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in the Mn4CaO5 Water-Splitting Cluster
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Abstract Mn4CaO5 cluster is the catalytic center for photosynthetic

water-splitting harbored in photosystem II (PSII), a huge, multi-subunit membrane–

protein complex located in the thylakoid membranes from cyanobacteria to higher

plants. The structure of PSII has been analyzed at 1.9 Å resolution by X-ray

crystallography, revealing a clear picture of the Mn4CaO5 cluster. In this chapter,

principles of crystallization and crystal structure analysis are briefly introduced,

followed by descriptions of the structure of the Mn4CaO5 cluster and its implica-

tions in the mechanism of water-splitting. Based on the geometric organization of

the Mn4CaO5 cluster, the location of four terminal water ligands, the possible

oxidation states of the four Mn ions reported so far, as well as the structural changes

revealed by replacing the Ca ion with Sr, a mechanism for water-splitting was

proposed and discussed.
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NMR Nuclear magnetic resonance

OEC Oxygen-evolving complex

PSII Photosystem II

11.1 Introduction

Photosynthetic water-splitting is catalyzed by a Mn4CaO5 cluster, which is

harbored in photosystem II (PSII), a large, multi-subunit membrane protein com-

plex located in the thylakoid membranes of all oxygenic photosynthetic organisms

[1]. The splitting of water using the energy from the sunlight produces electrons,

protons, and molecular oxygen. While the former two products are the sources of

energy required for the synthesis of ATP by the ATP synthase and reducing power,

both are necessary for the fixation of carbon dioxide into carbohydrates, the latter

product is indispensable for sustaining the oxygenic life on the earth. Thus, the

photosynthetic water-splitting is one of the most important biochemical reactions

occurring on the earth.

In order to understand the mechanism of water-splitting, it is essential to

elucidate the structure of the Mn4CaO5 cluster and its surrounding protein environ-

ment. The main methods for solving the structure of biomacromolecules are X-ray

crystallography, nuclear magnetic resonance (NMR), and electron microscopy

(EM). X-ray crystallography is the most powerful method for structure determina-

tion of biomacromolecules, while the NMR method is subjected to limitations in

molecular masses that can be treated, and the structures of very few proteins have

been solved at an atomic resolution by the EM method. Since PSII is a large

membrane–protein complex, (for example, the typical PSII core complex with a

full oxygen-evolving activity from cyanobacteria contains 20 different subunits

with a total molecular mass of 350 kDa, see Chapters 1–3 in [1, 2]), the only way

available to analyze the structure of this type of huge protein complexes at an

atomic detail is X-ray crystallography.

The basic procedure for X-ray crystallography is protein sample preparation,

crystallization, diffraction data collection, phase determination, electron density

analysis, model building, and refinement. The most important and also the most

difficult step in X-ray crystallography is obtaining a single crystal with a good

quality and reasonably high resolution. Owing to remarkable technical and meth-

odological advances in recent years, it has become rather easy to obtain crystals of

soluble proteins. However, getting well-diffracted single crystals of membrane

proteins still remains a major obstacle and a rate-limiting step in solving their

structures by X-ray crystallography. This is especially true for large, multi-subunit

membrane–protein complexes such as PSII. Once a well-diffracted single crystal is

obtained, obtaining phase information necessary for calculation of the electron

density map can sometimes be a time-consuming task; however, there are several

alternative methods to solving this problem now, so that in most cases this will not

present a major obstacle.
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In the following, the principles of protein crystallization and X-ray structure

analysis are briefly described, followed by introduction and discussions on the

structure and function of the oxygen-evolving complex (OEC) of PSII that have

been revealed from the structural and functional analyses of PSII.

11.2 Crystallization of Soluble and Membrane Proteins

11.2.1 Principles of Protein Crystallization

Protein crystals are ordered arrays of a single, homogeneous protein, or a complex

of multiple proteins. Because the quality and resolution of a crystal depend on the

degree of ordering of the protein molecules within the crystal, a highly purified,

homogeneous protein or protein complex preparation is a prerequisite for getting a

high quality crystal. The homogeneity of a protein or a protein complex is evaluated

from a number of different properties of the protein in question, among them, the

main ones include the absence of contaminating components, a homogeneous net

total charge, and a homogeneous size distribution of the protein particles in

solution. While the former one is easily evaluated from electrophoresis, the latter

two are more difficult to be determined. To determine whether the protein of

interest is homogeneous in charge distribution, one can usually use ion-exchange

column chromatography, isoelectric point electrophoresis, etc. To determine

the homogeneity of size distribution, conventional size-exclusion chromatography

can be used along with dynamic light-scattering measurement, various native

polyacrylamide electrophoresis, etc.

