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1 Trapping tyrosine Z in a perspective 

Photosynthesis is the source of energy for almost all living organisms on 
Earth today. Broadly defined, it is the process where light energy, provided 
by the sun, is captured and converted to chemical energy. The chemical en-
ergy can be stored and later used to drive cellular processes and to fuel life.   

There are a wide variety of species capable of photosynthetic metabolism, 
found in two of the three fundamental domains of life, bacteria and eukarya 
(archaea does not include any species with chlorophyll based photosynthe-
sis). Bacterial photosynthesis can be defined as anoxygenic or oxygenic. The 
former type does not evolve oxygen as a by-product. Cyanobacteria are the 
only bacteria that are capable of oxygenic photosynthesis and along with two 
groups of eukaryotic organisms, algae and plants, they are responsible for 
the primary production of oxygen in the atmosphere. This thesis deals only 
with the oxygenic type of photosynthesis.    

In summary, oxygenic photosynthesis is initiated by the light driven trans-
fer of electrons from water to an electron acceptor (NADPH), via a mem-
brane bound enzyme system. In the process molecular oxygen is released 
and a proton gradient is created. The latter is used to drive energy production 
and the energy is temporarily stored as ATP (the energy currency of the 
cell). NADPH and ATP then enter a metabolic cycle that converts carbon 
dioxide to a biological fuel, carbohydrates (Chapter 2).   

A key reaction in the above process is the oxidation of water. This is car-
ried out by the enzyme complex photosystem II where a light induced charge 
separation in the reaction center creates enough energy to extract an electron 
ultimately from water. The water is bound to a catalytic center composed of 
four manganese ions and one calcium ion, the CaMn4 cluster (Chapter 3).  

In between the site of charge separation and water oxidation resides a re-
dox active tyrosine amino acid, most often called tyrosine Z (or YZ). It shut-
tles electrons in a proton coupled electron transfer reaction. Tyrosines are 
known to be involved in many important biological enzymatic systems to 
function as intermediates in electron transfer (1). Among examples such as 
cytochrome oxidase, ribonucleotide reductase, and galactose oxidase, photo-
system II is particularly suited for studying the oxidation-reduction reactions 
of tyrosines. The function of tyrosine Z in photosystem II is the main focus 
of this thesis, a small but important part of photosynthesis (Chapter 4). 

Over the years the detailed understanding of the catalytic function of pho-
tosystem II has gradually been increased. The techniques to follow the fast 
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reactions on the smallest scale have continuously been improved. For in-
stance, the atomic structure of PSII is now known at an amazing 1.9 Å reso-
lution (2). By utilizing low temperatures the electron transfer reactions in 
photosystem II can be blocked or slowed down. This has made it possible to 
trap the oxidized radical of tyrosine Z to allow its study and characterization. 
The results presented in this thesis aim to uncover the details of proton and 
electron transfers at the place of water oxidation by means of “split EPR 
signal” induction (Chapter 5). 

However, the function of tyrosine Z, photosystem II, and photosynthesis 
as a whole does not only provide us with energy to cope with our everyday 
life, it has also given us energy to drive our society. The coal, natural gas, 
and oil we burn today are products of millions of years of photosynthetic 
activity, stored as fossil fuels in the ground. However the fossil fuels are 
limited and their use is appointed as the main cause to the ongoing global 
climate change. Ironically, the process that once gave us the fossil fuels and 
their accompanying problems may be the starting point for the future energy 
production. Mimicking the concepts of photosynthesis has the potential to be 
the solution to solar based energy production (Chapter 6). 
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2 Photosynthesis – an overview 

Referred to as the “big bang of evolution”, photosynthesis has clearly made 
an impact on the development of life on earth (3). The Earth itself is about 
4.6 billion years old and the earliest sign of life dates back to about 3.5 bil-
lion years ago. When the first photosynthetic organism appeared is uncertain 
and how it evolved is far from resolved (4). However, the evolution of pho-
tosynthesis provided a metabolic advantage that made it possible to use light 
to drive unfavorable oxidation-reduction reactions to yield electrons and 
chemical gradients as a source of energy. 

The first form of photosynthetic metabolism was most likely anoxygenic, 
carried out by early bacteria. As the available oxidizable substances in the 
prebiotic world (such as H2, Fe2+ and H2S) were slowly consumed the devel-
opment of oxygenic photosynthesis took place, most likely by ancient 
cyanobacteria. Water became the source of electrons and protons and oxygen 
was released as a by-product. This lead to an accumulation of O2 in the at-
mosphere starting at about 2.5 billion years ago to eventually reach the pre-
sent concentration of ca 20 %. The use of water as an electron source made it 
possible for life to colonize new environments and the conversion of O2 to 
ozone (O3) in the atmosphere gave protection against harmful UV-radiation 
at the surface (5-7).  

The electrons liberated from water oxidation were utilized to reduce inor-
ganic carbon (CO2) and produce organic molecules as cellular building 
blocks and as a reserve of energy. The high amount of CO2 in the early at-
mosphere was buried as reduced carbon organic matter. Concomitant with 
the increase of O2 the CO2 concentration was ultimately decreased to only 
trace amounts.  

The storage of energy into carbon containing compounds powered by 
photosynthesis also set the stage for non-photosynthetic and eukaryotic or-
ganisms. The organic compounds produced by photosynthesis could be oxi-
dized to regain the stored energy in aerobic respiratory metabolism. This was 
way more energy efficient than using anaerobic metabolism (e. g. fermenta-
tion). In addition, it also made use of the available O2 to function as an elec-
tron acceptor that together with protons is reduced to water. The evolution of 
this metabolic water-oxygen cycle made it possible for life to proliferate and 
evolve (6). Today, the complex organisms which inhabit the Earth are de-
pendent on photosynthesis.   
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2.1 Developing the concept of photosynthesis 
Dating back to at least the end of the 17th century, many independent discov-
eries have lead to our current understanding of the complex architecture of 
photosynthesis (4, 8-10). The recognition of photosynthesis as a phenome-
non first began by the understanding that a plant can derive its nourishment 
and grow using only air and water (whose atomic components at this time 
were still unknown). This was later followed by the discovery that the plant 
releases oxygen when exposed to light. A set of classical experiments were 
made by the English minister Joseph Priestly starting in 1771, where he put a 
burning candle or a mouse in a closed compartment. The presence of a plant 
in the same compartment would sustain the life of the mouse and the burning 
of the candle.  

In the beginning of the 19th century the knowledge of the process of pho-
tosynthesis could be summarized in a simple overall equation: 

carbon dioxide + water + light → organic matter + oxygen (a) 

It took however almost another century before the equation could be bal-
anced properly and the chemical nature of all participating elements were 
established. The overall equation for oxygenic photosynthesis has since been 
described by: 

CO2 + H2O + light → [CH2O] + O2 (b) 

where [CH2O] represents a unit of organic material (a carbohydrate).  
In the 1930s Robin Hill demonstrated that by using isolated chloroplast 

suspensions from leaf oxygen production could be separated from carbon 
dioxide reduction (into carbohydrates) (11). High rates of oxygen evolution 
could in his experiments only be obtained using artificial electron acceptors. 
This laid the basis to firmly establish that the oxygen produced by photosyn-
thesis came from water and not from carbon dioxide and suggested the in-
volvement of two distinct enzyme systems. By separating equation (b) into 
two the oxidation-reduction nature of the complete process is: 

2H2O → O2 + 4e- + 4H+ (c) 
CO2 + 4e- + 4H+ → [CH2O] + H2O (d) 

where water oxidation with oxygen release is clearly separated from carbon 
dioxide reduction (4).  At about the same time the concept of the “photosyn-
thetic unit” was developed by Robert Emerson and William Arnold (12-13). 
Several hundred pigment molecules (chlorophyll a) served together as an 
antenna system to deliver energy to the enzymatic reaction center that pro-
duces the O2 in reaction (c). Following this, experiments measuring photo-
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synthetic activity upon illumination with various wavelengths of light (i.e 
green to far-red light) ultimately lead to the suggestion that two photosyn-
thetic units worked together in a sequence (14-16). We now know that oxy-
genic photosynthesis involves the two reaction center proteins, photosystem 
I and II (named in the order of their discovery), and that their respective 
optimum wavelengths of absorption are different.  

In 1960 Robin Hill and Fay Bendall (14) described the concept of two 
photosystems and two light reactions on a potential scale in a classical 
scheme, known as the “zig-zag” or Z-scheme (Figure 1). The Z-scheme out-
lines the energetics of the light driven electron transport in photosynthesis 
where two charge separation events power water oxidation in photosystem II 
and NADP+ reduction in photosystem I. The main components of the Z-
scheme and the sequence of electron transfer are described in the next sec-
tion. 

 
Figure 1. The Z-scheme of photosynthesis. The diagram indicates the major reactions of the 
light driven electron transport depicted on an energy scale, where the input of energy is 
provided by the absorption of light in the two photosystems, PSII and PSI.   

2.2 The light driven electron transport chain 
The light driven electron transport described in the Z-scheme (Figure 1) can 
be described as the energy producing part of photosynthesis (often called the 
light reaction). With the understanding that the electrons and protons are 
used to produce NADPH and ATP, the light driven electron transport is 
summarized by reaction (c). Independent of organism, this process takes 
place in a lipid bilayer membrane. The integral structure of the membrane is 
of vital importance since it provides separation (i. e. between stroma and 
lumen) and allows for buildup of a chemical gradient. In cyanobacteria and 
eukaryotic cells the membrane structures are called thylakoid membranes. In 
eukaryotic cells the thylakoid membranes are found in special compartments 
(organells) in the cell called the chloroplasts. The membrane hosts the four 
multi-subunit protein complexes involved in the light driven electron trans-

P680

P680
+

Cyt b6f

2H2O
O2 P700

P700
+

NADP+

NADPH+H+FNR

En
er

gy

PQ

PC
CaMn4

YZ

PSII
PSI



 16 

port: photosystem II, cytochrome b6f, photosystem I, and ATP synthase. It is 
logical to describe the four proteins acting in a sequence, as depicted in Fig-
ure 2. However this is a somewhat simplified picture as the distribution of 
the four complexes are different in different parts of the membrane. To de-
scribe the linear electron transport through the four membrane complexes 
(Figure 2) the whole process is here divided in three distinct steps: 

 
Figure 2. A schematic representation of the linear light driven electron transport in the 
thylakoid membrane (see text for details). The approximate stoichiometry of the complete 
reaction is given. As such the oxidation of two water molecules produces two molecules of 
NADPH and three molecules of ATP.  The figure was prepared from PDB IDs: 2AXT (PSII), 
2AXT (PSII), 1Q90 (Cyt-b6f), 1AG6 (PC), 2O01 (PSI), 1A70 (Ferredoxin), 1QG0 (FNR), 
1H8E and 1YCE (F-ATPase). 

2.2.1 Light absorption and energy transfer 
Without light there would be no photosynthesis and consequently the first 
step in the process is absorption of light. The energy in the light (photons) is 
captured by light-harvesting pigment molecules. The most common form of 
photosynthesis uses chlorophyll type pigments for the main light collection 
(an exception is the bacterio-rhodopsin type photosynthesis, not discussed 
here). In addition there are also other pigment types, e. g. carotenoides and 
phycobilins. All pigments have different spectroscopic and chemical proper-
ties, suited for their respective function in the light harvesting.  

Most of the pigments do not perform any photochemistry. They instead 
function as antennas, collecting the light and transfer the excited state energy 
to the reaction centers of photosystem II and photosystem I where the elec-
tron transfer is initiated. Each reaction center is surrounded by many pig-
ment molecules (often as many as 200) and the energy reaches the center in 
10-100 picoseconds. The process of light harvesting greatly increases the 
efficiency to convert light energy to chemical energy. The pigments are as-
sociated together with proteins into big antenna protein complexes. Depend-
ing on the available light, the antennas are regulated to increase or decrease 
the amount of energy that is being funneled to the reaction centers.  

Photosystem II
Photosystem I F-ATPase

Cytochrome b6f Plastocyanin

Ferredoxin

2PQH2

8H+

8H+

12H+

Stroma

Lumen

2H2O
4H+

4 hv 4 hv

3ADP

O2

2NADP+ 3ATP

FNR
2NADPH



 17

2.2.2 Charge separation and primary electron transfer 
The core of the reaction center in photosystem II and photosystem I contains 
a special pair of chlorophyll molecules, called P680 and P700, respectively 
(named after the wavelength of the lowest-energy absorption band). The 
light energy funneled to the chlorophyll dimer induces an electronic excited 
state. The excited state is an extremely reducing species and will rapidly lose 
an electron to an electron acceptor. At this moment the light energy has been 
converted to chemical redox energy. The charge separated state is stabilized 
by very fast secondary electron transfers, physically moving the charges 
further apart in the protein (discussed in more detail for PSII in Chapter 2) 
and at the same time lowering the energy in the separated charge pair 
thereby stabilizing it further. These secondary reactions prevent charge re-
combination and thereby unnecessary loss of energy. 

2.2.3 Energy conservation to stable intermediates 
The chemical redox energy created in the reaction center must be secured in 
a more stable form before fueling the cell machinery. In oxygenic photosyn-
thesis the two photosystems, II and I, work together in a sequence to do so 
by producing NADPH and ATP. The whole process is summarized in Figure 
2. Starting at photosystem II, the final electron acceptor at the stromal side of 
the protein is a plastoquinone (QB). After two charge separation events this 
quinone is fully reduced and protonated. It dissociates from photosystem II 
to enter the plastoquinone pool.  

