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: ENADPH 1]

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



Premeéena energie

Svételné reakce v thylakoidech

hv, O,, elektrony, H*

ATP NADPH-H*

Temnotni reakce ve stromatu

CO, ->org.C




Multiple pathways for spending the photosynthetic currency

Carbon
fixation

Photorespiration

60% ATP | 1,36PGA

Reductant 959, NADPH

export
oxaloacetate
NADP
2H*
ann® " ey

i = v
) N i

L0 10, 28" 2H*

ATP / NADPH* ~1.5

ATP /| NADPH*
variable

oxoglutarate | Nitrogen
assimilation

NO;

Stroma

T
i

Intrathylakoid
Space

3’
i

Noctor and Foyer 2000



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 > A4Apy" > 4G, 1p

1. Generatory chemickeho
potencialu 4 pH+

2. Generatory oxidacne
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Vztah mezi ruznymi formami voln¢ energie

Peter Mitchell - Nobelova cena 1978
John Walker — Nobelova cena 1997
Paul Boyer — Nobelova cena 1997

« Rozdil koncentrace iontu na membrané
 Protonmotoricka sila (Ap; = ApH + Ay)
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Chemiosmotic hypothesis

Ap,+ =F AY - 2.3 RT ApH
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Tvorba ATP v
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(reverzibilni protonova)

10-13 ¢ podjednotek CFo
spojeny s y podjednotkou CF1
= rotor

zbytek = stator

brzda = disulfidické mustky
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F, subunits o, B and 6 together with F, subunits a and_b comprise the stator while
remaining y, € of F, and ¢ ring of F, form the rotor during rotational synthesis of
ATP. One ATP is formed during single rotation of the rotor that is related to the
transfer of 3 H™.
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Videorecord of the y¢F,cF,
rotation during the ATP synthesis

Actin filament




,binding change mechanism” (P.Boyer)






Noncyclic plus cyclic photophosphorylation

it 43= 4
H*:ATP = 14:3 = 4.666 ATP

ATPNADPH=32=15 ‘:
hv:Oy=d+4+1=9 2NADP™  ADP# Py

Photosystem LIl = 5:4 = 1.25 14H*

12H*




Obsah prednasky

C3 draha: fixace a redukce CO,
Fotorespirace a C2 draha
mechanismy koncentrace CO,

C4 metabolismus
CAM metabolismus



Melvin Calvin Andrew Benson
Nobel 1961

Calvinuv, Calvin-Bensonuv, Redukéni pentosovy cyklus, C, cesta
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Rubisco = karboxydismutaza

RuBP karboxylaza/oxygenaza o :

Karboxylace neni reduktivni e
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Calvinuv cyklus:

celkem 12 reakci
autokatalyticky

Karboxylace.
» -AG karboxylace

« velka afinita CO, k
Rubiscu

PHASE 1: CARBON FIXATION

3-Phosphoglycerate

CALVIN
CYCLE

Glyceraldehyde 3-pho:

REGENERATION OF
CO, ACCEPTOR
(RUBP)

10-0-0-®
G3P Glucose and
(a sugar) other organic

[

3CO, +3 H,0+ 6 NADPH + 9 ATP -> G3P + 6 NADP* +3 H* + 9 ADP + 8 P,



pomaly

Rubisco

velky enzym

(3 CO, za sec)
Nejpodetnsjsi. ..
nespecificky (O,)

Aktivni &ast: L2

Form (subunit Form I (LsSg) Form II (L,)
organisation)
Origin Cyanobacterial p-Proteobacterium  a-Proteobacterium
Taxa Form 1B Form 1D Dinophyta
(green type) (red type)
Cyanobacteria Rhodophyta
Cryptophyta
Chlorophyta Haptophyta
Chlorophyceaea Heterokonta
Prasinophyceae Bacillariophyceae
Eugleophyceae Chrysophyceaea
Diophyta
Location of gene Chloroplastic rbcl. ~ Chloroplastic rbc. ~ Nuclear rbcL

Nuclear rbcS

Chloroplastic rbcS
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3 molecules of CO, yield a
net synthesis of 1 molecule
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Regeneracni faze
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TABLE 8.1
Reactions of the Calvin cycle (Part 1)