Various factors can influence the purity and homogeneity of a protein solution,

since even a single protein may adopt slightly different, multiple conformations in

solution due to influences of various factors such as salts and/or other chemicals,

redox reagents, detergents, temperature, pH, etc. Thus, not only exclusion of other

protein components is important for getting a good start for crystallization, keeping

the protein conformation as uniform as possible is also extremely important.

Another factor to be considered is the stability of the protein in solution, since in

most cases the process of crystallization takes several days to several weeks at 4 �C
to room temperature; in many cases, purified protein cannot sustain such a long time

without losing its active conformation. This is especially important for membrane

proteins and their complexes, since membrane proteins are crystallized in the

presence of detergents (see below), the stability of most membrane proteins will

be reduced in the presence of detergents.

In principle, crystallization is achieved by bringing a protein solution into

a supersaturated state, so that the protein molecules exceeding the saturation

concentration can no more be dissolved and will be partitioned into an aggregated

phase. The supersaturated state can be divided into three phases [3, 4]: one is a

metastable phase where proteins can still exist in the solubilized form despite that
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its concentration already exceeds (slightly) the saturation concentration; the second

one is a labile phase which has a higher degree of saturation where the crystal nuclei

can be formed; and the third one is a precipitation phase where the supersaturation

reaches a high level that enables the solutes (proteins) to precipitate immediately

(Fig. 11.1). The nuclei of crystals formed in the labile phase can grow in either the

labile phase or metastable phase. The labile phase will give a faster growth of the

crystals, whereas the metastable phase results in a slower growth due to lower

degree of supersaturation. In general, slower growth of crystals is preferred to

ensure the quality and resolution of the crystals to be obtained, since faster growth

of the crystals will bring more chances of occurrence of disorders in the crystal

packing due to increases in the occurrence of errors caused by the fast attachment of

new protein molecules into the already existed small crystals, resulting in imperfect

arrangement of the protein molecules in the crystal. This means that a lower degree

of supersaturation such as in the metastable state will facilitate the growth of high

quality crystals. In practice, however, the degree of supersaturation is not easy to

control, and it is determined by experience in most cases. A slower growth rate

means that a longer time is needed to obtain the crystals, which will require enough

stability of the protein under the conditions employed, a requirement to be found

often difficult to be met by certain proteins. Thus, the choice of growth rate for

Fig. 11.1 Phase diagram. The concentration of proteins is plotted against increased concentra-

tions of precipitates, but it can be other factors such as temperature, pH, etc. Saturation level

increases as the color goes from white to black. The white region represents unsaturated solutions

where crystals will dissolve. The supersaturated region can be divided further into three regions,

namely the metastable phase where only crystal growth will occur, the labile phase where

nucleation and growth compete, and the precipitate region which has the highest supersaturation

and precipitation of amorphous protein will occur in this region
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crystals depends on the balance between the stability of the protein in question and

the quality of the crystal to be obtained.

In order to bring a protein solution into a supersaturated state, various

“precipitants” are used; these include various salts, polymers (the typical one is

polyethylene glycols (PGEs)), and even organic solvents. For the success of

crystallization, not only the type and concentration of the precipitants but also a

number of other factors need to be considered; these include the pH of the solution

(type of buffer used), salts and redox reagents co-existed, temperature, additives

etc., in addition to the purity and homogeneity of the protein samples used. The

process of crystallization is therefore to find an appropriate condition that enables

the separation of protein molecules into an ordered array from a supersaturated

solution while preventing the formation of precipitants and random aggregation

[5–7]. It is noticed, however, that the crystallization often occurs in the interface

between solution and aggregation, so that appearance of some aggregation is

inevitable in some cases. High quality crystals, on the other hand, are usually

obtained in the best growth conditions where no aggregation will be observed.

