
The Sun is one of the greatest energy sources on our

planet. The conservation of this energy with minimal

losses is a vitally important task in studies concerning

energy resources. Biological systems capable of convert-

ing solar energy with maximal efficiency emerged about

two-three billion years ago, and their activities resulted in

generation of oil, carbon and gas stores. The succession of

reactions resulting in light energy conservation as energy-

rich compounds is termed photosynthesis. But the mech-

anism of this process remains poorly studied. There is an

immense variety of photosynthesizing enzymes, from the

simplest photoreaction centers located in membranes of

photosynthesizing bacteria to multisubunit complexes,

so-called photosystems, which are located in thylakoids

of plants, algae and cyanobacteria.

In the first stage of photosynthesis, light energy is

absorbed. The energy is absorbed by light-collecting pig-

ments and passed to trapping pigments in the reaction cen-

ter. In the reaction center, charges are primarily separated

resulting in the light conversion into energy of chemical

bonds. During light absorption, the pigments loose elec-

trons, and for re-reduction they need an electron donor. In

oxygenic photosynthesis, the water molecule is the major

donor of electrons. The enzyme complex responsible for

decomposition of water into protons, electrons, and

molecular oxygen is termed photosystem II (PS II).

This review considers structural studies on PS II of

cyanobacteria. It is the reaction catalyzed by this enzyme

complex that resulted in appearance of oxygen stores in

Earth’s biosphere.

LOCALIZATION AND COMPOSITION OF PS II

PS II is an ensemble of proteins, lipids, and pig-

ments. It is localized in the depth of the thylakoid mem-

brane. In plants and algae this membrane is a part of spe-

cialized organelles – chloroplasts. In cyanobacteria the

whole system is localized directly in protrusions of the

cytoplasmic membrane.

During some decades, different groups of researchers

tried to determine the spatial structure of components of

the PS II complex. Finally, in 2001, Zouni and colleagues

for the first time succeeded in obtaining by X-ray crystal-

lographic analysis the spatial structure of PS II from the

cyanobacterium Synechococcus elongatus with resolution

of 3.8 Å [1]. The enzyme was in an active form, i.e. crys-

tals of PS II decomposed water under the influence of

light [2]. Then, for some years, the quality of PS II struc-

ture and the limit of its resolution were gradually

increased [3-6]. As a result, in 2009 the PS II three-
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dimensional model was determined with resolution of

2.9 Å [7]. In the spatial organization of PS II from

Thermosynechococcus elongatus all 20 protein subunits, 35

chlorophyll molecules, 12 carotenoid molecules and 25

molecules of incorporated lipids could be distinguished.

For today, this is the most complete model of PS II

including its multisubunit composition. Unfortunately,

the catalytic center of the photosynthetic oxidation of

water, which is a unique complex of metals, was poorly

distinguishable at this resolution. Therefore, experiments

for improving the model of PS II were continued, and

now the structure of PS II from the thermophilic

cyanobacterium Thermosynechococcus vulcanus is deter-

mined with resolution of 1.9 Å [8]. This resolution

allowed researchers to determine positions of individual

atoms of the cluster responsible for oxidation of water to

oxygen, protons and electrons.

All models of PS II were obtained from crystals of

homodimeric PS II isolated from thermophilic cyanobac-

teria, whereas attempts to obtain the structure of this

complex from other organisms how not been successful

up so far. There are reports about PS II crystals from red

algae, but the structure is not yet published [9].

A monomer of PS II includes 20 different protein

subunits [7]. Seventeen of the proteins are located inside

the membrane, and three are located from the side of the

lumen (Fig. 1). Pigments of the monomer are represent-

ed by 35 different molecules of chlorophyll a (Chla), two

molecules of pheophytin a (Pheoa), two heme molecules

(components of cytochromes b559 and c550), 12 molecules

of β-carotene, and three molecules of plastoquinone PQ

(QA, QB, and QC). The PS II monomer also includes 25

molecules of incorporated lipids, as well as calcium, mag-

nesium, chlorine, iron and bicarbonate ions.

The carcass of the PS II monomer consists of two

large subunits PsbA and PsbD traditionally known as pro-

teins D1 and D2, respectively. These subunits are homol-

ogous [10] and have similar spatial structures. They are

α/β proteins mainly consisting of α-helices. The central

five transmembrane α-helices in every subunit are organ-

ized in two semicircles and are connected to one another

with a “handshake” motif connected by a second-order

local axis. Just the D1 and D2 subunits form the main

membrane part of PS II and create a photosynthetic reac-

tion center. These proteins interact with all the pigments

of the electron transfer chain, which is represented by two

symmetric branches of electron carriers bound by sec-

ond-order pseudosymmetry. One branch of the electron

transfer chain consists of a special pair of chlorophylls PD1

consisting of two Chla molecules and also of ChlD1,

Fig. 1. General appearance of spatial structure of PS II dimer from Thermosynechococcus elongatus with 1.9 Å resolution. The arrow indicates

a non-crystallographic C2 axis. To the left the protein part of the PS II monomer is presented (proteins D1, CP47, CP43, D2, PsbE, PsbF,

PsbO, PsbU, PsbV, etc.). To the right the non-protein part of PS II is presented (chlorophyll a, pheophytin, heme, carotenoids, plasto-

quinones, lipids and water).
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PheoD1, and QA, whereas the other branch consists of

their symmetric analogs PD2, ChlD2, PheoD2, and QB. A

nonheme iron atom is situated between molecules of plas-

toquinones QA and QB. Each of these proteins, as well as

D1 and D2, also interacts with one carotenoid molecule.

The whole complex of subunits and pigments is sur-

rounded by two other large proteins, PsbB and PsbC,

which form the nucleus of the light-absorbing system and

are also termed antennal complexes CP47 and CP43,

respectively. They are bound with the majority of Chla

molecules, except Chla molecules belonging to the reac-

tion center. In particular, the proteins CP47 and CP43

interact, respectively, with 16 and 13 molecules of Chla.

The CP47 subunit is located close to the surface of inter-

action between the PS II monomers and protein D2,

whereas CP43 is located on the complex periphery near

the D1 subunit. In addition to their functioning as anten-

nas, CP47 and CP43 play an important role in stabiliza-

tion of the whole PS II ensemble and also of the oxygen-

evolving center. The antennal proteins are homologous

[10] and have similar spatial structures. They consist of α-

helices and β-strands. Each of these proteins has six

transmembrane α-helices. From the lumenal side, these

proteins are different in the number and size of the β-

strands. Both subunits have a large number of non-struc-

tured loops from the lumenal side. These loops outgoing

beyond the membrane into the lumen are involved in

interactions with external proteins. From the cytoplasm

side, proteins CP47 and CP43 also have non-structured

regions.