Enzyme Reaction

1. Ribulose-1,5-bisphosphate 6 Ribulose-1,5-bisphosphate + 6 CO, + 6 H,0 —
carboxylase/oxygenase 12 (3-phosphoglycerate) + 12 H*

2. 3-Phosphoglycerate 12 (3-Phosphoglycerate) + 12 ATP —
kinase 12 (1,3-bisphosphoglycerate) + 12 ADP

3. NADP:glyceraldehyde-3- 12 (1,3-Bisphosphoglycerate) + 12 NADPH + 12 H" —
phosphate dehydrogenase 12 glyceraldehye-3-phosphate + 12 NADP* + 12 P,

4. Triose phosphate isomerase 5 Glyceraldehyde-3-phosphate —

5 dihydroxyacetone-3-phosphate

5. Aldolase 3 Glyceraldehyde-3-phosphate + 3 dihydroxyacetone-
3-phosphate — 3 fructose-1,6-bisphosphate

6. Fructose-1,6-bisphosphatase 3 Fructose-1,6-bisphosphate + 3 H,0 — 3 fructose-
6-phosphate + 3 P,

7. Transketolase 2 Fructose-6-phosphate + 2 glyceraldehyde-3-phosphate —
2 erythrose-4-phosphate + 2 xylulose-5-phosphate

Note: P, stands for inorganic phosphate.

PLANT PHYSIOLOGY, Third Edition, Table 8.1 (Part 1) © 2002 Sinauer Associales, Inc

3 CO, + 3RuBP+ 3 H,O + 6 NADPH + 9 ATP -> 6G3P + 6 NADP* + 3 H* + 9 ADP + 8 P,



Regenerace soucasti Calvinova cyklu

Ve tmé je nizka koncentrace meziproduktu C cyklu
Na svétle se musi nejprve regenerovat meziprodukty — indukcCni perioda

Energeticka bilance Calvinova cyklu
Mnozstvi energie na syntézu hexdsy = energie oxidace (spaleni) 1 molu hexosy =
2804 kJ

6CO2 + 12 NADPH + 18 ATP -> C6H1206

Spotiebuje se 3126 kd na oxidaci 12 moltd NADPH (12 x 217) a na hydrolyzu 18 molu
ATP (18 x 29 kJ)

Termodynamicka ucinnost je tedy 90% (2804/3126)
VétSina (83%) energie jde na redukcni proces

1 CO2 ~ min. 8 fotonu

Celkova termodynamicka ucinnost:

6 x 8fotonu x 175 kJ(energie 680nm) = 8400 kJ
Celkem maximalni ucinnost 33% (2804/8400)

Velka Cast energie se ztrati pri tvoroé NADPH a ATP

Realna ucfinnost pfemény svételné energie je 0.1 — 0.4%, optimalné 2%
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* regulace — na Grovni syntézy proteinu (signaly jadro —
chloroplast). Anterogradni regulace (J — Ch). Pomalé
(hod)...

 posttranslacni modifikace — rychle zmény aktivity béhem
minut
— zmény v kovalentnich vazbach (disulfidické vazby, karbamace)
— nekovalentni modifikace (vazba metabolitii, zmény v pH)



Regulace svetlem

Moduluje aktivitu enzymu v zavislosti na pfenosu elektronu
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Aktivace cyklu fixace uhliku

Fotochemicke Table 1 Stromal conditions of darkened and illuminated chloroplasts
zmeny Dark Light
pH 7.0-7.3 8.0-8.5
Mg** (mM) 1-3 3-6
ATP/ADP ratio 0.2-1.0 1-5
Thioredoxin (% reduced) 8-30 62-67
IH;Q% . ) ;
Photosystem Aktivace 4 enzymu CC systemem
e PN ferredoxin — thioredoxin

. Oxidized - “_ reduced -
W—! Ferredoxin-
thioredoxin

reductase

Thioredoxin Thioredoxin
reduced oxidized

| | ]

I e
= _,-o-'-"_'_‘_‘_"--._‘_\_\_‘
5 T 3

r‘ﬁﬂ—//
S—S 0, HS SH

H,0

(inhibice katabolickych procesu)