11.2.2 Methods of Protein Crystallization

A number of methods have been developed to bring a protein solution into a

supersaturated state [5–7]. The most widely used ones are batch crystallization,

vapor diffusion, and dialysis methods. In the batch (or micro-batch) method, a

protein solution is mixed with a precipitant solution to bring it to a supersaturated

state, which is then covered with a layer of oil to prevent evaporation. The mixed

solution is allowed to stay for a few hours to a few days during which the crystals

are formed. In the micro-batch method used recently, the mixed protein solution

layer is covered by a layer of paraffin oil which allows water molecules to pass

through very slowly, enabling a slow evaporation to occur to enhance the degree of

supersaturation. The batch method is easy to use and set up, so can be used for

screening a large number of different conditions. Due to the constancy or small

change in the degree of supersaturation during the entire process of crystallization,

however, the batch method is used for the formation of crystals only in a narrow

range of precipitant concentration as well as other conditions.

Vapor diffusion is the most widely used method for crystallization in which a

protein solution is mixed with typically an equal volume of a precipitant solution.

The mixed protein solution is still unsaturated, which is then spotted into a sealed

chamber where a large excess volume of the precipitant solution is included. The

water will evaporate from the protein solution toward the precipitant solution,

bringing the protein solution to the supersaturated state during the course of

evaporation. Depending on the setup of the protein and precipitant solutions, the

vapor diffusion method can be divided into hanging drop, sitting drop, and sand-

wich drop methods. Evaporation of water molecules enables relatively a large

change in the concentration of both protein and other components; thus, vapor
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diffusion allows screening of relatively a large range of conditions among which

crystals may be formed. Vapor diffusion is also easy to use and set up, and is thus

suitable for screening a large number of conditions.

The dialysis method uses a dialysis membrane to separate the protein solution

and the precipitant solution. During the crystallization process, the precipitant can

enter into the protein solution, and the water molecules can also go out from the

protein solution to the precipitant solution, reaching equilibrium between the two

solutions. This method allows the control of the final composition of the protein

solution by controlling the composition of the precipitant solution; however, the

setup of this method is often time-consuming so that it is often not suitable for

screening a large number of conditions which are required for the initial screening

of crystallization for a novel protein.

11.2.3 Crystallization of Membrane Proteins

Crystallization of membrane proteins and their complexes resembles that of soluble

proteins, but membrane proteins have large areas of hydrophobic surfaces, which

make them insoluble in water. Thus, membrane proteins need proper detergents for

their solubilization, purification, and stabilization, which make the purification and

crystallization of membrane proteins more difficult than soluble proteins. The most

commonly used detergents for membrane proteins are those of nonionic detergents,

as they appear to be most mild in solubilizing membrane proteins. Detergents form

micelles in solution, which will surround the membrane proteins to ensure their

solubilization in aqueous solutions. The concentrations needed to form micelles

(critical micelle concentration, CMC) are largely different among different types of

detergents. The choice of a proper detergent for the success of crystallization of a

particular membrane protein or membrane protein complex, however, appears not

easy, as the detergent needs to be in proper interaction not only with the membrane

protein but also with the other components in the crystallization solution

[8, 9]. Another issue is that, a detergent suitable for the solubilization and purifica-

tion of a membrane protein may not be suitable for formation of a high quality

crystal; thus, the detergent needs to be changed for crystallization after purification.

The addition of detergents to the crystallization conditions dramatically increases

the number of conditions that need to be screened; this is one of the major reasons

why membrane proteins are more difficult to be crystallized in addition to the

hydrophobic nature of them that hinders crystallization.

In the practice of membrane protein crystallization, addition of small, amphi-

philic molecules was often found to improve the crystals, which are assumed to fill

in the spaces in the crystal packing that are not occupied by detergents and protein

amino acid residues [8, 9]. In addition, a unique approach to utilize the hydrophobic

nature of membrane proteins for crystallization was also developed, which is the

lipid cubic phase method. In this method, a cubic phase is formed by a high

concentration of lipids (usually monoolein) which enables the membrane proteins
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to be incorporated to form an ordered array [10–12]. Another approach that has

been used successfully in crystallization of some membrane proteins is to reduce

the hydrophobic surface of a membrane protein and increase its hydrophilic surface

by binding of monoclonal antibody fragments [13], or by fusion with a soluble

protein such as T4 lysozyme [14, 15], so that the membrane protein can be

crystallized in a way more like a soluble protein.

11.3 X-ray Structure Analysis

In the conventional optical microscopy, visible light is used to visualize small

objects not directly visible by eyes. In order to do so, light reflected from the

small objects is collected and magnified by suitable lenses at a proper distance from

the objects. The resolution, or the smallest distance of two points that can be

identified, by this method, is limited by the wavelength of the light used, since

the resolution cannot be significantly higher than the wavelength of the light used,

which is in the range of 400–700 nm for the visible light. To reveal the atomic

structure of molecules, X-ray at wavelengths of around 1 Å has to be used, since a

typical distance for a C–C bond is around 1.5 Å. Due to the high energy of X-rays,

however, no suitable lenses are available to collect and magnify the X-rays; thus, an

alternative method employing calculations must be used.