The base of the PS II monomers is composed of four

subunits: D1, D2, CP47 and CP43. The other 16 protein

subunits surround this complex and stabilize its integrity.

Eleven of these subunits are low molecular mass proteins

including the only transmembrane α-helix. These are the

following subunits: PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL,

PsbM, PsbT, PsbX, PsbY and Ycf12. The PsbZ subunit

consists of two transmembrane α-helices. The PsbE sub-

unit consists of three α-helices, one of which penetrates

across the membrane and two others are situated from the

lumenal side of the photosynthesizing complex. The PsbE

protein together with the PsbF subunit binds the heme

group and present α and β subunits of cyt b559. All these

proteins are located within the membrane.

Other subunits are situated on the lumenal side of the

complex and are designated as external ones. These pro-

teins include the protein PsbU consisting of six α-helices

and two short β-strands. The protein PsbV, bound with

the heme group and consisting of five α-helices and four

β-strands, forms cyt c550. On the lumenal side of PS II the

PsbO protein is also located, the only subunit of the pho-

tocomplex, which consists of eight β-strands forming a

long β-barrel.

In addition to proteins and pigments, every multi-

subunit monomer of PS II contains lipid molecules,

among which there are 11 molecules of monogalactosyl-

diacylglycerol (MGDG), seven molecules of digalacto-

syl-diacylglycerol (DGDG), five molecules of sulfo-

quinovosyl-diacylglycerol (SQDG) and two molecules of

phosphatidylglycerol (PG). This lipid composition is in

good correlation with the statistical mean lipid composi-

tion of thylakoid membrane, which usually includes

~45% MGDG, ~25% SQDG, 15-25% DGSQ, and 5-

15% PG [11]. The lipid molecules are distributed asym-

metrically in the structure of PS II. Negatively charged

heads of PG and SQDG are located only on the cytoplas-

mic side, uncharged DGDG are situated on the lumenal

side, and heads of MGDG are located on both sides.

Each lipid head forms polar contacts, i.e. hydrogen bonds

or salt bridges with at least two different protein subunits.

Moreover, the majority of carotenoid molecules interact

with lipid molecules, except for two carotenoid molecules

bound with the D1 and D2 proteins.

Multisubunit monomers of PS II are connected to

each other with a non-crystallographic symmetry axis C2.

In the interaction region they have some protein–protein

contacts, but the surface between two monomers is main-

ly occupied by lipids. From the protein subunits only

three low molecular weight proteins, PsbL, PsbM and

PsbT, form a three-helix knot on the surface of monomer

interaction, whereas two symmetric subunits PsbM and

PsbM′ form a seven-member motif of aliphatic side

chains similarly to a leucine zipper. The lipids are sup-

posed to play an important role in formation of the PS II

dimer [12].

During its functioning, the complete PS II complex

periodically dissociates and re-associates [13, 14], and

this is necessary to provide the replacement of the injured

parts of the photosystem damaged by light-induced pho-

tooxidation. To by-pass the problem of disassemblage and

re-assemblage of the whole photocomplex, there are in

PS II complicated repair processes that selectively replace

the D1 subunit. This protein is affected more frequently

because it is a component of the electron transfer chain

[15]. Inside every PS II monomer lipids form a kind of

belt that surrounds subunits D1 and D2 and partially sep-

arates the reaction center from other intramembrane pro-

teins. These lipids are responsible for a suitable environ-

ment that can be important for rapid turnover of the D1

protein during repair of PS II.

OXYGEN-EVOLVING COMPLEX

A manganese cluster also called the oxygen-evolving

complex is a catalytic center for the oxidation of water.

The cluster is situated in the lumenal part of PS II, and it

passes through the so-called Si-state cycles (i = 0-4) [16,

17] (for review see [18]).

As described earlier, the structure of PS II from the

two closely related thermophilic cyanobacteria

Thermosynechococcus elongatus [1, 4, 6, 7] and T. vul-
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canus [3, 19] has been determined with resolution from

2.9 to 3.8 Å by different research groups. These structural

studies revealed the reaction center position, but the res-

olution was not sufficiently high for determination of its

exact structure. The cluster was supposed to consist of

four manganese atoms, one calcium atom, a number of

oxygen atoms, and, possibly, also water molecules, which

are the substrate of the reaction of the Mn4CaOX cluster.

During recording diffraction data, the cluster was

destroyed under the influence of X-radiation [20, 21], this

resulting in the appearance of some differences in the

geometrical positions of atoms and also in the model of

the liganding of the cluster [1, 3, 4, 6, 7, 19, 22-24].

The recently obtained PS II model with 1.9 Å reso-

lution [8] allowed for the first time to describe the man-

ganese cluster structure (Fig. 2a). In the previously

obtained maps of the electron density, five metal ions

from the Mn4CaOX cluster were not resolved and

appeared as a sphere-shaped electron density [1]. In the

electron density map of the PS II model with 1.9 Å reso-

lution, the positions of individual atoms are clearly

resolved and every atom of the cluster can be unambigu-

ously identified [8]. Recognizing the positions of man-

ganese and calcium atoms at such resolution was easier

because a calcium atom has fewer electrons than a man-

ganese atom. Based on the positions of the five metal

ions, the distances between each pair of manganese atoms

and between manganese and calcium atoms were estab-

lished (Fig. 2a and Table 1) [8].

It was supposed earlier that single and double µ-oxo-

bridges, which bind metal ions, should exist in the

Mn4CaOX cluster of the oxygen-evolving complex. In the

PS II structure with resolution of 3.5 Å, four oxygen

atoms were preliminarily inscribed into the Mn4CaOX

cluster [4] mainly based on the assumption that metal

ions should bind oxygen. The reliability of positions of

these atoms seemed doubtful because it was virtually

impossible to identify the oxygen atoms in the electron

density map at this resolution. In the PS II structure with

the resolution of 2.9 Å, the oxygen atoms are even beyond

the metal cluster [7]. Most distinctly, five oxygen atoms

binding five metal ions were first determined in the PS II

structure with resolution of 1.9 Å.