Aktivace cyklu fixace uhliku - Rubisco

Karbamylace Lys?°" probiha |épe za zvySeni Mg?* a pH

Inactive

A ctiv
@ co, @ Mg2*
* -’. Rubisco
Rubisco | —* | Rubisco N
| 1 | : -\-T-.
. P I T NH
) :_._ 23 Clys CLvs) |
| 1 I o
NHg* NH, NH a0
| i
coo™ Mg?2*

Rubisco aktivaza odstrani pevne navazane cukry

ATP: ADP +@®, RuBP

Mg2*, CO,
RuBP l , RuBP
=T ; 2 |
Rubisco | + | Activase Rubisco Activase | Rubisco Rubisco

L = B _1
Lys) D) D) G
Cr/ 5 L - : Activase \T + E@F
NH5 NH; - NH; NH
I
COO™
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Co urCuje pomer fotosyntézy a fotorespirace?

Kinetické vliastnosti

Atmosphere
Rubisca
0, ([COz])
O (o0 [02]

G, CO, 8 uM
C; Oxidative 0. 260 uM
Calvin Rubis,ml photosynthetic 2 e
Sugars | cycle carbon
cycle faktor specificity
~ 30-80
ADP “ATP-  ADP “ATP:
- NADPH - Fdx. ., ~ 2.5
\ / \ Table 9.2 Enzymatic and physical parameters for rubsco
HEO la) Enryme kinetic constants for rubisco
™ [} Koy K .j':'.i‘::_r ﬂ:’-
. - ] W K"—Fj K:J
s™") s T () (s'M) (="M ")
Photosynthetic ‘ o o E o SR AR
electron tl‘aI'leEI‘| Vilues are for 25°C (Woadnnw and Berre 19881 -

Atmosphere I



Rozpustnost pfi rovnovaze se vzduchem
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C2 oxidativni
fotosynteticky
cyklus

snizuje ztraty fixovaného C
zpusobené fotorespiraci —
oxygenazovou aktivitou
Rubisca

kooperace 3 organel:
chloroplast
peroxisom

mitochondrie

~50% energie
spotfebované na karboxylaci

2 Pglycolate -> 1 Pglycerate

4C -> 3C (25% C loss)

| 2 POCH, — (CHOM), — H,COP

CHLOROPLAST

Calvin cycle
Ribuilose-1,5 -bisphosphate = :
0 | |
===y 2.1 et T
2 POCHy — CHOH — COy 3 POCHy; — CHOH — 0
- - Iphosphoglycerate i-phosphoglycerate
2 POCH; — €Oy r
-ph hagl |
I-phosphoglycolate AP
|
(2.1 HOC— [CHz)y — | HO3C — (OHgly — il L\-_ _____
CHIDH; —CO; | €0 —CO; N
: Gluta mate ir-ketoglutarate
—W.f—| HOCH; — HOCH — CO;
= | ﬁlyju'riu-
——— % SE—— __,__,_'_,_,_,-',-'-—""":’Fﬁ
2 =
- — —_—
f———" —
= PEROXISOME
3
/Jﬁl'p‘.uht! Glutamate [ Glycerate
» T ’ HORC— (CHy)y — e
0y €O —C0,
[ m-ketoglutarate
(2.9
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Hydroxypyruvate
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C2 oxidativni
fotosynteticky
cyklus

Elektronové mikroskopicky
snimek rostlinné bunky

kooperace 3 organel:
chloroplast (C)

peroxisom (P)
mitochondrie (M)
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CCM — mechanismus koncentrace uhliku v rasach

CA aids L
"Rubisco" fix C N

O in chloroplasts

Internal
transport
as HCO3-

Only uncharged CO2 can
CO2 " diffuse across plasmalemma
<10-5MCarbonic anhydrase helps

convert HCO3-=> CO2

Reverzibilni hydratace CO,

H,O + CO, < H,CO,

pomala bez katalyzy

CA = karbonatdehydrataza
Az 600000 s
jeden z nejrychlejSich enzymu

CCM spotrebovava ATP
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Strukury, ve kterych dochazi k fixaci uhliku

Sinice: karboxysomy
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Jak se mohou adaptovat cévnaté rostliny?