A crystal is made up of identical, basic units arranged equally in all directions in

the space (Fig. 11.2a). The repeated unit of a crystal is called “unit cell,” and its

properties are defined by three lengths a, b, c, along the x, y, z directions, as well as
three angles α, β, γ, between each pair of the axes (Fig. 11.2b). These values

constitute the unit cell parameters, which are different among different types of

Fig. 11.2 Schematic representation of crystal packing and a unit cell of a crystal. (a) Schematic

representation of a region of a crystal, where identical units are arranged in exactly the same way.

(b) A unit cell from a crystal, showing the definition of six parameters that define the symmetry

and properties of the crystal
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crystals, and their relationship is related with the symmetry of the crystal.

The arrangement of the unit cells constitutes the lattice of the crystal, and there

are 14 lattices (Bravais lattices) that are allowed for protein crystals [16–18].

When an incident X-ray hits an object, the electrons of atoms in the object were

forced to oscillate, generating a secondX-ray having the same energy (wavelength) as

that of the incident X-ray (Thomson Scattering). This second X-ray is scattered from

every atom constituting the object, and can be captured at a distancemuch longer than

the inter-atom distances behind the object. If the object is a crystal, that is, an ordered

array of identical units, then the “diffracted”X-rays are summed up in some places but

canceled out in other places, giving rise to visible (detectable) “diffraction spots.” This

is the phenomenon of interference of multiple waves with the same wavelength. To

illustrate this, we consider that the incident wave (X-ray) hits two planes of atoms in a

crystal with an angle of θ (Fig. 11.3a). The path difference between the two waves

scattered from the two planes at the same angle θ is “2d sinθ,” where d is the distance
between the two planes. Diffraction spot is observed only when the path difference is

equal to a multiple of the wavelength according to:

2d sinθ¼ nλ

where n is an integer. This is the Bragg’s law that determines whether a diffraction

spot can be observed or not from a crystal. From this relationship, one can easily

deduce that the maximum value of d, that is, the largest distance between two

adjacent layers in the crystal that can yield diffraction, is given by:

d¼ λ/2

Fig. 11.3 Occurrence of diffraction from crystallographic planes and an example of diffraction

pattern. (a) The crystal can be considered to consist of a series of planes, each of which scatter the

incident wave. Two such crystal planes were shown here. The difference between the scattered

waves from these two planes is the difference in the pathlength between these planes, which equals

2d sinθ. When this path difference equals a multiple of the wavelength, the waves add construc-

tively and a diffraction peak is observed. (b) An example of diffraction pattern, taken from

a crystal of oxygen-evolving photosystem II core complex. The circle represents the resolution

point of 2.0 Å
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This is the theoretical limit of resolution with a given wavelength λ. In practice,

this limit of resolution is rarely achieved with protein crystals due to various

imperfections existed within the crystals.

The diffraction pattern (see Fig. 11.3b for an example) is determined by the

arrangement of atoms in the repeated units within the crystal; in other words, the

amplitude and position of every diffraction spot in the diffraction pattern contain

information regarding the arrangement of atoms (species and position of the atoms)

within the crystal. Thus, the diffraction patterns can be used to determine the

molecular structure of the crystal. The relationship between the diffraction pattern

and molecular structure, however, is reciprocal, and the diffraction pattern can be

considered to represent the molecular structure in a reciprocal space relative to the

molecular structure in the real space [16–18]. This relationship is related by a

mathematical treatment Fourier transform; thus, the molecular structure in the

crystal can be deduced from the diffraction pattern by the method of Fourier

transform, and vice versa. During this treatment, however, the phase information

of the X-ray wave that yielded the diffraction pattern is lost, so that it has to be

determined separately by another method [16–18]. This is the phase problem in

protein crystallography.