The general model of the Mn4CaO5 cluster is shaped

like a distorted chair with a seat, the so-called cubane,

formed by three manganese atoms, four oxygen atoms,

and one calcium atom, whereas the chair back is formed

by remote manganese and oxygen atoms. Distortions in

the shape of the chair are caused by differences in lengths

of the bonds between the manganese and oxygen atoms

and of those between the calcium and oxygen atoms.

While the majority of distances between Mn-O atoms are

in the range of 1.9-2.1 Å, the distances between three

manganese atoms (Mn1, Mn3, Mn4) and one oxygen

atom (O5) are in the range of 2.4-2.6 Å (Table 1).

In addition to the five oxygen atoms, four water mol-

ecules (W) bound with the Mn4CaO5 cluster were identi-

fied [8]. Two of these water molecules (W1, W2) are

bound with the Mn4 atom, whereas two other water mol-

ecules (W3, W4) are bound with the calcium atom (Fig.

2b). Distances between the two water molecules and the

Mn4 atom are 2.1-2.2 Å, and distances between the water

molecules and calcium atom are 2.4-2.5 Å. No other

water molecules bound with three other manganese

atoms were found. Therefore, at least one of these four

water molecules is supposed to serve as the substrate for

oxidation. Among the four water molecules bound with

the Mn4CaO5 cluster, the W4 molecule is bound with a

hydrogen bond directly with tyrosine YZ (D1-Tyr161), the

amino acid residue mediating electron transfer between

a b

Fig. 2. a) Structure of the Mn4CaO5 cluster; b) structure of the Mn4CaO5 cluster ligands. Distances between atoms are indicated in angstroms.
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the PS II reaction center and the Mn4CaO5 cluster [8].

The water molecules W1-W3 form hydrogen bonds with

YZ indirectly, through the other three water molecules

W5-W7. It should be noted that the distance between W7

and YZ is 2.6 Å, and it seems to be a strong hydrogen

bond. Moreover, YZ interacts with D1-His190 through a

short hydrogen bond of 2.5 Å. Then the net of hydrogen

bonds is extended onto D1-Asn298 and further into the

lumenal aqueous fraction through several water mole-

cules and some hydrophilic or charged amino acid

residues [8]. Hence, proton-bound electron transfer

through YZ is suggested to exist, in accordance with

numerous previous reports about the possible existence of

such a pathway [25-29].

It is important feature of Mn4CaO5 structure that the

distances between the O5 atom and metal ions are notice-

ably greater as compared to other oxygen atoms situated

within the oxygen-evolving center. This suggests a weak

bond with the O5 atom within the cluster, which suggests

a higher reactivity of this oxygen atom. It is interesting

that two water molecules, W2 and W3, bound with the

Mn4 and Ca atoms, respectively, are in the limits of the

hydrogen bonds with the O5 atom (Fig. 2b). These results

indicate convincingly that two of the three species − W2,

W3, and O5 – are substrates for generation of the O–O

bond during the oxidation of water [30].

Liganding of the Mn4CaO5 cluster. The majority of

amino acid residues that are ligands interacting with the

Mn4CaO5 cluster have been described in some works [3,

4, 6, 7]. However, because of limited resolution of the PS

II spatial structures and possible X-ray-caused damage to

the molecules, the reliability of locations and composi-

tion of the metal cluster ligands was insufficiently reliable.

The length of bonds between the metal ions and atoms

interacting with them were not accurately determined.

Significant differences were also found in the regularity of

liganding within the PS II structures with resolution of

3.5, 3.0 and 2.9 Å [4, 6, 7]. Whereas the majority of car-

boxylate ligands acted as monodentate ligands in the PS

II structures with resolution of 3.5 and 3.0 Å, many of

them were determined as bidentate ligands in the PS II

structure with resolution of 2.9 Å. As a result, all amino

acid residues acting as ligands of the Mn4CaO5 cluster

were unambiguously determined in the PS II structure

with the resolution of 1.9 Å [8]. Table 1 indicates that

amino acids related to the D1 and CP43 subunits form

Mn1

Mn2

Mn3

Mn4

Ca

O1

O2

O3

O4

O5

D1-Asp170

W1

W2

W3

W4

D1-Glu189

D1-His332

D1-Glu333

D1-Asp342

D1-Ala344

CP43-Glu354

Ca1

3.51 (3.46)

3.36 (3.29)

3.41 (3.44)

3.79 (3.80)

−

2.33 (2.40)

2.49 (2.46)

2.49 (2.79)

2.44 (2.37)

2.39 (2.41)

2.49 (2.38)

2.54 (2.46)

Table 1. Internal and external contacts of the Mn4CaO5 cluster

Mn4

5.00 (4.95)

5.44 (5.37)

2.97 (2.91)

−

2.11 (2.08)

2.50 (2.47)

2.08 (2.03)

2.22 (2.13)

2.08 (2.16)

2.17 (2.13)

Mn3

3.29 (3.30)

2.89 (2.91)

−

1.87 (1.94)

2.13 (2.02)

2.09 (2.07)

2.38 (2.40)

2.07 (1.98)

2.23 (2.21)

Mn1

−

1.87 (1.79)

1.81 (1.83)

2.60 (2.60)

1.90 (1.79)

2.13 (2.19)

2.26 (2.26)

Mn2

2.84 (2.76)

−

2.06 (2.03)

2.13 (2.06)

2.10 (2.13)

2.15 (2.13)

1.99 (1.88)

2.08 (2.16)

Note: Distances in the second monomer of the PS II dimer are shown in parentheses. The distances are indicated in angstroms.
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together six carboxyl ligands and one histidine ligand.

These are the following residues: D1-Asp170, D1-

Glu189, D1-Glu333, D1-Asp342, D1-Ala344, CP43-

Glu354 and D1-His332. They form the so-called first

coordination sphere around the cluster. Among them D1-

Asp170, D1-Glu333, D1-Asp342, D1-Ala344 and CP43-

Glu354 are bidentate ligands, whereas D1-Glu189 and

D1-His332 are monodentate ligands. These amino acid

residues combined with oxo-bridges and water molecules

form a saturated surrounding of the cluster. According to

Table 1, there are six ligands for each of four Mn atoms

and seven ligands for the Ca atom [8].