C3 rostliny Véncita anatomie C4 rostlin —
velké buriky pochev cévnich svazku
max. 2-3 vrstvy mesofylnich bunek

(@ Cs PLANT (b) Cs photosynthesis
= 3 | C4 PLANT Mesophyll
cell CO; (from
. air space)
C; photosynthesis | OAA i
Mesophyll - (4-carbon PEP

compound) )

Pyruvate
galvin— IPG (3-carbon
enson )
Cj cell arrangment cycle :33;‘::::” Brisiclie 5 (;:ompﬂund}
sheath 2

CRper 'RUBP (5-carbon cell

epidermis compound)
Palisade Calvin—
mesophyll RuBP Benson
cell S cycle 3PG
Vein

Lower Spongy .

epidermis  mesophyll Sugars

cell
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C4 cyklus

mesofilni bunky

bunky pochev cévnich svazku (

eliminace oxygenazove aktivity giusion

koncentrace CO, ~ 15x

z5na /0 uM

External CO;
atmosphere
e, Plaima
membrane
Cell wall
Mesophyll cell
(external
region) /
¥ ,,J"Pyrwate
/ @. HCOy @ {  phosphate
thpl‘l(’!.‘ﬁﬂl ' dnn.mu',e
\ PEPcase [* pyruvate (Cy) %
AN
-

Malate

barrier

Bundle
sheath cell .«’

(vascular r
region)

Enzyme

Reaction

Exported

1. Phosphoenolpyruvate (PEP)
carboxylase

2. NADP:malate dehydrogenase
3. Aspartate aminotransferase
4. NAD(P) malic enzyme

5. Phosphoenolpyruvate
carboxykinase

Phosphoenolpyruvate + HCO,™ — oxaloacetate + P,

Oxaloacetate + NADPH + H* — malate + NADP*
Oxaloacetate + glutamate — aspartate + a-ketoglutarate
Malate + NAD(P}* — pyruvate + CO, + NAD(P)H + H*
Oxaloacetate + ATP — phosphoenolpyruvate + CO, + ADP

metabolites
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Calvin cycle

1
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Pyruvate

\\Bundle sheath cell
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MESOPHYLL CELL BUNDLE SHEATH CELL

NADP malic enzyme type

(3-2)
Oxaloacetate —— Malate + Malate

(3-9)
€0, = Heo, —{ ¥
Calvin

" +——— Pyruvate +————— Pyruvate cycle

3 varianty C4 metabolismu

liSi se podle C4 kyseliny, ktera
prenasi C do véncitych bunék a
podle dekarboxylani reakce

NADP- malat

(3-3)

o Oxaloacetate ———— Aspartate Aspartate —» malnacemc
NAD malat
l.'3 -2)
. - Malate
PEP karboxyklnaza co, = Heo; — " t3-41
Ph::’p:m:ul — Pyrwam +— Alaninge + Alaning = Pw‘wate Calvin
(3-8) (3-6) cycle

(3-3)
Oxaloacetate — Aspartate ———————+Aspartate —* Oxaloacetate

o, #Hco;.A‘ (3-1)
pyruvate




ATP Required

C4 Cycle 2 2 3

PCR Cycle 3 3 3

Total ATP 5 5 6
NADPH Required

C4 Cycle 1 0 0

PCR Cycle 1 2 2

Total NADPH 2 z 2
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Obsah prednasky

C3 draha: fixace a redukce CO,
Fotorespirace a C2 draha
mechanismy koncentrace CO,
C4 metabolismus

CAM metabolismus

Syntéza cukru a Skrobu



CAM = crassulacean acid metabolism
metabolismus kyselin u tuCnolistych

aridni rostliny ,rostliny CAM*
charakteristické jsou silné kutikuly, velké vakuoly, mala stomata

(c) Crassulacean acid metabolism

CAM rostliny:
50 -100 g H,O na 1 g fixovaného CO,

CAM PLANT

C4 rostliny
250 — 300 g H,0 Pyruvate
RuBP E%‘;E':“_ i
Dis Sugars




CAM metabolismus

tma

CO, uptake
and fixation:

co,
leaf acidification

Open stoma permits
Atmospheric entry of CO; and

loss of H,0
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pyruvate
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Decarboxylation of stored
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internal CO;: deacidification
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