The cytochrome b6f complex interconnects the two photosystems by 
transferring electrons from the reduced quinones in the plastoquinone pool to 
plastocyanin at the luminal side of the thylakoid membrane. The cytochrome 
b6f complex also plays a regulatory role as it senses the redox state of the 
plastoquinone pool that helps to balance the productivity of the two photo-
systems. Plastocyanin transfers electrons from the cytochrome b6f complex 
to photosystem I to reduce P700

+. Photosystem I in turn transfers an electron, 
via three Fe-S containing clusters in the protein, to the electron acceptor 
ferredoxin, bound to the stromal side of photosystem I. Ultimately, with the 
help of ferredoxin-NADP reductase NADP+ is reduced to NADPH at the 
stromal side of photosystem I. 

During the electron transfer process, protons are being expelled into the 
lumenal side of the thylakoid membrane. This occurs during water oxidation 
in PSII and by proton translocation across the membrane during cytochrome 
b6f reduction (Figure 2). By this, a chemical and electrical potential (proton 
motive force) is created that can be utilized to produce energy. The flow of 
protons back to the stromal side of the membrane drives the ATP synthase, 
where ADP is converted to ATP. 
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2.3 Carbon assimilation 
The NADPH and ATP produced in the light driven electron transport are 
primarily used in carbon reduction. This can be described as the energy stor-
ing part of photosynthesis (often called the dark reaction), summarized in 
reaction (d). Together with the energy producing part above it sums up to 
overall reaction of photosynthesis, reaction (b).  

The pathway that incorporates carbon in to the cell is called the Calvin 
cycle (or Calvin-Benson-Bassham cycle). In this rather complex process, 
CO2 is reduced and ultimately converted to carbohydrates. A primary step in 
the cycle involves the enzyme rubsico, which is the most abundant protein 
on Earth. The end products of the Calvin cycle, the triose phosphates, are 
further processed to sucrose or starch. These carbohydrates are suited for 
longer term energy storage to be later used in cell maintenance and growth.  
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3 Photosystem II 

All oxygenic photosynthesis (in cyanobacteria, eukaryotic algae and green 
plants) is based on the operation of two photosystems, linked together in a 
sequence as described above. Both photosystems are using light energy to 
drive electron transfer reactions. However, the two photosystems, I and II, 
and their specific function are different and represent two evolutionary 
classes of photosynthetic reaction centers, the RCI and RCII types, which are 
either photosystem I like or photosystem II like (in contrast to oxygenic pho-
tosynthesis, bacteria with anoxygenic photosynthesis use only one type of 
reaction center for their energy production, either RCI or RCII, depending on 
species).  

Both classes of reaction centers share a similar feature in that they contain 
two similar or identical proteins that make up a dimeric protein core in the 
photosystem (4). The dimeric core holds the redox components that are in-
volved in electron transfer in the protein. The RCII type reaction centers, 
including photosystem II, are all heterodimeric, i.e the two subunits are simi-
lar but not identical. It is suggested that in the early form of the reaction cen-
ter electron transfer was taking place simultaneously in both core subunits 
(17). However as described in this chapter, in the contemporary photosystem 
II the electron transfer through the protein, and the catalytic water oxidation 
by the CaMn4 cluster, is mainly located to one side of the reaction center 
core. 

3.1 The protein structure of photosystem II 
Before the electron transfer in photosystem II is covered in more detail, the 
makeup of this big multi-subunit protein will be overviewed. Over the years 
the knowledge of the structural details of photosystem II have continuously 
been improved using e.g. biochemical protein isolation, sequence analysis 
and computer modeling. Today, high resolution structures obtained by X-ray 
diffraction crystallography are available and the best is resolved at 1.9 Å (2). 
Previously resolutions of 3.8-2.9 Å have been reported (18-21) and all struc-
tures are obtained from thermophilic cyanobacteria. Photosystem II in these 
crystals are highly active in oxygen evolution and have been found to be in a 
dimeric form (i. e. two PSII complexes sitting together). However the in vivo 
active form can also be monomeric and as it seems the exact composition 
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varies in different domains of the thylakoid membrane (22). In the thylakoid 
membrane, photosystem II interacts with membrane bound peripheral light-
harvesting complexes (LHC II) in various amounts to form so called super-
complexes. 

 
Figure 3. Crystal structure of photosystem II at 1.9 Å resolution (2). Left: Side view of 
monomeric PSII indicating the D1 (orange) and D2 (pink) core subunits, and the CP43 (pur-
ple) and CP47 (blue) intrinsic antenna subunits. The additional subunits are colored in gray. 
Right: Top view of a dimeric PSII, the second monomer indicated in light gray. The figure was 
prepared from PDB ID: 3ARC. 

The overall structure of photosystem II is shown in Figure 3. In the crystal 
structure every photosystem II monomer contains up to 20 protein subunits 
with a total molecular mass of ca 350 kDa. In addition, there are in total 
more than 40 proteins identified, many of which are low molecular mass 
proteins, that bind to the complex either stably or transiently (23). The center 
of PSII is composed of the two similar subunits, D1 and D2, which each has 
5 transmembrane helices (Figure 3). Flanking the core heterodimer are the 
CP43 and CP47 subunits. These are pigment-containing intrinsic light-
harvesting proteins that each consist of 6 transmembrane helices. Outside 
this four-protein center are the many small transmembrane subunits and a 
few extrinsic subunits on the lumenal side of the membrane. The functions 
of most of these small proteins are still unknown.  

In addition, in the 1.9 Å resolution structure, there are 35 chlorophyll 
molecules, 11 β-carotenes, and 20 lipids. Also, within each monomer, more 
than 1300 water molecules were found and as described below some were 
identified to be in more or less direct contact with the catalytic CaMn4 clus-
ter.  
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3.2 Electron transfer and the redox-active cofactors 
Photosystem II is unique! It remains the only known biological system that 
can oxidize water using only light as energy input. This provides the bio-
sphere with an endless supply of both energy (from the sun) and reducing 
equivalents (from water) The enzyme is a water:plastoquinone oxidoreduc-
tase and it catalyses the reaction (c) that produces the primary products 
(electrons and protons) used for energy production in the light driven elec-
tron transport. The electrons extracted from water are transferred trough 
photosystem II using a number of different redox active cofactors. The 
whole electron transfer sequence is outlined in Figure 4.  In Figure 5, the 
approximate kinetic half-times of the different electron transfer steps are 
indicated. 

 
Figure 4. Electron transfer through photosystem II. A schematic picture of the electron 
transfer steps (left) in the core subunits D1 and D2 and the organization of the redox-active 
cofactors (right) found in the crystal structure of photosystem II (2). The figure was pre-
pared from PDB ID: 3ARC. 

 
Figure 5. Kinetics of the different electron transfer steps in photosystem II. The figure is 
adapted from (10), with half-time rates of reactions 1-2 and 5 from ((10) and references 
therein), rates of reaction 3 from ((24) and references therein), and rates of reaction 4 from 
(25).    
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energy transfer from the antenna chlorophylls, and in only a few picoseconds 
(pico = 10-12) an electron is transferred to the intermediary electron acceptor 
pheophytin (Figure 5). The cation created on P680 is suggested to be localized 
mainly to the chlorophyll PD1 in the four-chlorophyll assembly (26), giving 
the PD1

+Pheo- charge pair. The charge separation is quickly stabilized by an 
electron transfer to the plastoquinone QA. The more stable PD1

+QA
- pair al-

lows P680
+ to be reduced within the lifetime of QA

-, preventing unnecessary 
energy loss due to charge recombination. The electron on QA

- is further 
transferred to a more loosely bound plastoquinone, QB, making QA available 
for accepting another electron. Unlike QA, the second quinone can accept 
two electrons and after two subsequent primary charge separations QB

2- is 
formed. The double reduced QB

2- can take up two protons and leaves its site 
in photosystem II to enter the plastoquinone pool as QBH2.  

The cation P680
+ formed as a result of the primary charge separation is one 

of the strongest oxidants in nature, with an estimated reduction potential of 
ca +1.2 V (27-28). It provides the driving force for the sequence of reactions 
on the donor side of photosystem II that leads to oxidation of water into mo-
lecular oxygen, electrons and protons. The water oxidation takes place at a 
metal cluster composed of four manganese atoms and one calcium atom (the 
CaMn4 cluster), and this will be described in more detail in the next section. 
The electrons extracted at the cluster are not transferred directly to P680

+ but 
via a redox active amino acid, tyrosine 161 on the D1 protein (YZ). As is 
indicated in Figure 5 (reaction 3 and 4) the kinetics of both the oxidation and 
reduction of YZ/YZ

ox vary depending on the oxidation state (S-state, see be-
low) of the CaMn4 cluster. The characteristics of YZ during the process of 
water oxidation in photosystem II is the main focus of this thesis and Chap-
ters 4 and 5 are devoted to this.  

In addition to the redox components presented so far, the core of photo-
system II also harbors carotene (Car), cytochrome (Cyt b559) and chlorophyll 
(ChlZ) (Figure 4), all of which can be oxidized by P680

+ under some illumina-
tion conditions (29). These components are generally referred to as “side 
path” electron donors as they do not participate in the direct electron transfer 
leading to water oxidation. The role of these side path electron donors is not 
settled but they are suggested to be involved in protective mechanisms (e. g. 
against a long-lived P680

+ radical or in singlet O2 quenching). 
The final possible electron donor to P680

+ is a redox active amino acid, 
D2-Tyr160 (YD) that is homologous to YZ and placed on the second dimer 
(D2) of the heterdimeric core in photosystem II. This amino acid shares fea-
tures with YZ and therefore reoccurs in the discussion in coming chapters.  
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3.3 Oxygen evolution and water oxidation 
The photochemistry induced at P680 in photosystem II involves one photon 
and one electron at the time. However, from reaction (c) it is obvious that the 
oxidation of water to release a single molecule of oxygen requires the re-
moval of four electrons from two water molecules. How does this add up? 
The forthcoming section describes how these two processes are coupled by a 
cycle of reactions where four oxidizing equivalents are accumulated at the 
site of water oxidation. The rest of this chapter is then dedicated to the struc-
tural and reactional properties of the catalytic center, the CaMn4 cluster, and 
its immediate surroundings, the OEC (oxygen evolving complex). 

3.3.1 The S-state cycle 
A critical piece of evidence to decipher the reaction of water oxidation was 
presented in 1969 by Pierre Joliot and coworkers (30). They measured oxy-
gen evolution during illumination with flashing light using an electrochemi-
cal setup sensitive enough to detect oxygen production on a single flash. 
Starting with a sample that had been in the dark for several minutes, what 
they observed (Figure 6) was a periodicity of four in the oxygen evolution, 
where the maximum was obtained after the third flash (31).  

 
Figure 6. The S-state cycle (right) developed to explain the oxygen release pattern upon 
flashing light illumination of photosystem II (left, adapted from (31)). The S-state state cycle 
shows the different S states (S0-S4) and the presumed intermediates between them (dotted 
circles). The releases of electrons and protons during the transitions are indicated. The S1 
state is set to a relative charge of zero and the charges of the other states are shown in 
relation to this.  

With this as a starting point Bessel Kok and coworkers proposed a schematic 
model to explain the observed behavior (31-32). This model has since been a 
key figure in the description of the cyclic reaction pattern of oxygen evolu-
tion (Figure 6). In essence, the catalytic center undergoes four oxidation 
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events, each promoted by one photon. The five different redox states in the 
cycle are represented by the Sn states, where the subscript indicates the num-
ber of accumulated oxidizing equivalents (0-4). After four charge separa-
tions, enough oxidizing power has been stored and the transient S4 state that 
has been formed reacts to spontaneously produce molecular oxygen (O2) and 
returns the system to the most reduced state, S0. 

In the flash experiment in Figure 6 it can be seen that the S states are syn-
chronized in the dark adapted sample at first but gradually get out of phase 
and a dampening of the oscillation is observed. The dampening is attributed 
to S-state dependent (33) intrinsic properties of the system during the flash-
ing, and can be accounted for by invoking probabilities of “miss hits” and 
“double hits” in the cycle (32, 34).  However the observation that the oxygen 
is released on the third flash is telling of the stability of the different S states 
in the dark.  

Counting backwards from the maximum release of oxygen, the dominant 
state before the first flash is the S1 state, consequently referred to as the dark 
stable state. After a period (seconds-minutes) of dark adaptation about 75 % 
of the centers are in the S1 state and the remaining 25 % is in S0 (assuming a 
starting concentration of 25 % of each S state, S0-S3). The decay of the S3 
and S2 states back to the S1 state are mainly due to electron donation from 
the acceptor side (or in some cases from YD

red and Cyt b559) ((35) and refer-
ences therein). After longer dark adaption (minutes-tens of minutes), the S1 
concentration can reach almost 100 % (36). In this case the S0 state is slowly 
oxidized by YD

ox in the dark (37).  
The knowledge of the stability (and metastability) of the different S states 

has provided opportunities for S state dependent investigations of the water 
oxidation reaction. As discussed below, at present it is known that the differ-
ent S states represent different oxidation states of the manganese atoms in 
the CaMn4 cluster, and also how these states change through the advance-
ment in the S cycle.  

3.3.2 The CaMn4 cluster and the structure of the OEC 
It has long been known that manganese is vital for photosynthetic activity 
(38) and around 1960 it was understood that manganese is required for oxy-
gen evolution and was localized to photosystem II (39). At present we know 
with considerable detail that the catalytic core where water splitting takes 
place is an inorganic cluster of four manganese atoms and one calcium atom, 
bridged by oxygen atoms, here called the CaMn4 cluster (Figure 7). However 
to reach today’s knowledge of the electronical and spatial structure of the 
cluster has involved many novel biophysical measurements.  

