
Wat 70 % -
‘- Asp H124
His H126
Zn2+or Cd

His H128



Carbon fixing
reactions @

ADP + Pi A

hov

q ' | TP
NI

~f—— Lower - ENERGY - Higher — g



Detailni struktury obou fotosystémi u sinic jsou znamy s
rozliSenim 2.5- 3 A, u rostlin pouze PSI s rozlisenim 3.4 A

2NADPH
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PSI ATP-synthase
T. elongatus, Dimer, P. laminosus: Dimer, 3.0 A, T. elongatus Trimer,2.5 A,
3.8 A, Zouni et al, Nature 409, Kurisu et al, Science 302, Jordan et al, Nature 411, 909-17
739-43 (2001), 1FE1 1009-14 (2003), 1VF5 (2001), 1JBO
3.5 A, Ferreira et al, Science C. reinhardtii: Dimer, 3.1 A,  Pea, Monomer, 4.4 A, Ben-
303, 1831-8 (2004),1S5L Stroebel et al, Nature 426, Shem, et al. Nature 426, 630-5
3.0 A, Lol et al, Nature 438, 413-8 (2003), 1Q90 (2003), 1QZV; 3.4 A Nature

1040-44 (2005), 2AXT (May 2007)



Purple bacterial Photosystem 2
reaction center reaction center




Fotosystém II
2H,0 + 2PQ — O, + 2PQH,

-z hlediska
enzymové aktivity
Je to
voda:plastochinon
oxidoreduktaza

VVVVVV

PSIT md az 30
podjednotek
(nutnost regulace a

ochrany pred
kyslikem?)

oxygen evolving complex 02 + 4H*



Velké proteinové podjednotky fotosystému IT

- u fotosystému IT vdzi pigmenty reakéniho centra homologni membradnové
podjednotky D1 a D2, zatimco anténni pigmenty jsou vdzdny symetricky vazanymi
proteiny CP47 a CP43

(b)  PsI




Struktura fotosystému IT z Thermosynechococcus elongatus
s rozliSenim 3.0 A (Kern et al., Nature 2005)

PsbH

FCP47

Oligomerni stav, velikost: dimer, 750 kDa
PoCet podjednotek na monomer : 20 obsahujici 36 TMH
Polet kofaktord na monomer : 89 z toho:

35 Chla, 12 Car, 25 lipidi, 3 PQ, 2 hem, 2 Pheo, 1 bicarbonat,
Fe?*, Mn,Ca, Cl-, 2 Ca*?(a 7 DM)




Na lumenadlni strané fotosystému II je vazan kyslik
vyvijejici Mn clastr s 3 stabilizujicimi proteiny
PsbO, PsbV a PsbU

Non-heme Fe
Stroma | . ( l_/f' heme b559

-----

PsbU
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Elektron-transportni retézec fotosystému IT
(Kern et al., Nature 2005)
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Na separaci naboju se podili
multimer molekul chlorofylu
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Struktura Qg kapsy: kromé chinonu Qg i
vazba dalsiho chinonu Q.

cytoplasm

2 kandly spojuji Qg kapsu s membrdnou, prsTup, ke Qg kapse z cytoplazmy je
v jednom je Qg, v druhém Q. blokovan lipidy



Photosystem II




O, yield (relative units)

12 18

Flash number

Current Opinion in Structursl Biokgy




Struktura klastru Mn,Ca a jeho vazba ve
fotosystému II

e €& . Gin 165
J CP43-Arg 357

YR ° -

Ala 344

25 24
CP43-Glu 354 s 27
1.7 ) Glu 189

His 332
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Komplex cyt b6/f
dimer: cyt bf, Rieske Fe-S + ~5 proteins




Rieske 2Fe-2S protein

© Antony Crofts 1996

2Fe.2S iron sulfur center from Rieske protein of the bc,-complex
2Fe2S ==> 2Fe2S* + e-
Midpoint redox potential: E ;7 =290 mV






Protoheme
of b-type
cytochromes

CH,

“00C—CH, —CH,

CH,

i

COO~

PLANT PHYSIOLOGY , Third Edition, Figure 7.28 (Part 1) © 2002 Sinauer Associates, Inc.

Heme ¢
of c-type
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HyC

-00C — CH,— CH,

1
CH,

|
Coo-

Protein

PLANT PHYSIOLOGY, Third Edition, Figure 7.28 (Par 2) © 2002 Sinauer Associates, Inc.




The structure of the heme group attached covalently to cytochrome c.
The porphyrin ring is shown in blue. There are five different cytochromes in the
respiratory chain. Because the hemes in different cytochromes have slightly different
structures and are held by their respective proteins in different ways, each of the
cytochromes has a different affinity for an electron.

