
Photosynthesis
Transition Metal Clusters in Biology

(Manganese Cluster in Oxygen Evolving Center)

Water as Reductant?
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Carbon Dioxide Cycle

Tha carbon dioxide cycle, showing the reserviors (in GtC) and fluxes
(GtC/y) in 1980-1989.
 (In "Understandinh Our Environment" Ed. R. M. Harrison, RCS, 1999).



Carbon Cycle v ia Photosynthesis
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What is Photosynthesis

6CO2  +  6H2O                   C6H12O6  +  6O2

h!

Cox Cred
reductant

?
oxidant

photosynthetic cells
(plants, algae,

bacteria)

heterotrophic cells
(plants, algae,

bacteria)

SUN

O2

Glucose

H2O

CO2

h!

Photosynthesis
Cred

Cox

reductant

oxidant



Photosynthesis Two Phases and 
Takes Place in  Chloroplast  (Plant)
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Light Reactions

Photosynthetic Electron Transfer making Charge (H+) Separation
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Antenna Molecules (Pigments)Light Harvesting Complex (LHC)

Reaction Center (RC)

Bacteria



Antenna Molecules (Pigments)
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Light Harvesting ProteinLight Harvesting Complex (LHC)
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Photosynthesis Reaction Center
(R hodospseudomonas viridis )
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Reaction Center (RC)

Bacteria



Photosynthesis Reaction Center
(R hodospseudomonas viridis )
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Photosynthesis Reaction Center
-Electron Transfer-
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Photosynthetic Electron 
Transfer System
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Photosynthetic Electron Transfer 
(Plant)
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Photosynthetic Electron Transfer 
(Plant)
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Crystal Structure of PS II 
from Synechococcus elongatus 

at 3.8 Å Resolution
A. Zouni et al. Nature 2001, 409, 739-743
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Crystal Structure of PS II 
from Synechococcus elongatus 

at 3.8 Å Resolution

Plants

Light Harvesting Complex (LHC)

Photosystem II (PSII)

Photosystem I (PSI)

Chl a

Chl a

plast
quinone

Fe

10.7 Å 10.6 Å

9.8 Å
Mg Mg

Mg Mg11 Å 11 Å

10.0 Å

10 Å

P680

h!

Tyr

H2 H2

MgMg

22.8 Å

12.4 Å

7.0 Å

Chl a

Pheo

QA QB

Fe Cyt
c-550

Cyt
b-559

25.8 Å

~28 Å

27 Å

10.5 Å ~10 Å

Fe(II)

Mn4

24.5 Å

23.9 Å 23.7 Å

24.6 Å

12.0 Å



Crystal Structure of PS II 
from Synechococcus elongatus 

at 3.8 Å Resolution
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Ferredoxin-NADP+  Reductase
Plants
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Ferredoxin-NADP+  Reductase
Plants
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ATP Synthase
Plants
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ATP Synthase
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Summary of Light Reactions 
in  Chloroplast

Plants

Light Harvesting Complex (LHC)

Photosystem II (PSII)
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2H2O + 2NADP+                  2NADP + O2 + 2H+   (!Go = 438 kJ·mol-1)

4ADP + 4Pi                   4ATP + 4H2O    (!Go = 122 kJmol-1)
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Manganese Cluster Chemistry
in Relation to

Oxygen Evolving Center in PS II



Oxygen Evolving Mechanism
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A Proposed Mechanism of OEC 



A Proposed Mechanism of OEC 
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Modified Proposed Mechanism of OEC 
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EPE Studies Revealed 
the Oxidation States of Mn4 Cluster in OEC

V. K. Yachandra, C hem. Rev., 1 996, 96, 2927



C-shape Dimer-to-Dimer Structure 
was Proposed from Detailed EXAFS Studies

V. K. Yachandra,  S cience, 1993,  260,  675



C-shape Dimer-to-Dimer Structure 
was Proposed from Detailed EXAFS Studies
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A Proposed Mechanism of OEC 
V. K. Yachandra, C hem. Rev . ,  1 996, 96, 2927
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Recently Proposed Structure of OEC Active Site
C. Tommos,  G. T. Babcock, Acc. Chem. Res . , 1 998, 31, 18



Proposed Cycle for OEC in PSII
by  G. T. Babcock 1998



Two Proposed Mechnisms  with C-Shape Mn4 Center
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Functional Model System of OEC Center 
by Dinuclear Mn Complex R. H. Crabtree et al. 

Science, 1 999, 2 83,  1524



Functional Model System of OEC Center 
by Tetranuclear Mn Complex
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Dark Reactions of Photosynthesis



Dark Reactions (Calvin Cycle)Dark Reactions
 (plants)
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Dark Reactions (Calvin Cycle)Dark Reactions
 (plants)



Dark Reactions (Calvin Cycle)Dark Reactions
 (plants)

CH2OPO3
2-

CO

C OH

C OH

CH2OPO3
2-

H

H

RuBP

B:

CH2OPO3
2-

CO

C O

C OH

CH2OPO3
2-

H

CH2OPO3
2-

CHO

C O

C OH

CH2OPO3
2-

H

CO2
-C

O

O
H

OH -H+

CH2OPO3
2-

CHO

CO2
-

C OH

CH2OPO3
2-

H

CO2
-

3PG

(3-phosphoglycerate)

CH2OPO3
2-

CHO

C O

C OH

CH2OPO3
2-

H

CO2
-

HO

CH2OPO3
2-

CHO

CO2
-

H2
H+

H
(ribulose bisphosphate)

* *

*

*

*

*
*



Dark Reactions
 (plants) Dark Reactions (Calvin Cycle)

Route from 3PG to GAP



Dark Reactions (from GAP)Dark Reactions
 (plants)
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Summary of Photosynthesi  
in  Chloroplast
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Concepts of Artificial Photosynthesis
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Artificial Photosynthesis



Thanks a lot!