As manganese is a paramagnetic ion (contains unpaired electrons), elec-
tron paramagnetic resonance (EPR) spectroscopy was early proved to be a 
useful technique to investigate the role of manganese in photosynthetic water 
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splitting. At first the stoichiometry of manganese per reaction center could 
be addressed by following the release of Mn2+ by EPR (protein bound Mn is 
not readily observed with EPR at room temperature) during various extrac-
tion procedures (10). It was concluded that there were 4 manganese atoms 
per ~400 Chl, i.e. per photosystem II.  

 
Figure 7. The oxygen evolving complex (OEC) in photosystem II (2). The CaMn4 cluster and 
its immediate amino acid surroundings are shown (left) where the amino acids directly coor-
dinated to the CaMn4 cluster are indicated with italics. The four manganese ions A, B, C, and 
D correspond to Mn4, Mn3, Mn2, and Mn1 as labeled in (2). Water positions are indicated 
with blue balls. The hydrogen bonds (distances given in Å) connecting Yz and D1-His190 
with the CaMn4 cluster are indicated (right). The four waters directly ligating the CaMn4 
cluster are labeled W1-W4. The figure was prepared from PDB ID: 3ARC. 

The first detection of an EPR signal from bound manganese in intact photo-
system II was made in 1980, where a multiline EPR signal originating from 
the S2 state (S = 1/2) was discovered when measuring at cryogenic (~10 K) 
temperatures (40). The results indicated that the manganese ions were oxi-
dized during the S cycle and that the oxidation states had a period of four 
oscillation. This was further established and developed by many other obser-
vations using e.g. X-ray absorption spectroscopy (XAS), UV absorbance 
spectroscopy, and nuclear magnetic resonance (NMR) proton relaxation 
measurements (41-43). In addition the results suggested that the S2 state 
contained magnetically coupled Mn ions in the oxidation states III and IV 
(40, 44).  

Later it was shown that also the S0 state was paramagnetic (S = 1/2), dis-
playing a similar multiline EPR signal (45-46), which has allowed the S0 and 
S2 states to be addressed with more advanced EPR (i. e 55Mn ENDOR) to 
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resolve the electronic structure of the four manganese ions (47-48). In con-
sensus (although not undisputed), the oxidation states in the most reduced 
state of the CaMn4 cluster, S0, are suggested to be Mn4(III,III,III,IV). In 
combination with XAS data, the changes of the oxidation states during the S 
cycle are suggested to be MnIII to MnIV type oxidations, with the exception 
of the S2 → S3 transition where it is hotly debated whether the oxidizing 
equivalent is stored mainly on a Mn-ion or a Mn-ligand (49-53). 

Apart from the exact electronic structure of the CaMn4 cluster in the dif-
ferent S states, the spatial structure is considered to be of significant impor-
tance for the water splitting reaction. Following the first crystal structure of 
photosystem II in 2001 (18), the most strait forward technique to obtain 
structural information has probably been X-ray diffraction crystallography. 
Parallel with this technique much structural information has been obtained 
by XAS techniques (54-55). X-ray spectroscopy has the advantage of pro-
viding more detailed information on the CaMn4 cluster, also from different S 
states, and has proved to be a useful complement (in particular EXAFS) to 
the X-ray crystallography. It has also prompted many computational efforts 
(using e.g QM/MM and DFT) to envisage and explain possible structural 
changes throughout the S cycle (56). 

The CaMn4 cluster together with its closest surroundings make up the 
OEC, defined usually by its function (more than its size), and comprises the 
catalytic components essential for water splitting. Figure 7 shows the OEC 
obtained from the most recently reported crystal structure at 1.9 Å resolution 
(2). The position of the CaMn4 cluster is held in the protein by six amino 
acids provided by the D1 protein and one additional amino acid from the 
CP43 subunit. In addition to these direct ligands, three additional amino 
acids from the second coordination sphere are shown, suggested to be impor-
tant for the structure and/or function (2). YZ (and its base partner D1-His190) 
is usually regarded as part of the OEC as it is intimately connected to the 
reactions at CaMn4 cluster.   

3.3.3 Electron and proton currents in the OEC 
As we have now seen the accumulation of oxidizing equivalents during the S 
cycle, proposed by the work of Joliot and Kok, occur in the OEC by oxida-
tion state changes of the manganese ions. The stored energy is in one dis-
crete step utilized where after the system returns to its most reduced state. 
This working is likely energetically more favorable than it would be to ex-
tract four electrons, one at a time, directly from the substrate water mole-
cules (57-58). However, the same species, YZ

ox, is the immediate oxidant for 
all steps in the charge accumulation. Therefore, in order to avoid a large 
variation in the required potential energy for the reactions SnYZ

ox → Sn+1YZ 

during the S cycle, it is important to keep a charge neutral situation in the 
OEC. Thus, as explained in the idea of charge leveling first introduced by 
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Krishtalik (57), a proton release following the electron release gives an over-
all energetically favorable reaction of water oxidation  (59-60).  

Work by Fowler in 1977 (61) first showed that the oxidation of manga-
nese is coupled to proton release. More intriguingly it was concluded that all 
protons are not released concomitantly with oxygen and also not evenly dis-
tributed during the S cycle. Instead a more uneven release pattern was ob-
served and it was established that the nearest integer values were 0:1:2:1 for 
the consecutive S state transitions, S1 → S2 → S3 → S0 → S1. Since then the 
experimental efforts made to clarify the pattern of protons liberated during 
the S cycle have presented a large variety of results. As reviewed in (62) the 
release greatly depends on preparation type, experimental material, and 
method. However a recent report monitoring proton release by means of 
Fourier Transform Infrared (FTIR) spectroscopy agrees with the early work 
by Fowler. In addition, the proton release pattern 0:1:2:1 also fits with the 
observed net charge changes +1:0:-1:0 for the transitions S1 → S2 → S3 → S0 
→ S1 (63-65).  

In line with the observed pH independence of the S1 → S2 transition, indi-
cating a lack of proton release during this transition, the conclusion is that a 
relative positive charge is accumulated in the S2 state and that this is con-
served also in the S3 state (indicated in Figure 6). As such, the proton release 
pattern and the net charge changes for the S states are compatible with a 
strictly alternate electron and proton removal (see Figure 6) from the CaMn4 
cluster. This has also prompted Holger Dau and coworkers to highlight the 
sequence of reactions in an extended version of the S cycle (66-67), where 
transient intermediates (indicated with dashed circles in Figure 6) can poten-
tially be isolated between the classical S states (68). The precise reaction 
pattern of electron and proton transfer in the OEC is certainly an intrinsic 
part of catalysis and, as is later described, is also proposed to have implica-
tions for the induction of so called split EPR signals ( introduced in Chapter 
5).    

The electrons extracted from the CaMn4 leave the OEC via the acceptor 
side cofactors while the four protons generated for each completed reaction 
cycle are to be expelled into the thylakoid lumen, increasing the proton gra-
dient. The proton release is likely to occur via specific pathways directed to 
the luminal side of the membrane. Defined channels has been suggested to 
facilitate the proton transfer within the protein (56) as well as specific amino 
acids, e.g. D1-Asp61 (69-70) and CP43-Arg357 (66, 71-72) shown in Figure 
7, that function as proton accepting bases involved in the expulsion of pro-
tons from the catalytic site. With the new crystal structure (2), it is also made 
visible that an extensive hydrogen bond network supported by many identi-
fied water molecules exists within the OEC (Figure 7). This proton transfer 
network connects the CaMn4 cluster and YZ and extends all the way to the 
lumenal surface of the protein.  
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3.3.4 Substrate water binding 
During each turn in the S cycle two water molecules are needed at the 
CaMn4 cluster as “substrate” for electron and proton removal. Exactly how 
and when these two water molecules bind is not known however there is 
strong evidence of two separate binding sites from kinetic water exchange 
measurements, monitoring 18O labeled water by mass spectrometry (73-76). 
In addition, from the recently improved crystal structure (2) four water 
molecules were found to ligate directly to the CaMn4 cluster (Figure 7); two 
are coordinated to MnA (W1-W2) and two are coordinated to calcium (W3-
W4). Two of these could potentially represent substrate waters.  

Since the catalytic activity of PSII requires an aqueous environment it has 
not been a trivial task to analyze substrate water interactions in the OEC 
(77). Waters binding to and reacting at the CaMn4 cluster must be distin-
guished from waters that are present but not otherwise directly participating 
in the water oxidation reaction. Over the years a number of different sub-
strate analogue molecules (e.g. different amines, hydrazine, hydrogen perox-
ide, hydrogen sulfide, and alcohols) have been used to explore substrate 
binding to the CaMn4 cluster (41, 78).  

Among the different substrate analogues, methanol has been shown to in-
crease the miss-parameter of the S-cycle (79). This has been taken as an 
indirect evidence of methanol binding to one or both substrate binding sites 
at the CaMn4 cluster with the same (or even stronger) affinity as water. In 
the S2 state in particular, advanced EPR (ESEEM) investigations have shown 
methanol to serve as direct ligand and coordinate one of the manganese ions 
(80-81). It is not established whether methanol displaces water at the sub-
strate binding site or if methanol still binds to manganese but in a different 
position. However it is reasonable to assume that if methanol coordinates 
Mn it is likely that the available space around the CaMn4 cluster is limited, 
possibly to the substrate binding sites alone.  

Although more advanced spectroscopy has been restricted to the S2 state, 
methanol changes the shape and/or intensity of in general every EPR signal 
known, from all the S-states, including the so called split EPR signals intro-
duced in Chapter 5. It is suggested that binding of methanol changes the 
magnetic coupling between the manganese ions and thus changes the elec-
tronic properties of the CaMn4 cluster (82-87). The difference in sensitivity 
to methanol across the S states allow discussions concerning a possible sub-
strate  binding site(s) at the CaMn4 cluster (addressed in paper III). 

3.4 From photosynthesis to YZ  
It is clear from what has been described up until now that many of the elec-
tron transfer reactions during the photosynthetic electron transport involve 
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proton transfer events. In photosystem II in particular, plastoquinone reduc-
tion on the donor side as well as catalysis at the acceptor side are closely 
coupled to protonation/deprotonation reactions. In fact, in many situations 
the proton movements steer the efficiency of the electron transfers (I). As 
will be described in the chapters that follow, this is particularly the case for 
the two redox active tyrosines (YZ and YD) in photosystem II. The theme will 
be how proton movements affect electron transfer in the OEC, with the focus 
on the proton-coupled electron transfer (PCET) reactions of tyrosine Z.  
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4 The two tyrosines (Z/D) in photosystem II 

The photochemistry of P680 and the water oxidation at the CaMn4 cluster are 
functionally connected by electron transfer via the redox active amino acid 
tyrosine Z (YZ) bound to the D1 protein. This amino acid is necessary for 
photosynthetic growth and oxygen evolution. In a homologous position on 
the D2 protein, a second redox active tyrosine (YD) is found (Figure 4). YD is 
not participating in linear electron transfer and is not essential for photosyn-
thetic growth, but it can still donate electrons to P680 and affect the redox 
state in the OEC. Early in evolution YD possibly filled the same role as YZ, 
conducting a second electron transfer route through the D2 protein. Never-
theless, both tyrosines are conserved during billions of years of evolution 
and share similar spectroscopic features. However their kinetic characteris-
tics have obvious differences. In this chapter, the properties of these two 
redox active tyrosines in photosystem II are highlighted (but see also paper 
I).   

4.1 Discovery of Signal II (YZ and YD) 
EPR spectroscopy has been an invaluable technique in photosynthetic re-
search (the results presented in this thesis are solely from EPR spectros-
copy). The technique selectively detects unpaired “free” electrons as they 
possess intrinsic magnetic moments. In addition to transition metals such as 
manganese (Section 3.3.2), unpaired electrons can be found in so called 
radicals in biological material. However, biological radicals are relatively 
rare since electrons are normally “paired” in the electronic orbitals. The sum 
of the magnetic moment of an electron pair is zero and thereby this state is 
undetectable with EPR. Nevertheless, in photosynthesis the formation of 
radicals with unpaired electrons can be triggered by light.  

This was observed for the first time in 1956 when Barry Commoner and 
coworkers measured EPR on a chloroplast suspension from a tobacco leaf 
(88). They reported the observation of a light induced paramagnetic signal 
with properties that are “consistent with those of an intermediate in some 
phase of photosynthesis”. In their experiment, they observed the oxidized 
radical that later came to be known as YD. The concept of photosystems 
were not recognized at the time but the signal, named Signal II, was eventu-
ally connected to the donor side of photosystem II (Signal I, observed in the 
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same experiment was later associated with P700
+ of photosystem I). In Figure 

8 an EPR spectrum of “Signal II” is shown, recorded in an intact spinach leaf 
(I).  

 
Figure 8. EPR spectra of the tyrosine radicals, YZ

• and YD
• in photosystem II recorded at 293 

K. A: Spectrum of YD
• recorded from an intact spinach leaf. B: Tyrosines from manganese 

depleted photosystem II recorded in dark (a, YD
•) or during illumination (b, YD

• plus YZ
•). 

The difference spectrum (c, YZ
•) is also shown, i.e. spectrum (b)-minus-(a). C: Kinetic traces 

of YD
• (d) and YZ

• (e) induced by a 532 nm flash in manganese depleted photosystem II. 
Note the different time scales. EPR conditions: microwave frequency ~9.27 GHz; microwave 
power 8 mW; field modulation frequency 100 kHz; modulation amplitude 3.2 G. 