(iOOI { (|ZOOH

(|:H2 c':uz







Cytochrome f

¢ - type cytochrome, transfers electrons to plastocyanin

Heme c, with two cysteine ligands
ferrocytochrome ¢ ==> ferricytochrome c* + e-

Midpoint redox potential: E ;7 = 350mV
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Nature Reviews | Molecular Cell Biology










Q cyklus prenosu elektronu v cytb,/f

(A) First QH, oxidized

STROMA Cytochrome bgf complex
)
Thylakoid QG .. O

-------
~
-

membrane

| \

. A
~» FeSp ==---~ A 3
| @ i Cy‘t‘ f /e"

2 F* Plastocyanin
LUMEN

PLANT PHYSIOLOGY , Third Edition, Figure 7.29 (Part 1) © 2002 Sinauer Associates, Inc.



Q cyklus prenosu elektronu v cytb,/f

(B) Second QH, oxidized

STROMA Cytochrome bf complex

Thylakoid 2 H . &
membrane \ Hy
\ Cyt b

Q ... e A
! l G'> FeSR """ o ’.' |
Cyt f wd
l ev@
2 HY Plastocyanin

LUMEN

PLANT PHYSIOLOGY , Third Edition, Figure 7.29 (Part 2) © 2002 Sinauer Associates, Inc.



Plastocyanine

© Antony Crofts 1996

Cu center of plastocyanin
Cu?* =>Cu* + e

Midpoint redox potential: E ;7 =360 mV



Nature Reviews | Molecular Cell Biology
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Velké membrdnové proteiny fotosystému I

- velké membranové podjednotky PSI oznacované jako PsaA a PsaB vdzi jak
pigmenty reakéniho centra, tak svétlosbérné pigmenty

Lumen




Fotosystem |

127 kofaktoru
97 chl

3 Fe,S, centra
2 fylochinony
22 karotenoidy
4 lipidy

» Reviews | Molecular Cell Biology
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S .. 127 cofactors:
_ 97 chl
Uphill electron transfer 7 3 3 Fe,S, centers
22.0 2 phylloquinons
14.9 22 carotenoids
4 lipids
Qy-A ) Qx-B
8.6 ,'f ’ffi/ \ 8.6
r e eC-B3
eC-A3 ¢
- . 4‘
8.8 \jf.{‘\ / | L\)_)‘ 8.2
eC-B2 —j “ \ef U Y ™ Ay 0C-A2
11.7 Gt ¥ Zr o400
eC-A1 N | eC-B1
Parallel electron transfer ,;_:1.-.. Chl a’ isomer C13

A-branch B-branch









Usporadadni molekul chlorofylu v PST:
na periferii dvé vrstvy pigmenti, v centrdlni éasti také
velky pocet anténnich molekul (25) plus pigmenty RC
P700 a A, (Jordan et al., Nature 2001)
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Proteiny fotosystému II

- velké membranové podjednotky PSIT D1, D2, CP47 a CP43 Ize ziskat
hypotetickym rozstépenim obou velkych podjednotek fotosystému I PsaA a PsaB

(b)  Psi

NHg*  CP47 coo-nNHgt D2 D1 NH3*coo- CP43 nHat

Stroma

Membrane

Lumen
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Ferredoxin

Cys—S. .
/Fe\ ’,Fe\
Cys—
Plant like

2Fe.2S iron sulfur centers ferredoxin
2Fe2S => 2Fe2S* + e
Midpoint redox potential: E, ;7 =-290 to - 400mV



Multiple pathways for spending the photosynthetic currency

Carbon

fixation Photorespiration

60% ATP | 1.36PGA

ATP /| NADPH*
variable

oxoglutarate | Nitrogen

Reductant 95% NADPH
export
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2H*

.......
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Intrathylakoid
Space

Noctor and Foyer 2000



Cyclic electron transport
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: [2NADPH=HT ¢

2H,0 + 2NADP* +2H* ->0O, + 2NADPH + 4H*
2NADPH + 12H"




ETM (membrany premeny energie)

Premeny energie:
Energie fotonu hv
ExcitaCni energie chlorofylu a

Energie elektront na riznych redoxnich potencialech:
membranové elektronové fetézce AE

Energie koncentraci iontu na membrané A uH+

Energie anhydridové chemické vazby ATP A GATP



hv>AE > Apy" > 4G, 1p

1. Generatory chemickeho
potencialu 4 pH+

2. Generatory oxidacne
redoxniho potencialu AE
hy — 4E

KOMPLEX
B

mala pohybliva

KOMPLEX | membranovy
_ chinon bilkovina
A pienadi ®ass C pienasi @
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Podobnosti v usporadani
fotosyntetickych a
respiracnich procesu

N

sprazeni toku elektronu a
protonu
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Vztah mezi hlavnimi podjednotkami RC riznych
fotosyntetickych RC naznacuje spolecného prapredka
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Purpurove bakterie



Zelené sirneé bakterie