Structure and possible role of residues of the second

coordination sphere of the manganese cluster. In addition

to the described close ligands of the Mn4CaO5 cluster,

three amino acid residues have been found in the second

coordination sphere of the cluster that are capable of

influencing the cluster, namely the following ligands:

D1-Asp61, D1-His337 and CP43-Arg357. The imida-

zole ε-nitrogen of D1-His337 is bound directly by a

hydrogen bond with oxygen atom O3. One of the guani-

dine η-nitrogens of CP43-Arg357 forms hydrogen bonds

with oxygen atoms O2 and O4. Thus, these two amino

acid residues can provide partial positive charges and

somewhat compensate negative charges caused by oxo-

bridges and carboxylate ligands and thus stabilize the

cluster structure. In other words, in the absence of these

residues some of oxo-bridges can be unstable and

destroyed because of attraction by strong positive charges

of the five metal ions. Moreover, the other guanidine η-

nitrogens of CP43-Arg357 form hydrogen bonds with

D1-Asp170 and D1-Ala344. One of the oxygens of the

carboxylate group D1-Asp61 forms hydrogen bond with

water molecule W1 bound with the Mn4 atom, whereas

the other oxygen of carboxylate group D1-Asp61 forms a

hydrogen bond with the W2 molecule indirectly, through

two other water molecules, W8 and W9. These hydrogen

bonds also can be important for stabilization of the

Mn4CaO5 cluster [30]. These conclusions are in agree-

ment with many data from mutagenesis and functional

studies that have shown the importance of these three

amino acid residues for retention of the oxygen evolving

function by PS II [31-35].

Binding sites of Cl– in photosystem II. Structural

studies on Br–- and I–-substituted PS II [19, 36] revealed

two Cl–-binding sites are somewhat remote from the

Mn4CaO5 cluster. However, only one of these sites was

found in the unmodified PS II structure with resolution of

2.9 Å [7]. Both positions of the halogens are at the dis-

tance of 6-7 Å from the Mn4CaO5 cluster; therefore, it

seems doubtful that they are natural binding sites of Cl– in

PS II [37]. Moreover, although the first Cl–-binding site

includes the positively-charged residue D1-Lys317, no

similar residues have been detected close to the second

binding site of Cl– [19, 36]. This suggested that the anion

binding in this site of PS II should be rather weak, which

should result in the absence of Cl– in the wild type PS II

structure with resolution of 2.9 Å. Moreover, the chlorine

ion was supposed to be directly bound with the Mn4CaO5

cluster, because the removal of Cl– was shown to notice-

ably influence oxygen evolution as well as the properties

of the cluster [38, 39].

In the PS II structure with resolution of 1.9 Å, both

binding sites of Cl– were clearly seen within the electron

density [8], and their locations were the same as earlier

described – at a significant distance from the Mn4CaO5

cluster [19, 36]. This was also confirmed on the ano-

malous difference Fourier map obtained with wavelength

of 1.75 Å where Cl– contributed more significantly than

the “light” atoms of the amino acid residues. The anom-

alous difference Fourier map also indicated that there was

no other Cl– in the first coordination sphere of the

Mn4CaO5 cluster, and this prevented the possibility of a

direct binding of Cl– with metal ions of the oxygen-evolv-

ing center. And this also was in agreement with the above-

presented data indicating that valences of all five metal

atoms in the oxygen-evolving center were saturated with

oxo-bridges, amino acid residues, and water molecules,

and that no additional interactions were needed [30].

The first Cl–-binding site is situated at the distance of

6.7 Å from the Mn4 atom, and the second Cl– is at the

distance of 7.4 Å from the Mn2 atom (Fig. 3).

Immediately near the first Cl–, at the distance of 3.3 Å,

the charged residue D2-Lys317 is located. In addition to

lysine, the first Cl– is surrounded by two water molecules

and nitrogen of the main chain of D1-Glu333. The other

Cl– interacts with nitrogens of the main chain of D1-

Asn338 and CP43-Glu354 and two water molecules.

Thus, Cl–-binding sites have similar coordination

spheres, namely, four groups of atoms surrounding each

of two Cl–-binding sites include two water molecules and

two amino acid residues. The experimental data indicate

that Cl– in PS II could be easily removed by certain pro-

cedures that resulted in disorders in oxygen evolution,

whereas a simple addition of Cl– into the medium led to

re-inclusion of Cl– into PS II and recovery of oxygen pro-

duction [38, 39]. This can be explained, in particular, by

the presence of carboxylate side groups in both amino

acid residues D1-Glu333 and CP43-Glu354, and these

groups are coordinated with the Mn4CaO5 cluster as

bidentate ligands (Table 1), whereas nitrogens of their

main chain are bound with two Cl– ions. It seems that the

function of Cl– is to fix the structures of these two amino

acid residues necessary for stabilization of bonds within

the Mn4CaO5 cluster. The absence of Cl– could influence

the stable coordination of these residues in the Mn4CaO5

cluster, thus causing disorders in oxygen production.

Alternatively, both Cl– ions can be supposed to function

for maintaining pathways for proton release due to their

location in the beginning of two possible pathways for

proton leaving the Mn4CaO5 cluster for the lumen [4, 7,

8, 40-43].
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In addition to the presence of one calcium atom in

the high resolution structure of the Mn4CaO5 cluster and

location of two chloride ions immediately near the clus-

ter, there are also three additional calcium ions and one

additional chloride situated on the periphery of the pho-

tosynthetic complex.

CALCULATIONS OF PRODUCT/SUBSTRATE

CHANNELS IN PS II

The oxygen-evolving complex is located in the depth

of the lumenal part of PS II, and water has to find a path-

way through the protein towards the manganese cluster

[44]. Because of the limited access of competitive water

analogs to the decomposition reaction, it was supposed

that the site of water oxidation should be protected. It was

supposed that protein could guard the oxygen-evolving

complex against potentially harmful molecules and mini-

mize side reactions with small molecules brought in with

water. Because ions and cellular reducers can compete for

binding sites and worsen water decomposition, their

entrance seems to be potentially dangerous. Subsequent

studies confirmed this hypothesis: in the absence of the

“external” subunits, hydrogen peroxide is really produced

in PS II, and oxygen release is less [44]. The amount of

released oxygen is recovered on addition of substances

capable of inducing aggregation of proteins. Access to the

oxygen-evolving complex was probed by the electron spin

echo envelope modulation method (ESEEM). Binding of

alcohols with the Mn4CaO5 cluster was shown to decrease

with increase in the size of the alcohol molecule. This

promoted the hypothesis that an aqueous channel should

exist within PS II [45]. The evolution of O2 molecules and

protons from the catalytic center also suggests the exis-

tence of channels for their removal [46, 47]. Therefore,

different groups of researchers supposed that numerous

channels formed by protein subunits of PS II should exist

and produce a transporting network responsible for the

rapid and effective delivery of initial substrates and

removal of products that was necessary for the molecular

turnover within PS II. Searching for such channels

became possible only after the crystal structure of PS II

with resolution higher than 3.8 Å was published [4, 6].