The signal first observed by Commoner and coworkers decayed slowly 
(hours) in the dark and was therefore also called Signal IIslow (later Dark 
gave rise to the index D in YD)(89-90). With better EPR equipment, two very 
similar signals but with faster kinetics could be distinguished from Signal 
IIslow. At first, a light induced component could be observed in preparations 
with inactivated OEC (90-91). The signal decayed within a few hundred 
milliseconds and was called Signal IIfast. Eventually, with improved time 
resolution, an even faster component was observed in samples with intact 
OEC, which decayed within a few hundred microseconds and was named 
Signal IIvery fast (92-93).  

As the “very fast” component was induced at the expense of the “fast” 
component (independently of the “slow” component) it was concluded that 
Signal II was originating from two different species in photosystem II (93). 
However it took long time before the chemical identity of the two could be 
established (I). In 1987 two independent labeling studies using either radical 
specific iodination of the D1 and D2 proteins (94) or isotope labeled tyrosi-
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nes (95) strongly suggested that the Signal II components originated from 
two tyrosines, one on each core subunit. This was ultimately proven with site 
directed mutagenesis in the cyanobacterium Synechocystis 6803 (96-99); 
Signal IIslow was identified as D2-Tyr160 (YD) and Signal IIfast and Signal 
IIvery fast was identified as D1-Tyr161 (YZ). However even before the exact 
identity was established, the formation and decay of the EPR signals (91-92) 
in combination with matching kinetics of manganese oxidation and P680

+ 
reduction obtained from optical spectroscopy (10), had linked Signal IIvery fast 
(and Signal IIfast) to a redox component in between the CaMn4 cluster and 
P680, usually referred to as Z.  

In analogy to what was already known from the heterodimeric structure of 
the purple bacterial reaction center (100-102), the kinetic characteristics of 
the two tyrosines were easy to rationalize with their positions in the two 
homologous core subunits in photosystem II (Figure 4) – The active branch 
of electron transport involved YZ, with fast oxidation and reduction kinetics 
(see Figure 5), and the other branch not directly participating in oxygen evo-
lution involved YD, more “redox isolated” and only slowly reduced after 
oxidation.  

4.2 Mechanism of tyrosine oxidation and reduction 
The remaining parts of this chapter focuses mainly on the oxidation/re-
duction properties of YZ and the possible role of this amino acid in the water 
oxidation chemistry in photosystem II, starting with a recap of the finding 
that both tyrosines are involved in a PCET reaction during their oxidation. 
For a further discussion of the properties of YD, see paper I. 

4.2.1 Protonation state and hydrogen bonding 
The similar EPR spectra (Figure 8) observed for the Signal II radicals sug-
gested that the protein environment around the two tyrosines are similar. In 
addition the high g-values (~2.0046, (103)) argued that both YZ and YD were 
neutral oxidation products, indicated from now on as YZ

• and YD
• (95). This 

means that the oxidation involves the concomitant loss of a proton, inferring 
the presence of a base partner participating in a hydrogen bond. In the case 
of YD, this was also indicated early by proton-exchange experiments moni-
tored by advanced EPR (ENDOR and ESEEM) (104-105), that was also 
later confirmed by others (106-108).  

In contrast, a deprotonation of YZ upon its oxidation is not as easily ad-
dressed as this species is rapidly reduced in intact photosystem II and is 
therefore hard to monitor with EPR. In preparations with inhibited OEC, 
where reduction of YZ

• is significantly slower, the environment around YZ 
seems more disordered (107-108) and the radical is not obviously involved 
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in any hydrogen bond (109). However, the hydrogen-bonding state of YZ 
(and YD) became considerably clearer after efforts with homology based 
computer modeling invoking the knowledge from the X-ray crystallographic 
structure of the purple bacterial reaction center (110). It was found that both 
YZ and YD could form hydrogen bonds to two homologous histidine resi-
dues, D1-His190 and D2-His189, respectively. The importance of these hy-
drogen bonds were also proven with site directed mutagenesis where the 
function of D1-His190 (and the oxidation of YZ) was only fully restored by 
either a buffer (111) or high pH (112). 

At present high resolution structures are available from photosystem II 
reaction centers. In the most recent structure of photosystem II it is clear that 
both histidines are oriented in such a way that they can form hydrogen bonds 
to respective tyrosine (2). It is however also clear that YZ (and possible also 
YD) is in contact with water molecules and that the hydrogen bond pair YZ–
D1-His190 is necessarily not exclusive (see Figure 7 and paper I). However 
as described below the hydrogen bond between YZ and its base partner is of 
importance for the rate of P680

+ reduction and for the catalysis in the OEC.  

4.2.2 Kinetics of YZ oxidation and reduction 
Upon reduction of P680

+ the neutral radical YZ
• is formed and thus YZ is oxi-

dized in a proton coupled reaction. The reduction of YZ
• by the CaMn4 clus-

ter is consequently thought to involve a re-protonation of the tyrosine again. 
This deprotonation/protonation mechanism is continuous during steady state 
oxygen evolution. The electron transfer kinetics associated with this process 
is rather complex, both for the oxidation and reduction of YZ. In general the 
kinetics is different depending on the redox state of the CaMn4 cluster (Fig-
ure 5). 

Due to the fast oxidation of YZ it has been hard to conduct direct meas-
urements of YZ

• formation. Instead, to measure the kinetics of YZ
 → YZ

• the 
rate of P680

+ reduction has been followed by time resolved absorption 
changes with optical spectroscopy. The reduction of P680

+ has three distinct 
kinetic phases that range from tens of nanoseconds to tens of microseconds 
and is thought to reflect different relaxation processes in the equilibrium 
between P680

+YZ and P680YZ
• (113). 

The kinetics in the nanosecond time range have a fast (half-time 20–60 
ns) and a slow (half-time 250–300 ns) component (64, 114). The fast nano-
second kinetics is dominant in the lower S states, S0 and S1, whereas the 
slow nanosecond kinetics is dominant in the higher S states, S2 and S3. The 
different amplitudes of the two nanosecond phases are suggested to originate 
from small conformational and electrostatic changes in the OEC when com-
paring the lower and the higher S states (see charge difference in Figure 6) 
(113). 
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The observation of rather small activation energies (115-116) and small 
hydrogen/deuterium isotope effects (117) suggests that the oxidation of YZ 
with nanosecond kinetics is limited by electron transfer. This implies that the 
deprotonation of YZ proceeds via a well ordered hydrogen bond. In contrast, 
the microsecond kinetics exhibits a pronounced hydrogen/deuterium isotope 
effect (118-120), a phenomenon ascribed to a change in the relaxation proc-
ess within this hydrogen bond, affecting the equilibrium P680

+YZ ↔ P680YZ
•.  

Thus, the different kinetic phases are a reflection of the state of the hy-
drogen bond between YZ and its base partner. This fact is also strengthened 
by the observed decrease of the nanosecond kinetics at low pH (119) and a 
concomitant increasing fraction of P680

+ reduction occurring with microsec-
ond kinetics (121-122). The higher proton concentration presumably changes 
the coordination of the hydrogen bond between YZ and D1-His190.  

After the fast oxidation, the reduction of YZ by the CaMn4 cluster is sig-
nificantly slower and the kinetics of this was first addressed by Gerald Bab-
cock and coworkers in 1976 by following the decay of Signal IIvery fast with 
time resolved EPR (123). Even with a rather limited time resolution it was 
clear that the kinetics of YZ reduction is S state dependent. The results are 
well in line with what was later found with improved time resolution (25) 
and shows that the reduction of YZ from the S0 to S2 states has a half-time of 
~100 microseconds and from the S3 state of ~1 millisecond (see Figure 5). 
These “direct” measurements of YZ reduction are also in line with many 
“indirect” measurements of S state turnover kinetics by means of time-
resolved absorption changes due to manganese oxidation ((124) and refer-
ences therein). Discussed in the following section, the rather slow reduction 
of YZ, especially during the S3 → (S4) → S0 transition, has prompted sugges-
tions regarding the role of YZ in the water oxidation chemistry. 

4.3 The role of tyrosine Z in water oxidation 
The oxidation of YZ with nanosecond kinetics reduces P680

+ on a time scale 
that competes well with the recombination between QA

- and P680
+. The latter 

reaction would otherwise lead to a lower quantum yield of water oxidation, 
that can be as high as 90 % (125). In addition, the position of YZ as a relay 
between photochemistry and water oxidation not only hinders charge recom-
bination but is suggested to impede a direct electron transfer from excited 
P680 back to the CaMn4 cluster (126). Thus, the separation in space provided 
by YZ helps to promote forward electron transfer instead of a quenching 
reaction between P680

+ and the cluster. In photosystem II, this is especially 
important as four single charge separation events are coupled to an accumu-
lation of oxidizing equivalents in the OEC. The succession in the S cycle 
would otherwise greatly increase the probability of quenching as the oxida-
tion state of the CaMn4 cluster increases. 
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After its fast oxidation, YZ
• can now drive the slower reactions of the S 

state turnover. The slow kinetics of YZ
• reduction, despite the short distance 

(~7 Å), is indicative that these reactions are not limited by electron transfer. 
In fact, from the early measurements by Gerald Babcock and coworkers it 
was pointed out that the rate of reduction of YZ

• in the S3 → (S4) → S0 tran-
sition is nearly identical to that of oxygen release (123) and thus the reaction 
S3YZ

• → S4YZ limits the rate of water splitting. Instead, the oxidations dur-
ing the S cycle and the reduction rate of YZ

• are also depending on proton 
movements (and probably also structural rearrangements).  

This was later implicated in the so called hydrogen abstraction model by 
Gerald Babcock and coworkers where YZ

• participates with an active role in 
the water splitting by abstracting protons directly from substrate water at the 
CaMn4 cluster (127-129). The proton transfer was suggested to be either 
sequential or concerted in respect to the electron transfer from the CaMn4 
cluster to YZ

•. In addition, the abstraction model invokes a proton expulsion 
pathway from YZ

•–D1-His190, interestingly an idea brought back again in 
the analysis of the most resent crystal structure (2). The proposal of this 
radical-mediated, hydrogen-atom transfer process novelty highlighted the 
importance of the coupling of electron and proton transfers in the OEC.  

However, in a more current (and by many favored) model, the proton-
rocking model, it is instead proposed that the same proton moves back and 
forth in the YZ

•–D1-His190 hydrogen bond (59, 122, 124). Here, YZ plays 
another important role, triggering deprotonations from the CaMn4 cluster 
upon YZ

• formation trough electrostatic interaction. It is argued that this 
latter model fits with the sequence of reactions involving strictly alternating 
electron and proton release as described by the extended S cycle (59). How-
ever in both models efficient proton transfer between YZ

• and D1-His190 is 
important and it can also not be ruled out that different proton transfer path-
ways might exist in the OEC (130), and that the participation of YZ in water 
oxidation is different depending on the S state.  

4.3.1 From physiological to cryogenic temperatures 
As discussed above, due to its fast oxidation and reduction kinetics direct 
spectroscopic (i.e. EPR) measurements of YZ have been rather limited. Many 
experiments have therefore been performed in manganese depleted material, 
where the reduction is significantly slower. The relevance of these studies to 
understand the molecular details of YZ in intact material is not obvious. In 
manganese depleted material, the otherwise fast nanosecond reduction of 
P680

+ is changed to microseconds (131). From the slow YZ oxidation, to-
gether with the observed higher activation energy and pronounced deute-
rium/hydrogen isotope effect (122), it is clear that in manganese depleted 
material the coordination of YZ

•–D1-His190 is significantly altered. How-
ever a comparison may still be of high physiological interest as newly syn-
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thesized photosystem II complexes lack an intact OEC. This also holds for 
photosystem II exposed to different stress factors. In these complexes the 
risk for photodamage is significantly increased and here also YD might play 
an important role in reducing P680

+ when electrons from the CaMn4 cluster 
are not available (see paper I).  

In addition to the fast kinetics in intact material, making direct studies of 
YZ hard, it can be difficult to discriminate between reactions occurring at the 
level of YZ and reactions occurring elsewhere in the OEC. Both problems 
can be overcome by decreasing the temperature of the experiment. For about 
ten years it has been known that YZ (and YD) can be oxidized by P680

+ at very 
low temperatures (down to only a few Kelvin) (132-133). This has prompted 
many new experiments characterizing the “isolated” oxidation of the tyrosi-
nes under various conditions (e. g. illumination, pH, methanol etc.). The fact 
that both YZ and YD can be oxidized at these temperatures suggests that, 
when oxidized, the hydrogen bond between the tyrosine and its base partner 
must be extremely well set in order for a proton to be transferred. In the next 
chapter it is described how low temperature illumination of photosystem II 
can provide interesting information to the hydrogen bond situation in the 
OEC.   
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5 Trapping tyrosine Z – split EPR signals  

From temperature studies of the individual transitions in the S cycle (134), in 
which the S2 state multiline ERP signal was used as a spectroscopic probe, it 
is known that all transitions are functional even below the freezing point 
(273 K). In fact, far below. All transitions, except the S1 → S2 transition, are 
functional with reduced efficiency down to about 200 K. The S1 → S2 transi-
tion (not involving any proton transfer) is operational to a small extent even 
at 80 K. As YZ oxidation is a prerequisite for S state turnover, this means 
that also YZ can be oxidized at these temperatures. If the oxidation of YZ 
were to be blocked by the low temperature, there would be no transition in 
the S cycle. However, the opposite is not necessarily the case. Even if there 
is no transition in the S cycle, there is still a possibility to oxidize YZ. In fact, 
this is the case and YZ can be oxidized far below 80 K. This can be detected 
with EPR in intact photosystem II. At temperatures < 100 K (135), the char-
acteristic EPR spectrum of YZ

• seen at room temperature (Figure 8) is broad-
ened to a so called “split EPR signal” (Figure 9). This has provided a new 
spectroscopic probe to the oxidation of YZ

• in the different S states. In the 
next section the assignment of the split EPR signal to an interaction between 
YZ

• and the CaMn4 cluster is made and in the following, the induction be-
havior of this spectroscopic tool is discussed. 

5.1 The Mn-YZ
• interaction 

The oxidized radical of YZ can interact magnetically with the CaMn4 cluster. 
This gives rise to a metalloradical EPR signal that is different in shape to the 
individual spectra of the two interacting species. This was first observed in 
preparations where calcium had been removed from the OEC (136). In these 
samples the S cycle is incapable of advancing beyond the S2 state. By illu-
mination at 273 K a new EPR signal was observed at the expense of the S2 
multiline (in intact photosystem II, YZ

• would instead be quickly reduced by 
the CaMn4 cluster at this temperature). The signal, with a characteristic 
“split” line shape, was originally attributed to an organic free radical inter-
acting magnetically with the manganese cluster.  

This kind of mellaoradical signal was observed subsequently in illumi-
nated PSII preparations following a variety of inhibitory treatments (137-
141). The identity of the signal has been addressed both with conventional 
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EPR (142-144) and pulsed EPR techniques (ESE-ENDOR and ESEEM) 
(145-147) and it is argued that it arises from an interacting between YZ

• and 
the S2 state (denoted as S2YZ

•) of the CaMn4 cluster.  

 
Figure 9. Summary of S-state dependent split EPR signals induced in intact photosystem II at 
5-10 K by visible (VIS) or near-infrared (NIR) illumination. The S state from which the signal 
has been induced is indicated with an arrow and the redox species, SnYZ

•, created upon 
illumination is specified. So far no S state intermediate signal has been trapped beyond the S3 
state. All signals are shown on a magnetic field scale where the central derivative feature is at 
g~2.  EPR conditions: microwave frequency ~9.27 GHz; microwave power 25 mW; field 
modulation frequency 100 kHz; modulation amplitude 10 G. 

More recently similar EPR signals have been induced in intact photosystem 
II (Figure 9) by illumination at cryogenic temperatures (usually 5-20 K). As 
all transitions in the CaMn4 cluster are blocked, the otherwise microsecond–
millisecond reduction at room temperature does not occur and the lifetime of 
YZ

• is long enough (minutes or continually, see below) to be observed in the 
EPR instrument.  There are a number of observations that support the previ-
ous assignment of a Mn–YZ

• interaction, reviewed in references (133, 148).  
In addition, a preliminary pulsed EPR experiment of the split signal induced 
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from the S1 state reports a light-induced tyrosine radical, in line with the 
observations from inhibited preparation (149).  

The split EPR signals induced from intact photosystem II oscillate with 
the S states. The spectral signature is given by the total spin of the CaMn4 
cluster at the S state from which the signal is induced (see (133) for details). 
This has provided a new spectroscopic probe to the different S states as well 
as to the oxidation of YZ

• in the different S states. Figure 9 shows a summary 
of the split EPR signals that will reappear throughout the discussion. How-
ever, the mechanisms by which they are induced differ and will be explained 
in the next section. In the remaining of this chapter the general term “split 
EPR signal” will refer to the signals induced in intact photosystem II. 

5.2 Split induction mechanism  
Despite being still relatively new and unexplored, the split EPR signals and 
their induction under different conditions have been investigated in detail 
during the last decade. From experiments using different wavelength of the 
inducing light it is suggested that the split signals can be produced by two 
different mechanisms; as a result of a “forward” electron transfer due to a 
charge separation at P680 or as a result of a “backward” electron transfer due 
to excitation of the manganese ions in the CaMn4 cluster. The two separate 
inductions mechanisms will be explained below, but first the situation in 
photosystem II at the temperature of these experiments must be introduced.   

5.2.1 Electron and proton transfer in frozen photosystem II 
What is important to realize as an consequence of YZ being able to go oxi-
dized and appear as a split EPR signal is that this most likely requires a de-
protonation (to form YZ

•) also at cryogenic temperatures. Similarly this has 
also been suggested to occur during YD oxidation at 15 K (132). Generally, 
both proton transfer and movements of amino acids are affected by the very 
low temperature. However while protein motions are severely restricted, as 
displayed by the lack of S state advancement, proton transfer is still consid-
ered possible if the system is in a “tunneling ready” configuration with a 
short proton-transfer distance (133).  

In the case of YD, high frequency EPR has trapped an intermediate state 
in the YD oxidation at 1.8 K, where the proton is moved in a short hydrogen 
bond towards D1-His189 (150). A final relaxed state is not reached unless 
the temperature is raised. The occurrence of this intermediate state is better 
explained by a proton-coupled electron transfer pathway for YD oxidation, 
even at this temperature. In contrast, a pure electron transfer pathway, where 
the proton lingers closer to D1-His189 already from the start, is considered 
to require more protein motion during the relaxation process (150). 
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A similar situation can be expected for the hydrogen bond between YZ 

and D1-His190. Thus, electron transfer and split signal formation is only 
possible when YZ is frozen in the conformation that would display “activa-
tionless” nanosecond kinetics at room temperature, supported by a well set 
hydrogen bond network in the OEC. Experiments have shown that the YZ

• 
radical is formed at relatively high quantum yield (151) and in as much as 
40–50% of the photosystem II centers, even at 5–20 K (151-153). In case the 
hydrogen bond is disordered or broken, low temperature oxidation is 
unlikely to occur. This holds both for YZ and YD. 

5.2.2 Split induction via charge separation 
What happens during illumination of photosystem II at cryogenic tempera-
tures? Just like at ambient temperature, illumination with light in the visible 
wavelength region results in a charge separation and subsequent electron 
transfer to QA. Further electron transfer to QB is however blocked by the low 
temperature and the electron stays on the acceptor side as QA

-. At this mo-
ment P680

+ has now the possibility to oxidize one of several donor-species; 
YZ, YD (if reduced) or the other secondary electron donors (Car/Chl, Cyt 
b559). In the photosystem II centers where the hydrogen bond of YZ–D1-
His190 is in a well set configuration, YZ is supposedly the most efficient 
donor. In this case, YZ reduces P680

+ (however see also section 5.3). YZ
• in 

turn is not reduced by the CaMn4 cluster as all oxidation steps are frozen out. 
Instead, the charge-pair YZ

•–QA
- is formed. This state can potentially be ob-

served as split EPR signal, representing a trapped S cycle intermediate, 
SnYZ

• (Figure 9, 10A). 
If a photosystem II sample is synchronized in the S1, S2, or S0 state, the 

visible light illumination at cryogenic temperatures results in split signal 
induction (152, 154-155) that can be correlated to the presence of the respec-
tive signal and the formation of QA

- (151, 153, 155). Thus, this represents 
split signal induction via a “forward” electron transfer with P680-centered 
charge separation as the origin. After illumination, the charge pair YZ

•–QA
- 

will eventually recombine and the split signal is no longer observed. This 
process is however rather slow with a t1/2 ~3 minutes at 5-77 K (133). The 
split signals induced from the S1 and S0 states have been referred to in the 
literature as the “split S1” and “split S0” signals. However for clarity, all split 
signals will in this text be referred to by the nomenclature SnYZ

•.  
From the S1 and S0 states, the split signals (S1YZ

• and S0YZ
•, respectively, 

Figure 9) are induced by illumination at ~5–20 K, while the split signal in-
duced from the S2 state (S2YZ

•) requires higher temperatures, 77-190 K. The 
need for a higher temperature has been proposed to involve a thermal barrier 
of a proton transfer (155). It was suggested that the higher charge on the 
CaMn4 cluster in the S2 state weakens the hydrogen bond between YZ and 
D1-His190, possibly also affecting a hydrogen bond between D1-His190 and 



 41

a secondary base (D1-Asn289 (155-156)). As such, only at temperatures 
above ~77 K the energy barrier for the proton movement from YZ is over-
come and a split signal can be observed.  

 

 
Figure 10. Reaction schemes for the induction of the split EPR signals by illumination at 5 K. 
The redox state (SnYZ) before and after YZ oxidation is given. A: Yz oxidation occurring via 
charge separation at P680 induced by visible light. A proton moves in a hydrogen bond to-
wards D1-His190 upon YZ oxidation, resulting in the neutral radical YZ

•. The created charge 
pair YZ

•(D1-His190)+ is located ~7 Å from the CaMn4 cluster. The charge of the cluster 
relative to the S1 state is indicated. B: YZ oxidation occurring via excitation (*) of manganese 
in the CaMn4 cluster by visible or NIR light. The electron transfer from YZ back to the 
CaMn4 cluster lowers the relative charge of the cluster. Thereby, an unfavorable electro-
static interaction between YZ

•(D1-His190)+ and CaMn4 is avoided. The proton leaving the 
CaMn4 cluster during the S2 → S3 transition is suggested to be unable to move below 77 K. 
C: At pH below the pKa of D1-His190 the hydrogen bond between YZ and D1-His190 is 
broken and YZ cannot be oxidized at 5 K. At ambient temperature (RT), Yz can possibly be 
deprotonated via another base/hydrogen bond network.  
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5.2.3 Split induction via Mn-excitation 
If a photosystem II sample instead is illuminated with light in the near-
infrared (NIR) wavelength region at cryogenic temperature, no charge sepa-
ration is induced at P680 and consequently no QA

- is formed. However from 
the S2 and S3 states split EPR signals have nevertheless been induced (Figure 
9) by NIR illumination at ~5–20 K (157-160)(II). This is suggested to occur 
via excitation of one or more manganese ions in the CaMn4 cluster promot-
ing a “backward” electron transfer from YZ (157-158)(II). It is assumed that 
also during this process YZ is deprotonated (Figure 10B).  

Starting from the S2 and S3 states the split EPR signals are thus suggested 
to represent S1YZ

• and S2´YZ
• (known as split S3), respectively. The prime of 

the latter state indicates that this is not a true S2 configuration – i.e. although 
the reduction of the CaMn4 cluster can be seen as a reverse of the S cycle, 
the low temperature during the induction restricts protein movements and 
proton transfer. The restriction includes for example the regain of the proton 
that is lost during the S2 → S3 transition at ambient temperature (see S cycle 
in Figure 6). The S2´ state is thereby a proton deficient S2 state. The lack of 
QA

- formation during induction makes S1YZ
• and S2´YZ

• very stable states 
that do not decay at 5-50 K after illumination (153)(II). 

In (III) the S1YZ
• split signal was induced from the S2 state with NIR light 

in the presence varying concentrations of methanol. It was found that when 
the substrate analogue methanol is bound to the CaMn4 cluster the split sig-
nal is not observed (although the S1YZ

• is still believed to be formed). The 
intensity of the split signal decreased with a half concentration of the spec-
tral change, denoted [MeOH]1/2, occurring at 0.10 %. The mechanistic mo-
tive behind the disappearance of the signal is addressed in (III), based on a 
spin state model presented in (84).  

Interestingly the methanol sensitivity of this particular EPR signal is al-
most identical to what was found for the S1YZ

• split signal produced via visi-
ble light illumination from the S1 state ([MeOH]1/2 of 0.12 %) (84). Consid-
ering the suggestion that methanol is bound to the CaMn4 cluster in a similar 
position in both the S1 and S2 states (80-81, 161), the results support that 
NIR illumination of the S2 state promotes a reduction of the CaMn4 cluster to 
yield S1YZ

•. 

5.2.4 Implication from split induction in the S2 and S3 states 
At present it is however clear that NIR light is not a prerequisite for a split 
signal induction via Mn-excitation in the S2 and S3 states. The S1YZ

• and 
S2´YZ

• states respectively, can also be produced with light in the visible 
wavelength region through the same induction pathway (II)(159). The exact 
mechanism behind the wavelength-independent manganese excitation is not 
clear. The phenomenon can possibly be ascribed to the physical character of 
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both Mn(III) and Mn(IV) ions, discussed in detail in references (133, 153). 
The establishment of the split EPR signal induction by visible light has 
though been somewhat intricate. In the case of the S2´YZ

• split signal it was 
shown (153) that the same amount of signal could be formed by visible light 
illumination independent of the presence or absence of pre-reduced QA

- 
(blocked acceptor side).  

In the case of the S1YZ
• split signal, the assignment has been complicated 

by the fact that the interacting state, and the EPR line shape, that is produced 
by the backward electron transfer is the same as that produced by a forward 
electron transfer from the S1 state (note the similarity in Figure 9). The al-
most identical EPR spectra most likely stem from the similar configuration 
of the OEC S1 and S2 states and the lack of any proton transfer during the S1 
→ S2 transition. Interestingly, such a similarity is not seen among a number 
of S2 → S3 trapped intermediates (see discussion in II).  

For this reason is has been vital to exclude that the signal produced with 
visible light illumination form the S2 state is not due to residual S1 state cen-
ters in the photosystem II population of the experiment. In paper II, a num-
ber of evidence support the reaction S2YZ

 → S1YZ
• as the origin of the ob-

served split signal induced with visible light at 10 K; (i) A small spectral 
shift (~3 G) of the low field peak is in fact observed for the S1YZ

• split signal 
produced by a backward electron transfer compared to the signal produced 
via forward electron transfer from a sample synchronized in the S1 state. (ii) 
The microwave power at half saturation shows a clear distinction depending 
on if the signal is induced from the S1 state or the S2 state. (iii) The induction 
of the S1YZ

• split signal from the S2 state is accompanied by a reduction of 
the S2 multiline signal, indicating a loss of S2 state centers.  