Murray and colleagues used a Caver program to

search for cavities in the PS II structure with resolution of

3.5 Å [40]. They found three channels, and they supposed

that the widest and least hydrophilic channel (i) was des-

tined for oxygen. The more polar channel (ii) was des-

tined for water and protons, and the most polar channel

(iii) was reserved only for protons. It should be noted that

the algorithm of the Caver program searched for the

shortest pathways from a given point within a protein to

the surface with the chosen minimal diameter. Therefore,

this program searches for numerous round “pipeline”

channels.

Later, the determination of all cavities near the oxy-

gen-evolving center based on the structure with resolu-

tion of 3.0 Å, independently of the place of their coming

onto the surface, revealed a complicated system of possi-

ble transporting channels [41]. An approach used in a

work by Ho and Styring was a step forward in the com-

prehension of delivery of water to the PS II active center

through a network of mutually connected cavities and

pores within the proteins. Further studies on the transport

networks in PS II were continued on a spatial structure

with resolution of 2.9 Å, which also was analyzed using

the Caver program [7, 42]. Since now this structure rep-

resents most completely the protein and lipid composi-

tion, except for the solvent molecules, the channels based

Fig. 3. Positions of chloride ions with respect to the Mn4CaO5 cluster. The bond lengths are indicated in angstroms.
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on it are the most likely ones [42]. Presumptive channels

were calculated based on such criteria as the channel

diameter, its length and hydrophobicity, and on precess-

ing the structure with the coordination error also taken

into account. Altogether, nine putative channels connect-

ing the oxygen-evolving center with the lumen were

determined. They were designated as A1, A2, B1, B2, and

C-G (for comparison with the earlier and later models,

see Table 2). It was supposed that water molecules could

be disposed in channels C-G. But channels based on the

static structural model were too narrow for providing free

passage of H2O or O2 molecules. Hence, it was supposed

that channels C-G could act as pathways for proton

removal. Note that these channels begin in the Mn4CaO5

cluster on the opposite side from Ca2+ and that the C and

G channels are partially united and form an interaction

site with Cl–. It was supposed earlier that Cl– could be

involved in the proton transfer [38]. Moreover, key amino

acid residues believed to be important for proton release,

such as D1-Asp61 and D1-Glu65 [48], are situated in

these channels. The wider channels begin on the “calci-

um side” of the Mn4CaO5 cluster. Channels A1 and A2

seem to be involved in supply of water molecules; their

minimal radii are, respectively, 1.24 and 1.38 Å. Channels

B1 and B2 are somewhat wider, their minimal radius

being 1.44 Å, and they have more hydrophobic walls and

are likely to act as pathways for removal of oxygen mole-

cules. Channel B2 is really blocked with U-Lys134, which

forms a salt bridge with V-Asp79 and thus connects two

external subunits. Conformational changes in the side

group of U-Lys134 were shown to be capable of enlarging

the channel diameter from 2.3 to 3.5 Å and of making B2

a possible pathway for diffusion of molecular oxygen [42].

To check the putative pathways of evolution of dioxy-

gen, in some experimental works [7, 42, 49] PS II crystals

were treated with xenon (Xe). This noble gas is suitable

for determination of oxygen channels in proteins [50-52].

The detection of Xe atoms by X-rays is facilitated by the

high density of electrons in these atoms. Because the size

of Xe atoms is similar to that of O2 molecules, this gas is

used for imitating oxygen in X-ray crystallography. But in

PS II, xenon failed to enter the putative oxygen channels,

rather filling the membrane part of the complex.

Therefore, the experiments were repeated with another

noble gas, krypton (Kr), which has a smaller radius [42].

Krypton atoms were detected in the B1 and B2 channels.

The availability of these channels for small molecules was

also demonstrated by co-crystallization of PS II with

dimethyl sulfoxide (DMSO) [42]. Two DMSO molecules

were detected in the B1 and B2 channels not far from the

Kr-binding sites. Hence, it was supposed that the B1 and

B2 channels should be responsible for diffusion of oxygen

molecules from the oxygen-evolving complex.

All of the above-described works for detecting aque-

ous channels in PS II were based on analysis of cavities

within the structure obtained by X-ray crystallography.

But this approach has two shortages: first, the presence of

a cavity within a crystallographic structure does not

always means that it is occupied by water; second, chan-

nels in the static structure have fixed borders and a rigid

base [40, 41]. This problem can be solved, in particular,

by assessing the potential of the apparent location of

water molecules. This approach was used in a hybrid

quantum-molecular study on the oxygen-evolving center

that modeled chains of water molecules joined with

hydrogen bonds and directed to the Mn4CaO5 cluster

along two different trajectories [53, 54]. However, these

studies involved only a small region of PS II adjacent to

the active site of water decomposition and thus were

unable to give a full picture of the positions of the chan-

nels.

At physiological temperatures, thermal motions

within proteins continuously change the network of

channels and can result in transient states of

opening/closing of some channels [55]. These processes

are likely to play a decisive role in the control of water

movement within PS II [56]. Therefore, Vassiliev with

colleagues proposed another interesting approach [43].

They modeled water molecules placed in energetically

advantageous positions in all cavities of protein con-

stituents of PS II. Then they used molecular dynamics to

model the whole PS II complex, including water, under

conditions of physiological temperature, thus allowing

them to follow the movement of water molecules across

the proteins. As a result, water flows were detected in all

four channels described in the work by Ho and Styring

[41], and they were designated “broad”, “back”, “nar-

row”, and “large”. The resulting calculations revealed

Vassiliev, 2012 [61] 

Gabdulkhakov, 2009 [42]

Ho and Styring, 2008 [41]

Murray and Barber, 2007 [40]

5

A1,A2

“back”

i

Table 2. Comparative nomenclature of product/substrate channels in PS II proposed by different authors
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-
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significant differences in PS II conformation in the pres-

ence and absence of the Mn4CaO5 cluster. The greatest

difference was observed in the region of C-terminal

domains of two external proteins, PsbV and PsbU. These

regions are involved in formation of a wide opening at the

end of the “large” channel in PS II in the absence of the

manganese cluster in the model. The possible participa-

tion of the PsbU and PsbV proteins in the regulation of

ion transport in PS II was confirmed by earlier experi-

mental observations. Mutant strains of cyanobacteria

with ∆PsbV and ∆PsbU deletions were characterized by

lower evolution of oxygen and the loss of photoau-

totrophic growth under calcium and chlorine ion limiting

conditions [57, 58]. Moreover, a mutant lacking protein

PsbV was prone to rapidly lose oxygen-evolving activity in

connection with the loss of metal ions in the active center

[59], whereas protein PsbU stabilized oxygen evolution at

elevated temperatures [60]. All these findings are in

agreement with the active role of the C-terminal domains

of PsbU and PsbV in the control of water and ion trans-

port observed in the molecular-dynamic modeling.