Notable is that during visible light illumination in the S2 and S3 states at 
5-20 K, P680

+ and QA
- are formed, independent of the split signal induction. 

This is observed (153, 160)(II) as a partial decay of the S1YZ
• and S2´YZ

• 
split signals when visible light was used (in contrast to NIR light). The pres-
ence of the oxidizing species P680

+ does seemingly not promote a split induc-
tion via charge separation. Hence the pathway by which YZ

• is formed is not 
directly steered by the possibility of a charge separation at P680 and has al-
lowed the proposal of a unified model of split signal induction. At the heart 
of this model is the stability or instability of the YZ

•–D1-His190 pair during 
cryogenic illumination. The model is summarized in the next section.  

5.3 A unifying model for split induction 
Table 1 provides a compilation of what light quality is used for the S state 
dependent split EPR signal induction and by which mechanism each signal is 
formed. This reveals an interesting symmetry in the induction behavior, con-
trasting the S0 and S1 states against the S2 and S3 states; As it seems, for the 
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S2 and S3 states, both NIR and visible light can be used and split signal in-
duction proceeds via a Mn-centered mechanism (i.e. at 5-20 K). By contrast, 
split signals are induced only by P680-centered charge separation in the more 
reduced S0 and S1 states. Discussed in detail below, this is a symmetry that is 
a reflection of the relative charges of the S-states given by the strictly alter-
nating release of electrons and protons (II). 

Table 1. Comparison of the split signal induction with visible (VIS) or near-infrared (NIR) 
light illumination at 10 K across the S states. 

 
split signal? / species formed

S0 S1 S2 S3 

VIS light Yes / S0YZ
• Yes /S1YZ

• Yes / S1YZ
• Yes / S2’YZ

• 
NIR light No No Yes / S1YZ

• Yes / S2’YZ
• 

mechanism P680-centered P680-centered Mn-centered Mn-centered 

Again let’s consider the situation within photosystem II in a frozen state. 
Upon YZ oxidation by P680

+ (i.e. visible light illumination), even at 5-20 K 
the phenolic proton is transferred to D1-His190 across the strong hydrogen 
bond. To emphasize the charge situation in the OEC the created pair is de-
noted as YZ

•(D1-His190)+. From Figure 6 we find that the charge of the 
CaMn4 cluster in the S2 and S3 states is +1 higher relative to the S1 and S0 
states. This means that, for S2 and S3 state centers, the YZ

•(D1-His190)+ pair  
is now situated in close proximity (~ 7Å) to a more highly charged CaMn4 
cluster compared with the case of S0 or S1 state centers.  

At ambient temperature both theory and experiments (68, 124) have sug-
gested that the electrostatic influence from YZ

•(D1-His190)+ acts as the trig-
ger for H+ release from the CaMn4 cluster (Section 4.3). For the S2 → S3 and 
S3 → (S4) transitions, that are “proton-first” transitions (see S cycle Figure 
6), this triggered proton release lowers the charge of the CaMn4 cluster.  
However at the temperature of split signal induction, the proton release is 
blocked and the charge of the CaMn4 cluster is maintained. This creates an 
unfavorable electrostatic interaction between the two positively charged 
species YZ

•(D1-His190)+ and the CaMn4 cluster and any formed YZ
• is not 

stable enough to be observed with EPR (Table 1).  
Although, current data does not allow us to decide for sure whether the 

YZ
•(D1-His190)+ pair is unable to form at all, or if it is susceptible to rapid 

recombination. Nevertheless, in the S3 state at ambient temperature the 
YZ

•(D1-His190)+ pair is stable under at least ~200 µs before the proton re-
lease from the CaMn4 takes place (66). Thus YZ

• formation, and therefore 
recombination, might be a likely reason also at low temperature (II).  

For the S0 and S1 states, on the other hand, the charge of the CaMn4 clus-
ter is lower (Figure 10A). Therefore, the same degree of electrostatic repul-
sion between any formed YZ

•(D1-His190)+ and the CaMn4 cluster is not 
present. This is also in agreement with the observation that the next step in 
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the S-cycle for the S0 and S1 states is an electron transfer (Figure 6), meaning 
that the YZ

•(D1-His190)+ formation does not immediately trigger a proton 
release. This permits YZ

• to be stable enough to allow its observation, giving 
rise to the S0YZ

• and S1YZ
• split EPR signals (Table 1) . 

In the context of discussing the interaction between the YZ
•(D1-His190)+ 

pair and the CaMn4 cluster in the different S states it is interesting to make 
an analogy with the observed amplitudes of the multiphasic P680

+ reduction 
kinetics. Recall that there are two kinetic components with nanosecond ki-
netics at ambient temperature, a fast and slow component, the latter being 
dominant in the S2 and S3 states (section 4.2.2). In the S2 and S3 states, the 
YZ

•(D1-His190)+ pair that is formed subsequent to charge separation will 
trigger a proton release from the CaMn4 cluster. However from the moment 
YZ is oxidized until the deprotonation takes place, which occurs some micro-
seconds later, the YZ

•(D1-His190)+ entity will be subjected to the higher 
charge of the CaMn4 cluster. During this time the electrostatic interaction in 
the OEC could potentially shift the equilibrium between P680

+YZ(D1-His190) 
and P680YZ

•(D1-His190)+, resulting in an increased amplitude of the slower 
nanosecond phase of P680

+ reduction in the S2 and S3 states. 
As for the induction of split signals via the Mn-centered mechanism (Ta-

ble 1), the situation in the OEC will be different. In the S2 and S3 states, the 
stability of the YZ

•(D1-His190)+ pair is again a crucial factor. Since an elec-
tron is now transferred to the CaMn4 cluster at the same time as YZ

•(D1-
His190)+ is formed (Figure 10B), the charge on the cluster is lowered. The 
unfavorable electrostatic interaction between these two species is avoided. 
Therefore, YZ

•(D1-His190)+ can be stably formed and a split signal is ob-
served in EPR. In the case of the more reduced S0 and S1 states (independent 
of the wavelength used for illumination), it would seem that the excited clus-
ter does not become sufficiently oxidizing to oxidize YZ, thereby preventing 
YZ

• formation via this Mn-centered mechanism (II). 

5.3.1 Application of the model 
The above proposed model can explain the two discrete and S state depend-
ent mechanisms of split EPR signal induction in a rational way. Furthermore 
the model can intricately be used to discuss the two independent observa-
tions ((155),III) of the induction of a S2Yz• split EPR signal by visible light 
illumination from the S2 state (II, III):  

(i) In section 5.2.2 it was explained that a S2Yz• split signal could be in-
duced from the S2 state by visible light illumination, but only at temperatures 
> 77 K.  If the sample is instead cooled to 10 K during illumination, the sig-
nal is induced also at the lower temperature (155). It was suggested that at 10 
K the proton of YZ is already trapped on D1-His190 (or D1-Asn298) and the 
reinduction thus only involves an electron transfer, i.e. S2YZ

– → S2YZ
•.  



 46 

However, the induction and reinduction of the signal can be explained in 
an alternative way without invoking the necessity of a YZ

•/YZ
– redox couple 

(II). If the illumination, and YZ
•(D1-His190)+ formation, occurs at tempera-

tures > 77 K this instead allows for the release/movement of a proton from 
the CaMn4 cluster in the S2 state (indicated in Figure 10B). This proton re-
lease removes the otherwise unfavorable electrostatic interaction between 
YZ

•(D1-His190)+ and the CaMn4 cluster and therefore allows the S2Yz• state 
to be observed with EPR. However one can not exclude that, in addition to a 
proton relaxation from the CaMn4 cluster, a small proton shift in the hydro-
gen bond network around YZ, involving both D1-His190 and the neighboring 
D1-Asn298, is allowed during illumination > 77 K. Two such independent 
proton movements could be the reason for the observation of both a narrow 
(120 G) and a broad (170 G) form of the S2Yz• signal in (156). 

(ii) It has been found that a signal assigned to a S2YZ
• state (Figure 9)(III), 

can be induced directly 5 K if the substrate analogue methanol is bound to 
the CaMn4 cluster (155). The [MeOH]1/2 for the appearance of the signal was 
found to be 0.28 % (III). The induction of the S2YZ

• signal in the presence of 
methanol indicates that the YZ

•(D1-His190)+ pair can be stably formed to be 
observed already at 5 K. Accordingly, the otherwise unfavorable interaction 
between the CaMn4 cluster and YZ

•(D1-His190)+ is not present. This implies 
that the binding of methanol affects the CaMn4 cluster and/or the hydrogen 
bond network in the OEC in such a way that either (i) the charge at the clus-
ter is lowered immediately when methanol is bound or (ii) the charge is low-
ered upon illumination at 5 K. The second point entails a proton movement 
at the temperature of split induction, 5-10 K (III).  

An idea of what could occur in the S2 state in the presence of methanol 
might come from studies in the S0 state. Upon addition of methanol the 
S0YZ

• split signal shows a spectral change to broader form (Figure 9). This 
could reflect a change in the g and/or hyperfine anisotropy of the CaMn4 
cluster (84), promoted by for instance a deprotonation of a bridge in the clus-
ter upon methanol binding. Thus if an analogous structural change, displac-
ing a critical proton, occurred upon methanol binding in the S2 state this 
could explain our data (III).  

5.4 Proton constrains on YZ function 
The split induction via Mn-excitation represents an electron transfer pathway 
that is not normally occurring at ambient temperature during steady state 
oxygen evolution. Nevertheless, it requires the oxidation and subsequent 
deprotonation of YZ analogous to the reaction of forward electron transfer. 
The induction of the split EPR signals through both mechanisms are there-
fore still of relevance to understand the oxidation/reduction reaction of YZ. 
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The possibility to induce split EPR signals across the S cycle has pro-
vided a unique opportunity to follow YZ

• formation in intact photosystem II 
in the discrete S states. An example of this is the uncovering of the pH de-
pendence of YZ oxidation, by means of split EPR signal induction at differ-
ent proton concentrations (IV-V). At the low temperature of induction it is 
thought that the constraint on YZ oxidation is isolated to electron and proton 
transfers involving the YZ–D1-His190 unit. 

5.4.1 pH steered YZ oxidation 
The split S1Yz• and S0Yz• EPR signals, induced by visible light illumination 
from the S1 and S0 states respectively, and the split S2´Yz• EPR signal, in-
duced by NIR light illumination from the S3 state, have all been analyzed in 
respect of their pH dependent induction behavior (162-163)(IV-V). In con-
sensus it has been found that at pH < 6 the three split EPR signals all behave 
similar and show an onset of induction with a pKa of 4–5 (Figure 11, Table 
2) at 5 K.  

 
Figure 11. pH dependence of the formation of the S0YZ

•, S1YZ
• and S2´YZ

• split signals (open 
circles) and the pH dependence for the oxidation of YD in the S1 state (closed circles) at 5 K. 
The EPR spectra are recorded in samples with pH 6.5. EPR conditions: microwave frequency 
~9.27 GHz; microwave power 25 mW; field modulation frequency 100 kHz; modulation 
amplitude 10 G. 
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By lowering the pH, the induction is inhibited and a split signal is no longer 
observed by EPR. The similarity can be seen as reflecting an S state inde-
pendent mechanism of inhibition. Further, considering the situation in the 
OEC at the condition of the experiments (Section 5.2.1), it is reasonable to 
assign the pKa to the possibility to oxidation of YZ or not. As previously 
stated, in order for YZ to be oxidized at 5 K its hydrogen bond to D1-His190 
must be well set to allow proton tunneling along the bond. Thus, at pH < pKa 
the hydrogen bond is seemingly in such a configuration that it does not allow 
proton transfer at the condition of induction.  

Table 2. pH-dependent induction of split EPR signals and function of the S-state transitions in 
the low-pH region. 

Split signal pK S-state transition pK Reference 

S1YZ
• 4.7–4.9 S1 → S2 pH independent (162-165) 

S2’YZ
• 4.1 S2 → S3 3.8–4.0 (164-166) 

S0YZ
• 4.7–4.8 S0 → S1 4.7 (163-165, 167) 

Again, an analogy can be made to the kinetics of P680
+ reduction at ambient 

temperature (Section 4.2.2). Although not dissected for the separate S states, 
a decrease in the amplitude of the fast nanosecond kinetics is observed by 
lowering the pH. The pKa for this effect (4.5–5.3) is very similar to that 
found for the split EPR signal induction (119, 121-122, 168-170). As for the 
SnYZ

• state formation at 5 K, a prerequisite for the fast nanosecond kinetics 
is a well set hydrogen bond between YZ and D1-His190. Thus both phe-
nomenons can be ascribed to a change in the YZ–D1-His190 hydrogen bond 
(119, 169)(II, IV-V). Breaking the hydrogen bond will slow down or inhibit 
YZ oxidation, depending on temperature. A strait forward explanation is a 
disruption by a protonation of the nitrogen of D1-His190 (Figure 10C), the 
likely acceptor in the hydrogen bond from YZ (II, IV-V). However in the 
protein environment it may be more appropriate to describe it as a protona-
tion effect on the YZ–D1-His190 motif as a whole.  

Interestingly from Table 2 it can be seen that the pKa for the oxidation of 
YZ in the S3 state (~4.1) is lower than the corresponding pKa values in the S1 
(4.7-4.9) and S0 states (4.7-4.8). This S state dependent effect is suggested to 
reflect the charge situation in the OEC (IV). The S3 state carries an extra 
charge compared to the S1 and S0 states (Figure 6). This charge is likely to 
cause a downshift in the pKa of one or several amino acids in the OEC, con-
sequently affecting the pKa of YZ–D1-His190, directly or translated via a 
hydrogen bond network.   

In addition, the results of a pH dependent YZ oxidation find correspon-
dence to the oxidation reaction of YD. It has been shown that, when reduced, 
YD can be oxidized by illumination at both ambient and cryogenic tempera-
tures. At pH below a pKa of 7.3–7.5 a retardation of the electron transfer 



 49

between YD and the CaMn4 cluster at ambient temperature was early pro-
posed to reflect a protonation of D2-His189 (171). This pKa is similar to 
what has later been found in both manganese depleted (~7.6, (132)) and in-
tact (~8.0, Figure 11, (162)) photosystem II measured at cryogenic tempera-
tures and correlates well with the change from a slow (hundreds of micro-
seconds) to fast (hundreds of nanoseconds) oxidation of YD at room tempera-
ture (pKa ~ 7.7, (172)). As one possible explanation, these pKa values have 
all been assigned to reflect a disruption of the YD–D2-His189 hydrogen bond 
by a protonation of D2-His189 (Figure 4, paper I).  

5.4.2 pH steered YZ deprotonation pathways 
To further utilize the S state dependent information of YZ oxidation one can 
compare the pKa of the SnYZ intermediate with that of the SnYZ → Sn+1YZ 
transition found at ambient temperature (Table 2, but see also (173)). The 
efficiency of the S state transitions as a function of pH has been addressed 
with both EPR and FTIR. It was observed that below the pKa of the transi-
tion, the advancement to the next S state is impaired. At ambient temperature 
the inhibitory affect can perhaps not be attributed to the YZ–D1-His190 mo-
tif alone but can also involve proton transfer in a more extensive hydrogen 
bond network and/or pH dependent reactions at the CaMn4 cluster. One sug-
gested reason is the inhibition of proton release from the CaMn4 cluster, 
possibly by protonation of amino acids in the proton exit pathway (164-165).  

Interestingly, in the case of the two S state intermediate signals S0Yz• and 
S2´Yz•, their pKa values are almost identical to those observed for the corre-
sponding S state transition (Table 2). However, a discrepancy is found be-
tween the split S1Yz• EPR signal and the S1 → S2 transition, the latter being 
completely pH independent. This pH independent behavior can be translated 
to a pH independent YZ oxidation during the S1 → S2 transition, i.e. without 
YZ

• formation there would be no transition.  
At 5 K, the constraint on proton movements applied on the system hinders 

YZ oxidation. However as it seems, at ambient temperature YZ can still be 
deprotonated. This has been explained by invoking the possibility of YZ to 
be deprotonated via a different route (133, 162)(V). In kinetic measurements 
this is observed as a slower P680

+ reduction at lower pH values. The second 
route most likely involves a less defined hydrogen bond to a base that is not 
available at lower temperature (indicated in Figure 10C). Tentatively the 
secondary base could be provided by the hydrogen bonded water molecules 
found in the recent crystal structure (2). Water molecules around YD identi-
fied by FTIR spectroscopy have similarly been proposed to be involved in 
the hydrogen bonding interactions of YD, where a weaker hydrogen bond to 
D2-His189 is observed at pH ~6 (174-175), i.e. below the pKa of YD–D2-
His189.  
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In contrast, the availability of an additional base for YZ deprotonation 
does not compensate for the lower efficiency of the S2 → S3 and S0 → S1 
transitions at decreasing pH (Table 2). However in both these transitions, a 
proton leaves the CaMn4 cluster. The difference compared to the S1 → S2 
transition can thus possibly be explained by invoking a “competition” be-
tween the deprotonation from YZ and the deprotonation from the CaMn4 
cluster, involving the same proton accepting base or network (see discussion 
in V). The nature of this competing reaction is likely also to be different 
depending on the triggered sequence of electron and proton transfer in the 
particular S state.  

From the similar pKa value (Table 2) of split EPR signal induction at 5 K 
to the corresponding S state transition one could argue that the decrease in 
transition efficiency more likely originates from the YZ–D1-His190 motif. 
The decreasing efficiency of the S state transitions at low pH can then easily 
be reconciled by a slower reduction of P680

+ by YZ, leading to increased re-
combination rates and, as observed (119), higher miss probability in the S 
cycle.  

5.4.3 The tyrosine pKas in photosystem II 
With the only exception being the S3 → S0 transition, there are essentially no 
decrease in the efficiencies of the S state transitions above the pKa values 
given in Table 3 (164-165). Thus, at pH > 6 there are no constrains caused 
by the proton concentration on the transitions S1 → S2, S2 → S3, and S0 → 
S1. This can then be translated to a pH independent YZ oxidation at high pH. 
The situation is similar for YD. Above pH ~7.5 YD is suggested to be in-
volved in a very strong hydrogen bond (174), which correlates well with the 
observed pKa for the onset of YD oxidation (Section 5.4.1).  

At low temperature (5 K) on the other hand, the induction of the split sig-
nals show different pH dependencies (Figure 11). The S2´Yz• signal and the 
S0Yz• signal decrease with pKa ~7.5 and ~7.9, respectively. However, the 
decrease in intensity at high pH of these two signals is assigned to delicate 
properties in the OEC and not primarily to a decreased ability to oxidize YZ. 
This is discussed in paper IV and V. A pertinent finding is the pH independ-
ent oxidation of the S1Yz• signal at pH > 6 (Figure 11). This directly shows 
that YZ can be involved in a well defined hydrogen bond to D1-His190 at 
high pH (Figure 10A-B), allowing oxidation of YZ at low temperature (5 K).  

Thus in conclusion, the oxidation of both YZ and YD are steered by the 
pKa of the respective hydrogen bond motif, independent of the induction 
temperature. Above the pKa of respective tyrosine the oxidation is fast and 
pH independent. Interestingly, the pKa of YZ–D1-His190 is drastically 
changed in photosystem II where the CaMn4 is not present. In the case of YD 
the pKa value is instead essentially insensitive to the presence or absence of 
the CaMn4 cluster.  
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Table 3. pK values assigned to YD-HisD and YZ-HisZ measured in Mn-depleted or intact PSII. 

  
pK

Reference 
RT 5-15 K

YD-HisD Mn-depleted 7.7 7.6 (132, 172) 
 Intact 7.3–7.5 8.0 (162, 171) 
YZ-HisZ Mn-depleted 6.9–8.3 - (108, 112, 122, 176-177) 
 Intact 4.5–5.3 4.1–4.9 (119, 121-122, 162-163, 

166-170)

Table 3 summarizes a series of pKa values reported in literature that can be 
assigned to either YZ–D1-His190 or YD–D2-His189, in both intact or man-
ganese depleted photosystem II. From Table 3 it can be seen that the pKa 
values reported for the oxidation of YZ in manganese depleted systems (6.9–
7.6) are more similar to what is found for the oxidation of YD. Hence as it 
seems, the presence of the CaMn4 cluster steers the protonation/deproto-
nation of YZ-D1-His190. The change in pKa can presumably by assigned to 
Coulombic effects on the protein environment. This is most certainly impor-
tant for the function of the OEC. The low pKa of YZ–D1-His190 ensures that 
the hydrogen bond is well set to allow YZ oxidation with fast nanosecond 
kinetics at physiological pH (V). 
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6 Artificial photosynthesis – the solar energy 
future 

In the preceding chapters details of light driven electron transfer in the thy-
lakoid membrane, water oxidation in photosystem II, and the function of YZ 
have been described. Taken together, these details are essential for the con-
version of sunlight into organic molecules, biomass. Billions of years of 
photosynthetic activity and the change of biomass into coal, oil and natural 
gas – fossil fuels – has provided the world with energy. More than 80% of 
the energy consumed today is derived from fossil fuels (178). However, our 
use of fossil fuels have resulted in increased levels of carbon dioxide and 
other greenhouse gases in the atmosphere, leading to an ongoing global cli-
mate change. In addition, the fossil fuel reserves will eventually dwindle. In 
order to meet our increasing energy demands in the coming decades (178), 
new clean energy sources must eventually replace fossil fuels. Possibly the 
details of photosynthesis can be part of the solution to the new fuels of the 
future. 

6.1 Mimicking photosynthesis 
Organisms using photosynthesis can produce all their necessary energy with 
only sunlight and water as raw material. This would be an ideal system for 
us to copy – to be able to create useful energy-carriers from the endless re-
sources light and water without generating any polluting by-products. Is this 
viable? Looking at the energy conversion efficiency of a plant, a maximum 
of 4.6-6.0 % (179) can be estimated for converting light energy to biomass 
(stored chemical energy). This is mainly based on theoretical calculations 
and only in exceptional cases will dry matter yield of biomass exceed 1-2 % 
(180) in the field. This is maybe not impressing. Despite this, solar energy 
converted by photosynthesis provides essentially all energy input (“food”) 
for life on the planet. But, it is not enough to provide our society with energy 
as well.  

However, we do not have to copy all parts of photosynthesis, only the 
best bits (181) – the oxidation of water by photosystem II for example. The 
energy conversion in photosystem II, from light absorption to QB reduction 
and water oxidation, has been estimated to an efficiency of ~16 % (182). 
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Maybe more impressing is the estimated 90 % quantum yield of P680
+ forma-

tion to water oxidation (125, 182). Thus, depending on what we in the end 
have to copy or “mimic”, the efficiency of energy conversion can greatly 
exceed that of photosynthesis as a whole, and can easily compete with pre-
sent day energy technology. 

The creation of the photosynthetic reaction center capable of water oxida-
tion has, in an evolutionary point of view, been essential for the development 
of life on earth. But there is obviously a reason that it was only developed 
once. The complexity of the process of light driven water splitting is unique 
and no other system than photosystem II can do it. To mimic this is not an 
easy task and there is a lot to learn from nature. Over the years the structural 
and functional principles of photosynthesis has inspired novel synthetic 
chemistry and in the last decades the concept of “artificial photosynthesis” 
has emerged (178). The aim is to use man-made molecular systems to con-
vert sunlight to chemical energy in the form of a fuel, analogous to photo-
synthesis. The basic ideas of an artificial photosynthesis system are outlined 
in Figure 12; a photosensitizer couples the oxidation of water at a donor (D) 
catalyst to the reduction of protons at an acceptor (A) catalyst. Thus in this 
example the electrons extracted from water are coupled directly to the pro-
duction of molecular hydrogen (H2), an energy-rich and useful fuel (178). 

 
Figure 12. The concept of artificial photosynthesis where a fuel, in this case hydrogen gas, is 
produced from water using energy from the sun. A component capable of absorbing light 
transfers an electron to an acceptor (A) and withdraws an electron from a donor (D). At 
the donor water is oxidized to electrons and protons as in photosystem II (in brackets). The 
protons are used at the acceptor to be reduced to molecular hydrogen.  

6.2 An YZ analogue in artificial systems 
The artificial system mimics the light driven charge separation which occurs 
in the photosynthetic reaction center. However, the reaction in Figure 12 is 
driven by the work of one photon at the time at the photosensitizer. This 
implies that the energy from the light must be sufficient to both extract an 
electron from water and reduce a proton. As we know from oxygenic photo-
synthesis, two charge separations in two photosystems (Figure 2) are re-
quired to meet the demands of an efficient overall process. This is likely a 
viable scenario also in an artificial system (178). In this case the processes at 
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the donor (D) and acceptor (A) are separated and driven by two photons in 
analogy to the water oxidation in photosystem II and the NADP+ reduction 
in photosystem I, respectively.  

By introducing an intermediate electron transfer component (i1 in Figure 
12) between the donor and the photosensitizer, this part of the system con-
tains the essentials of the donor side of photosystem II. The principles of 
such a system were achieved in a molecular assembly by attaching a tyrosine 
moiety to a ruthenium (photosensitizer) complex; the tyrosine could be oxi-
dized by light via ruthenium and reduced again by a dinuclear manganese 
complex (183).  

This above reaction was a single-electron charge separation resulting in 
manganese oxidation in a molecular system. What has been learned from 
studying “natural” photosynthesis is the complexity in coupling single-
electron charge separation to multi-electron water oxidation via charge ac-
cumulation. In photosystem II, the OEC compensates the charge accumula-
tion with proton-coupled electron transfer (section 3.3.3) from the CaMn4 
cluster. In artificial photosynthesis, similar strategies are most likely needed 
to avoid the production of high-energy intermediates. Multiple electron 
transfer has indeed been illustrated to work in synthetic systems. In one such 
system repeated light induced oxidation of a ruthenium complex resulted in a 
three step oxidation of a manganese complex (184). However the third oxi-
dation occurred only after a charge compensating deprotonation by a sug-
gested ligand exchange with water. 

In addition, the kinetics of electron transfer is important in order to avoid 
unfavorable, nonproductive reactions in the process of accumulative electron 
transfer (185). In photosystem II, the multi-electron reactions at the CaMn4 
cluster are linked to P680 via a single-electron intermediate, YZ, in a kineti-
cally (and energetically) tuned way (section 4.3). The tyrosine (or in Figure 
12, i1) not only provides a physical separation, positioning the manganese at 
a distance from the site of charge separation, but allows for a rapid reduction 
of the photosensitizer. The kinetics of this reduction is steered by a proton-
coupled reaction (section 4.2). Similarly in synthetic compounds of ruthe-
nium-tyrosine complexes it has been shown that the rates of electron transfer 
from the tyrosine can be controlled and varies several orders of magnitudes 
depending on the available proton acceptor and the protonation state of the 
tyrosine phenol (126).  