The appearance of the PS II structure with resolu-

tion of 1.9 Å [8] was insufficient for the final determina-

tion of the product/substrate channel positions within

this system, but it decreased the coordination error of the

calculations. Although positions of more than two thou-

sand water molecules in the structure are described, it is

difficult to determine water displacements within PS II

because the crystal structure is a static model. Therefore,

trajectories of the aqueous channel still remain presump-

tive. Unfortunately, the authors were not successful in

identification of dioxygen molecules in the PS II struc-

ture, and the question of the “oxygen” channel is still

open.

Therefore, new methods for calculation of the chan-

nels are still under development. In recent in silico work

by Vassiliev et al. [61], constant “injection” of new water

molecules into the PS II manganese cluster region was

used for accelerating the movements of the molecules

using molecular-dynamics calculations. This allowed the

authors to follow the trajectory of water movement from

PS II under pressure and to determine the energy

required for overcoming energy barriers in the channels.

Upon analysis of the energy of water movement across the

channels, the penetration of water was confirmed through

three aqueous channels described in the earlier works: the

“narrow” channel, “the large system of channels”, and

the “broad” channel [40, 41, 43]. The transudation of

water through the earlier revealed “back” channel was not

confirmed. Moreover, penetration of water was observed

through the channel designated as channel 1 in work [61]

that was earlier supposed to be a channel for proton

removal [48].

Thus, the exact determination of channel trajectories

in such large complexes as PS II is still a nontrivial prob-

lem even for modern methods. But it can be expected that

the development of an X-ray laser and recording diffrac-

tion data with it at physiological temperature will allow

researchers to easily determine movements of molecules

within any protein and complex. The progress in this field

will be considered in the section “Femtosecond diffrac-

tion of PS II microcrystals”.

PLASTOQUINONES

According to the modern concepts, the primary pho-

tochemical reaction in the reaction center of the PS II

includes energy transfer from an excited molecule of

chlorophyll P680 onto a pheophytin molecule. This

process takes several picoseconds and results in formation

of a state with separated charges P680+Ph– that lives for

only 10–8 s due to recombination of charges. However,

recombination is prevented due to more rapid transfer of

the electron from Ph– onto an electron acceptor mole-

cule, plastoquinone QA. This is accompanied by the loss

of about 30% of the energy stored as a result of the pri-

mary photoact, but a more stable state of the molecules is

produced. Finally, an electron from the chlorophyll P680

molecule is transferred onto the system of quinone elec-

tron carriers that results in stabilization of the reaction

center state with oxidized chlorophyll P680. In this case,

the plastoquinone (PQ) molecules act as fixed one-elec-

tron transmitters (QA) and mobile two-electron carriers

(QB) in the electron transfer chain from the PS II to PS I

through the cyt b6 f complex. Plastoquinone Q-binding

sites are located in PS II closely to the cytoplasmic side of

protein D1, which forms the plastoquinone QB binding

site, and to protein D2, which forms the QA binding site.

For the electron transfer, a sufficient number of PQ mol-

ecules must be present, and rapid exchange is important

between the PQ-binding site and the store of free PQs in

the thylakoid membrane. Inside PS II a large cavity was

detected earlier, which seemed to serve as a reservoir for

PQ/PQH2 [6] (Fig. 4a). This cavity is limited by proteins

PsbJ, PsbK, D1, D2 and CP43 and also by cyt b559. This

cavity is lined mainly with hydrophobic amino acid

residues and is filled with phytol chains of chlorophyll

and pheophytin molecules and also with acyl chains of

lipids. The heme group of the cyt b559 and rings of

carotenoid molecules also enter the cavity. This cavity is

accessible for intramembrane quinones through a small

aperture near cyt b559 (channel I) [6]; also, another aper-

ture was found (channel II) and an additional plasto-

quinone QC was located [7] (Fig. 4b). The existence of

plastoquinone QC is in agreement with the idea of a new

PQ-binding site in PS II not far from cyt b559 [62, 63] and

about “reserved” plastoquinones located immediately

near the QB site [64, 65]. The existence of a separate site

for “reserved” plastoquinone is not yet confirmed in the

high resolution structure, possibly because of higher

purification of the preparation and high mobility of plas-
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toquinone QC [8]. The outlet of channel I has area of

about 10 × 20 Å2 and is located between protein PsbJ and

cyt b559, whereas the outlet of channel II with area of 12 ×

10 Å2 is located between proteins PsbF and D2. Both

these channels connect the QB-binding site with the

membrane phase. This disposition of the channel fits well

a rapid exchange of reduced plastoquinone (PQH2) for

fresh plastoquinone from the PQ store in the thylakoid

membrane.

After reduction/protonation, the PQH2 molecule

leaves the QB-site and a fresh plastoquinone from the

store of PQ molecules enters the QB-site for the next

cycle. Three putative mechanisms of PQ/PQH2 exchange

were proposed [7] (Fig. 4c). The first two mechanisms

suggest that the entrance/removal of PQ and PQH2

should occur either via the same channel (the “alterna-

tive” mechanism) or via different channels (the “wrig-

gling” mechanism, because the plastoquinone molecule

had to wriggle to change the channel). In the alternative

mechanism channels I and II should be used alternative-

ly for the entrance and removal, whereas in the wriggling

mechanism channel I should be used only for the

entrance and channel II only for the removal of PQ mol-

ecules. In the single channel mechanism only channel II

should serve both for entrance and removal, whereas

channel I is not involved in the PQ/PQH2 exchange.

PS II MONOMER

PS II exists in the thylakoid membrane as both dimer

and monomer. The PS II dimer could be isolated and

crystallized more easily than the PS II monomer; there-

fore, before 2010 structural studies concerned only native

or modified PS II as dimers. Crystals of the PS II dimer

usually belong to orthorhombic spatial group P212121, and

the resolution maximum of 2.9 Å could not be overcome

for a long time [7]. Moreover, the diffraction picture was

anisotropic, i.e. the resolution limit changed in depend-

ing on the crystal orientation in the X-rays, which limited

the useful resolution of the PS II dimer crystals [6, 66].

Broser and colleagues [67] supposed that crystallization

of PS II monomers should promote change in packing in

crystals and improve their quality and also to reveal fac-

tors influencing PS II oligomerization. As a result of their

work, the PS II monomer was crystallized and the first X-

a b

c

cytoplasm

cavity

DGSQ4

1 – alternative 2 – wriggling 3 – single channel

QB-site

Fig. 4. a) Calculated channels I and II for PQ/PQH2 exchange between the plastoquinone pool in the membrane and the QB and QC sites;

b) schematic image of PQ/PQH2 exchange cavity within PS II; c) putative mechanisms of PQ/PQH2 exchange between the QB-site and the

PQ pool in the thylakoid membrane.
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ray structural model was obtained of the PS II monomer

from T. elongatus with resolution of 3.6 Å [67]. The qual-

ity of the data allowed unambiguous determination of the

positions of 19 polypeptide subunits, which formed an

active photosynthetic complex, but no major changes

were found comparative to the PS II dimer structure. The

electron density for the peripheral subunit PsbY was

absent, although the authors believed that its presence

would not cause steric conflicts in the PS II monomer

crystal [67]. Nevertheless, protein PsbY was detected by

MALDI analysis in 80% of dissolved crystals of the PS II

monomer. The authors explained this finding by incom-

plete occupation of the position of this subunit or by an

unordered state of protein PsbY in the PS II monomer. In

the PS II dimer, the electron density for this subunit

could be observed at the resolution of 3.8 Å [1] and 2.9 Å

[7], but it was absent in the structures with resolution of

3.5 Å [4] and 1.9 Å [8]; hence, the PsbY protein was sup-

posed to be freely associated with the photocomplex.

Notwithstanding the low resolution of the spatial

structure of the PS II monomer, the electron density

quality allowed the researchers to reliably determine posi-

tions of pigments such as chlorophyll a and pheophytin.

Localizations of all chloride ions and of all 29 molecules

of Chla bound with the antenna proteins CP43 and CP47

were also confirmed. Moreover, positions of 11 molecules

of β-carotenes were determined. As differentiated from

the PS II dimer, there was no β-carotene molecule locat-

ed on the interaction surface between monomers in the

photocomplex dimers; this molecule could be detached

during the isolation of the PS II monomer. Electron den-

sity fragments were also found for plastoquinones in the

binding sites of QA, QB, and QC, but the plastoquinone

molecule was unambiguously detected only for QA in the

position virtually identical to the position of QA within

the PS II dimer [7].

The electron density of the PS II monomer model

was favorable for description of positions of 22 lipid mol-

ecules. This result was in agreement with data on the lipid

composition in the PS II monomer and dimer from T.

elongatus [68]. In the PS II monomer, only five lipid mol-

ecules are located on the surface of monomer dimeriza-

tion near subunits D1, PsbT, and PsbM and forming a sta-

ble complex with these proteins. It seems that lipids are

important for the structure and possibly also for function-

ing of the PS II reaction center, are involved in the cycle

of subunit D1 recovery, and thus are responsible not only

for PS II dimerization as supposed by some authors [7].

Protein–protein contacts between monomers within

the PS II dimer are realized by subunit PsbM and its sym-

metric partner PsbM′. PsbM was shown to be located

similarly in both PS II monomer and dimer, but dimer-

ization of PS II monomers did not occur. Some data indi-

cate that upon the removal of protein PsbM from the

photosynthesizing complex in the mesophilic cyanobac-

teria Synechocystis PCC 6803, PS II dimerization contin-

ues [69]. All these findings confirm ideas about the sec-

ondary character of direct protein–protein contacts on

PS II dimerization [7].

FEMTOSECOND DIFFRACTION

OF PS II MICROCRYSTALS

To elucidate the structure and functioning of PS II,

during the last decades different spectroscopic approach-

es have been used [70-72], as well as methods of X-ray

diffraction using synchrotron radiation [1, 3, 4, 6-8].

Among numerous approaches, X-ray crystallographic

analysis is undoubtedly the best for obtaining detailed

structure of the Mn4CaO5 cluster and PS II as a whole.

Nevertheless, sensitivity to radiation of the redox-active

high-valence Mn4CaO5 cluster is a critical problem for X-

ray structural studies. X-ray spectroscopic studies

revealed that radiation-caused damage in the Mn4CaO5

cluster decreased the oxidation degree of manganese

atoms to Mn(III) and Mn(IV), which were present in the

undamaged catalytic center as Mn(II) [20, 21]. Based on

studies on radiation-induced damage, it was concluded

that in all modern X-ray structural studies Mn4CaO5 clus-

ter oxidation was lowered by approximately 25% [8], and

sometimes even by ~80% [1, 3, 4, 6, 7]. Such changes

occur notwithstanding that all measurements of X-ray

diffraction are performed at low temperatures of 100-

150K.

It was shown by the extended X-ray absorption fine

structure (EXAFS) method that radiation damage

increased the distances between Mn-Mn atoms and

between Mn-ligand as compared to the undamaged

Mn4CaO5 cluster [20]. This resulted not only in a

decrease in the oxidation degree of manganese atoms but

also in destruction of the cluster structure. Now it is ge-

nerally adopted that for metal-containing proteins it is

difficult to obtain undamaged structures using synchro-

tron radiation based on X-ray diffraction even at cryo-

genic temperatures. Note also that the freezing procedure

caused conformational changes in some proteins [73].

A new approach in protein crystallography was

recently demonstrated in the USA with a linear accelera-

tor, the LCLS, using ultra-short high intensity X-ray

impulses in protein crystallography on crystal specimens

with sizes from 0.1 to 10 µm [74-81]. Use of very short

impulses (less than 70 fs) allowed researchers to obtain

diffraction data at room temperature before damage by

the radiation occurred [80-83]. This method of obtaining

data “probe-before-destroy” not only eliminated the

problem of radiation-induced damage, but opened path-

ways for studies on enzyme systems by X-ray crystallo-

graphic analysis at room temperature in the femtosecond

time range. This made it possible to use different systems

for triggering chemical reactions, such as photoactivation

or chemical induction, and this promoted study of the



CRYSTALLOGRAPHIC STUDIES OF PS II 1535

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  13   2013

chemical and structural dynamics of different processes.