Thus, as well as in natural photosynthesis, the role of an intermediate 
electron transfer component (analogous to YZ) and the role of short-range 
proton movement in connection to electron transfer are important and have 
to be considered in the design of productive reactions in artificial photosyn-
thesis. In this respect, it is worthwhile to explore the relay between photo-
chemistry and water oxidation in photosystem II.  
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Svensk sammanfattning 

Fotosyntesen i cyanobakterier, alger och växter är biosfärens viktigaste reak-
tionsprocess. Av energin i solljuset producerar dessa organismer, förutom 
syrgas och sin egen energi och biomassa, indirekt även så gott som alla övri-
ga livsformers energi. Fotosyntesen är dessutom upphovet till de fossila 
energikällorna (kol, olja och gas) som människans moderna civilisation är 
beroende av.  

Jorden är cirka 4.6 miljarder år och för cirka 3.5 miljarder år sedan ut-
vecklades de första livsorganismerna. När och hur den första fotosyntetiska 
organismen utvecklades är långt ifrån klarlagt men den var troligtvis inte 
vattenspjälkande och syrealstrande utan baserade sin metabolism på substan-
ser som vätgas (H2), järn (Fe2+) och svavelföreningar (t.ex. H2S). Den första 
syrgasalstrande fotosyntesen utvecklades i Cyanobakterier, som än i dag 
producerar en ansenlig del av den för människan så centrala syrgasen.  

Den syrgasalstrande fotosyntesen kan sammanfattas i reaktionsformeln: 

CO2 + H2O + solljus → [CH2O] + O2 

där [CH2O] representerar en enhet av organiskt material (en kolhydrat). Det 
var dock först på 1930-talet som det upptäcktes att syrgasen (O2) kom från 
vattnet (H2O) och inte från koldioxiden (CO2) som tidigare också föreslagits. 
Därigenom blev det efterhand även klarlagt att fotosyntesen egentligen be-
stod av två relaterade men separata processer – vanligtvis benämnda ljusre-
aktionen och mörkerreaktionen (se generella formler sida 14). 

Den första processen, ljusreaktionen, utnyttjar solljusets fotoner som pri-
mär energi för att spjälka (oxidera) vattenmolekyler, vars elektroner och 
protoner därigenom frigörs för att via en ljusdriven elektrontransportkedja 
slutligen producera de energirika ämnena NADPH och ATP. Dessa ämnen 
utnyttjas sedan i den andra huvudprocessen, mörkerreaktionen, som energi 
för att driva kolfixeringen, dvs. reduceringen av den från atmosfären upptag-
na koldioxiden (CO2) till olika former av kolhydrater (representerat av CH2O 
i formeln ovan). Mörkerreaktionen berörs inte vidare då denna studie är fo-
kuserad på speciella reaktioner i samband med ljusreaktionens spjälkning av 
vatten.  

Fotosyntesens ljusreaktion äger rum i speciella membranstrukturer (tyla-
koidmembran) inne i cellen. I växter och alger är dessa membran samlade i 
så kallade kloroplaster vars antal i en enskild cell kan variera från några en-
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staka till flera hundra. I tylakoidmembranet sitter de fyra proteinkomplex, 
fotosystem II, cytochrome b6f, fotosystem I och ATPase, som utgör grunden 
i den ljusdrivna elektrontransportkedjan (Figur 2, sidan 16). Både fotosystem 
II och fotosystem I har ett ”antennsystem” av ljusskördande klorofyllpig-
ment för att fånga in och föra över fotonenergin till respektive fotosystems 
klorofyllcentra (benämnda P680 respektive P700). I dessa speciella klorofyll-
enheter omvandlas ljusenergi till kemisk energi. I fotosystem II används 
energin för att spjälka vatten (se Figur 1, sidan 15).  

Fotosyntesens partiklar och molekylstrukturer är av förklarliga skäl inte 
lätta att ”se” och vissa av dess reaktionsprocesser är ytterligt snabba (se Fi-
gur 5, sidan 21). För studier av naturfenomen på dessa storleks- och tidsska-
lor krävs speciella instrument och tekniker. Elektron paramagnetisk resonans 
(EPR) är en sådan teknik som kan fånga radikaler som bildas vid elektron-
överföringar i proteiner, exempelvis när en aminosyra oxideras i fotosynte-
sen.  

I denna avhandling har oxidationen och reduktionen av en speciell amino-
syra studerats i detalj. Denna aminosyra, kallad tyrosin Z (eller YZ), sitter i 
fotosystem II och har en viktig roll i spjälkningen av vatten. EPR-tekniken 
har här även kombinerats med nedfrysning av provpreparatet (spenat) till 
cirka fem grader från den absoluta nollpunkten (5 K) för att möjliggöra mät-
ningar av de annars i rumstemperatur miljondelssekund (mikrosekund) 
snabba reaktionsförloppen. Men innan detta beskrivs mer i detalj följer en 
kort beskrivning över hur fotosystem II spjälkar (oxiderar) vatten till elek-
troner, protoner och syrgas.  

För varje syrgasmolekyl som bildas behövs två vattenmolekyler. Proces-
sen är driven med ljusenergi och innefattar en rad elektronöverföringar mel-
lan olika kofaktorer i proteinet (Figur 4, sidan 21). Allt startar med en ljusin-
ducerad laddningsseparation, där en elektron flyttas från klorofyllenheten 
P680 till feofytin, den primära elektronmottagaren. Feofytin i sin tur reducerar 
en kinon, QA, som i sin tur reducerar en andra kinon, QB. Den ljusinducerade 
laddningsseparationen lämnar en starkt oxiderande P680

+, så starkt oxideran-
de att den kan driva spjälkningen av vatten.  

Vattenoxidationen sker i ett reaktionscenter bestående av bland annat fyra 
manganatomer och en kalciumatom, här kallat CaMn4-centret. Från detta 
center fås de elektroner som åter reducerar P680

+. Elektronerna kommer dock 
inte direkt från vatten. I stället sker en stegvis reaktion där manganatomerna 
successivt oxideras i fyra steg, en reaktion beskriven av den så kallade S-
cykeln (Figur 6, sidan 23). Det mest reducerade tillståndet hos CaMn4-
centret kallas S0. Efter varje laddningsseparation i P680 drivs S-cykeln ett steg 
genom att en elektron förs från CaMn4-centret till P680

+. Från S0 är nästa steg 
S1, och så vidare. När totalt fyra elektroner har lämnat CaMn4-centret (S4) 
kommer två vattenmolekyler att oxideras och syrgas friges. Cykeln är då 
tillbaka i dess mest reducerade tillstånd igen.  
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Reaktionen innefattar dock inte enbart elektronöverföringar utan också 
protonöverföringar. Dessa två överföringar är starkt kopplade och kontrolle-
rade för att kunna behålla en energimässigt fördelaktig balans genom hela S-
cykeln (i Figur 6, sidan 23, ses att elektron- och protonöverföringarna alter-
nerar). Genom att kompensera varje elektronöverföring (e-) med en proton-
överföring (H+) hålls laddningsförändringen, när man går från ett S-tillstånd 
till nästa, mer konstant. 

Överföringen av elektroner från CaMn4-centret till P680
+ sker inte direkt 

utan via tyrosin Z (eller YZ). Denna aminosyra oxideras av P680
+ och reduce-

ras sedan av elektroner från S-cykeln. YZ har en vital roll för vattenoxidatio-
nen och utan denna aminosyra fungerar inte fotosystem II. Huruvida dess 
roll är mer än att enbart förmedla elektroner är inte klar men troligtvis spelar 
YZ också en viktig roll för transporten av protoner från CaMn4-centret. An-
tingen genom att protoner transporteras via YZ och vidare bort från CaMn4-
centret, eller genom att via en elektrostatisk påverkan trigga protontranspor-
ten från CaMn4-centret (men YZ är då inte nödvändigtvis själv inblandad 
som ett intermediär i själva transporten).  

YZ oxideras i en så kallad protonkopplad elektronöverföring, dvs. i sam-
band med att en elektron överförs till P680

+ sker även en protonförflyttning 
från YZ. Sådana typer av reaktioner är vanliga och viktiga i många biologis-
ka system. Här sker protonförflyttning i en vätebindning mellan YZ och en 
närliggande aminosyra, histidin-190 (His190). Protonöverföringen från YZ är 
viktig för att en oxidering skall kunna ske och styr i viss mån hur snabbt YZ 
kan reducera P680

+. Denna avhandling har till syfte att studera den proton-
kopplade oxideringen av YZ och dess betydelse för vattenoxidationen i foto-
system II. 

Både oxidationen och reduktionen av YZ sker snabbt (nanosekunder till 
millisekunder) vilket försvårar experimentella studier av YZ. Genom att frysa 
ner fotosystem II till några få grader Kelvin (ofta 5-20 K) är oxidationen av 
YZ fortfarande möjlig men dess reduktion är betydligt långsammare. Vid 
dessa låga temperaturer är S-cykeln blockerad och YZ kan i stället reduceras 
via en elektron från QA

-, en reaktion som tar flera minuter. Detta gör det 
möjligt att detektera den oxiderade formen av YZ som en neutral radikal 
(indikerad som YZ

•) med hjälp av EPR spektroskopi. Eftersom YZ är place-
rad nära (ca 7 Å) CaMn4-centret sker en magnetisk interaktion mellan YZ

• 
och manganatomerna och EPR signalen som detekteras breddas till en så 
kallas ”split-signal”. Split-signalen kommer att se olika ut beroende på i 
vilket oxidationstillstånd, S-tillstånd (S0-S3), som CaMn4-centret befinner sig 
i innan fotosystem II fryses ner (Figur 9, sidan 38). Detta har gjort det möj-
ligt att identifiera och studera oxidationen av YZ i de olika S-tillstånden. 

YZ oxideras med hjälp av ljus, också vid 5-20 K. Beroende på i vilket S-
tillstånd CaMn4-centret befinner sig i och beroende på viken våglängd ljuset 
har som används vid belysning kan YZ oxideras via två olika reaktionsvägar. 
I S0 och S1 kan YZ oxideras med ljus i det synliga våglängdsintervallet. Oxi-
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dationen av YZ sker då med hjälp av P680
+. I S2 och S3 kan YZ i stället oxide-

ras med både synligt och infrarött ljus. Här kan då oxidationen ske genom att 
en elektron förs över till CaMn4-centret. Detta fenomen tros härstamma från 
att belysningen exciterar en eller flera manganatomer i CaMn4-centret och att 
energin i detta tillstånd är tillräckligt hög för att inducera en oxidation av YZ. 
I artikel II beskrivs dock möjligheten att oxideringen YZ kan ske via P680

+ 
också i S2 och S3. Trots detta observeras ingen split signal via denna reak-
tionsväg och detta föreslås vara på grund av att CaMn4-centret i S2 och S3 
har en högre relativ laddning jämfört med S0 och S1. Den högre laddningen 
gör att YZ

• tillsammans med dess baspartner His190+ är instabil och inte 
tillräckligt långlivad för att observeras med EPR spektroskopi. 

Med vetskap om hur de olika split-signalerna ser ut och på vilket sett de 
induceras kan oxidationen av YZ studeras i de olika S-tillstånden. Det är känt 
att hastigheten med vilken YZ oxideras (vid rumstemperatur) påverkas av 
koncentrationen protoner (pH) i omgivningen. Vid höga koncentrationer, 
d.v.s. vid låga pH, går oxidationen långsammare. Denna effekt har föresla-
gits bero på att vätebindningen mellan YZ och His190 påverkas. Vid låga pH 
har YZ svårare att släppa ifrån sig sin proton och därmed påverkas hastighe-
ten hos den protonkopplade elektronöverföringen.  

Också vid 5-20 K påverkas funktionen hos YZ av koncentrationen proto-
ner. Vid dessa låga temperaturer är protonrörelserna dock mycket begränsa-
de och skillnaden vid olika pH ses inte i oxidationshastigheten utan enbart 
genom möjligheten att inducera en split-signal eller ej (Figur 11, sidan 38); 
om YZ inte kan släppa ifrån sig sin proton sker ingen oxidation och därmed 
ses heller ingen split-signal; om YZ kan släppa ifrån sig sin proton kan en 
oxidation ske och därmed ses också en split-signal. I artikel IV och V har 
oxidationen av YZ studerats vid 5 K i olika S-tillstånd. Resultaten kan härle-
das till att protonöverföringen mellan YZ och His190 blockeras vid låga pH 
(under ca pH 4-5). Detta kan jämföras med olika pH-beroende effekter som 
observerats vid rumstemperatur, exempelvis hur pH påverkar de olika stegen 
i S-cykeln. Slutligen kan resultaten tillämpas för att analysera protonnätver-
ket runt CaMn4-centret och YZ i de olika S-tillstånden.  

Funktionen av YZ är komplex men viktig för fotosystem II. Studierna av 
denna komplexa process kan förhoppningsvis öka vår förståelse för hur foto-
system II spjälkar vatten, en av de viktigaste processerna i naturen. Kan vi 
lära oss hur växter, alger och cyanobakterier får all sin nödvändiga energi 
från solljuset kanske vi kan lyckas med att göra detsamma – att på konst-
gjord väg skapa ett system, en artificiell fotosyntes (Figur 12, sidan 53), som 
kan omvandla solenergi till kemisk energi. Naturen tillverkar biomassa, vi 
skulle kunna spjälka vatten likt fotosystem II för att tillverka ett bränsle, t.ex. 
vätgas. En svår men inte omöjlig uppgift. 
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