As a result, a group of authors found that PS II micro-

crystals could be analyzed by X-ray crystallography at

room temperature with ultra-short X-ray impulses (short-

er than 50 fs) [84]. Individual diffraction points were

recorded with the resolution of 5.4 Å, but a complete set

of data was obtained with the resolution of 6.5 Å. The

electron density map of PS II did not have serious differ-

ences from data obtained earlier with synchrotron radia-

tion and truncated to the resolution of 6.5 Å [7]. There

was density in the Mn4CaO5 cluster region that indicated

that this cluster was not destroyed under the influence of

intensive X-ray impulses, which were sometimes stronger

than those used in the synchrotron radiation sources. This

pilot study was a basis for combining different methods

that allowed the researchers to study in detail intermedi-

ate states of PS II.

While X-ray crystallography is an important

approach for study of the geometric structure of whole

complexes, X-ray absorption and emission spectroscopy

are powerful methods for studies on chemistry of inor-

ganic systems and metal-containing proteins. X-ray

absorption spectroscopy (XAS) has long been used in var-

ious systems using synchrotron radiation [85], and recent

achievements in this line have allowed researchers to per-

form experiments with picosecond resolution [86-89].

During recent years, X-ray emission spectroscopy (XES)

is used more frequently on synchrotron radiation sources

for studies of metal-containing proteins [90-92], geo-

chemical systems [93, 94], coordination complexes [95,

96] and inorganic catalytic centers. In addition to the

XAS method, XES measurements of occupation of the

electron levels give information about the electronic

structure, charge, spin density and the nature of ligands

[97-99].

Intermediate chemical states of catalytic centers, in

particular in biological systems, were traditionally studied

on frozen specimens [90]. However, this approach pre-

vents long-term real-time observations of structural

changes. X-ray free-electron laser spectroscopy (XFEL)

can overcome these limitations. Because studies based on

synchrotron radiation are usually limited to picosecond

resolution [89], X-ray spectroscopy in XFEL can be used

to study electronic structure within the femtosecond time

interval. Moreover, the large flow of XFEL impulses

allows researchers to record data on diluted specimens or

with weak emission signal for short time intervals.

An experimental installation was developed to con-

currently record results of X-ray analysis and X-ray spec-

troscopy XES on the LCLS [100, 101]. XES was used for

determination of the integrity of the Mn4CaO5 cluster

electronic state. PS II microcrystals adapted in the dark

reflected X-rays to 4.1 Å. The spectrum of the PS II crys-

tals correlated very well with the spectrum of PS II in the

initial state, i.e. in state S1. This meant that manganese

atoms in the cluster are in the same high-valency state

(Mn2
IIIMn2

IV) in both solution and crystal; thus, the crys-

tallization procedure did not change the S1 state of PS II.

Then X-ray diffraction of the S2 state obtained with a vis-

ible pumping laser was measured at room temperature,

and the results were compared with X-ray crystallograph-

ic data obtained in the dark state of S1. The transition of

the PS II specimen into the S2 state was tested using

labeled water molecules (H2
18O). Analysis of the labeled

O2 produced depending on the number of laser flashes

revealed that the S2 state of the reaction center was in

~80% of cases achieved after one light flash. The authors

obtained a set of diffraction data with resolution of 5.9 Å

from PS II crystals in the S2 state [101]. Comparison of

data revealed that the exposure to light did not lead to

crystal decomposition or changes in its quality. Moreover,

it is suggested that there is no pronounced structural

changes in the photosynthesizing complex on the reac-

tion center transition from state S1 to S2.

Thus, concurrent X-ray crystallographic and XES

studies with ultra-short ultra-bright X-ray pulses in the

LCLS allowed researchers to examine intact nuclear

structures of PS II microcrystals and not damage the

electronic structure of the Mn4CaO5 cluster at room tem-

perature. XES also serves as a method for control of the

integrity of the metal during the recording of X-ray crys-

tallographic data. This method can be used for future

studies on light-induced structural changes within the

protein component of PS II and pigments and also on the

chemical reaction in the catalytic center in different

functional states. It is expected that this method will be

used for many metal-containing enzymes, including

those that are very sensitive to photo- and radiation-

induced damage over a wide time range beginning from

femtoseconds.

Structural studies on PS II from cyanobacteria have

resulted in creation of a high-resolution spatial model of

this huge complex. It has been shown that the photocom-

plex monomer consists of 20 protein subunits, 54 pigment

molecules, and 25 molecules of incorporated lipids; it

also has manganese, calcium, chlorine, iron, and bicar-

bonate ions. Based on the structural data, working mech-

anisms of mobile electron carriers have been proposed.

The structure was determined of the manganese cluster

responsible for water decomposition to atmospheric oxy-

gen, protons and electrons. The system of coordination of

the cluster atoms by the protein surrounding has been

described in detail. However, it is still necessary to eluci-

date what occurs with the manganese cluster and its sur-

rounding during the oxidation and transition from the S0

to the S4 state. Numerous studies have revealed within the

PS II a branched network of channels connecting the

Mn4CaO5 cluster with the lumen. This network is sup-

posed to be responsible for transfer of substrates and reac-

tion products during the photo-induced decomposition

of water. Nevertheless, the mechanism and direction of
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the movement in this transfer network are still hypotheti-

cal. In the thylakoid membrane of cyanobacteria, the PS

II is present as both monomer and dimer. Unfortunately,

the resulting crystal structures of the photosystem

monomer and dimer did not help to explain the reason for

the dimerization. Thus PS II, which is a unique natural

photosynthetic complex, still remains a poorly studied

object of contemporary fundamental and applied science.

The appearance of the newest devices of synchrotron

radiation and their combination with other methods of

investigation of chemical and physical properties of atoms

gives hope that structural analysis can acquire a novel

quantitative level. This will result in the possibility of

investigating not only frozen static structures of biomole-

cules in the initial or final stage of the reaction, but also in

intermediate states occurring within femtoseconds at

physiological temperatures. Such approaches will help to

study in detail atom movements within the photosystem,

as well as the overall reaction of the decomposition of

water.
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