Several methods have been developed to solve the phase problem, among which

the most traditional one is the multiple isomorphous replacement (MIR) method. In

this method, crystals are soaked with metal (heavy atom) compounds, and the

diffraction pattern is measured and compared with native crystals without metals

bound. This gives rise to the position of the metals bound to the protein crystal,

which is then used to calculate the phase information. The second method utilizes

multiple anomalous dispersion (MAD) from a single metal, in which diffraction

pattern is measured with several wavelengths around the transition energy of the

metal bound to the protein. Since each metal has a characteristic absorption

wavelength in the X-ray region, the differences in the diffraction measured around

this specific wavelength are primarily contributed by the electrons of that metal,

which is thus used for locating the position of the metal and for generating the initial

phase information. The third method is the molecular replacement (MR) method,

which utilizes a known structure of a homologous protein as the initial search

model. All of the above methods have been widely used, with the latter two

becoming increasingly popular owing to the availability of intense, tunable

X-rays from synchrotron radiation facilities and a number of atoms with anomalous

scattering capability, as well as the increasing number of solved structures.

Because the diffraction of X-rays is caused by electrons of atoms, the results

calculated from the diffraction pattern are distributions of electrons in a three-

dimensional space, or an electron density map. The molecular structure is then built

by fitting amino acid residues and ligands into the electron density map, which is

the process of model building. In order to obtain the model that best fits with

the experimentally obtained electron density map, the model initially obtained is

refined against the experimental data through many cycles of refinement until

reaching a state that gives a minimum difference between the experimentally

obtained electron density map and model. During this refinement process,
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knowledge of stereochemistry such as constraints in the configuration of amino

acids and their spatial conflicts in the three-dimensional structure of the protein is

incorporated to minimize the model errors.

The quality of the structures obtained from the X-ray crystallography is deter-

mined by a number of factors, among which the most important one is the

resolution which in turn depends on the degree of order of molecules in the crystal.

A higher resolution represents a more accurate, reliable structure than a lower

resolution. A higher resolution will also give a lower value of R factor, a parameter

related to the reliability of the structure, as well as a lower average temperature

factor (B-factor).

11.4 Crystal Structure Analysis of PSII

PSII is an integral membrane protein complex found in the thylakoid membranes

from prokaryotic cyanobacteria to higher plants. The composition of PSII core

capable of oxygen evolution varies slightly from cyanobacteria to higher plants. In

the cyanobacterial PSII whose structure has been solved at an atomic resolution,

there are 17 transmembrane subunits and 3 peripheral, hydrophilic subunits, which

gives rise to a total molecular mass of 350 kDa [1, 2]. The purified PSII, especially

those from thermophilic cyanobacteria, exists predominately in a dimeric form

[19–21], which is thought to be also the functional form dominant in vivo.

Since PSII is an extremely large membrane–protein complex, its structure has to

be solved by X-ray crystallography. The large, membranous nature of the complex

also presented a major challenge to obtain high resolution crystals of PSII. The first

crystal structure of PSII was reported by Zouni and colleagues in 2001 at a

resolution of 3.8 Å, from a thermophilic cyanobacterium Thermosynechococcus
elongatus [21]. The use of the thermophilic cyanobacterium enabled them to obtain

a highly stable, active PSII core dimer preparation as was already shown previously

[22, 23]. In this structure, the position of major PSII subunits was assigned in a Cα
model, together with the position of the Mn4Ca cluster that catalyzes the water-

splitting reaction. The side chain structures of amino acids and positions of some

small subunits were not given due to the limited resolution. Subsequently, Kamiya

and Shen reported a 3.7 Å structure of PSII dimer from a closely related thermo-

philic cyanobacterium Thermosynechococcus vulcanus, in which a few more sub-

units were assigned, together with some residues with their side chains assigned

[24]. However, the structure of the Mn4Ca cluster was still not clear, since each of

the metal atoms and the presumed oxo-bridges connecting the metal atoms were not

separated in the electron density map, making the electron density of the metal

cluster like a ball packed with all of the five metal ions and possible oxo-bridges.

The resolution of the PSII structure was raised to 3.5 Å [25], 3.0 Å [26], and 2.9 Å
resolutions [27] gradually, which continuously improved the structure of the whole

complex in terms of the side chain orientations of amino acid residues, a number of
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cofactors such as chlorophylls, carotenoids, lipids, a bicarbonate ion, etc. The

presence of Ca2+ as an integral part of the water-oxidizing catalyst was demon-

strated by a number of biochemical and biophysical studies including EPR and

EXAFS measurements, and its global position in the Mn4Ca cluster was first

identified in the 3.5 Å structure from anomalous scattering at a wavelength near

the Ca absorption edge [25], which was confirmed subsequently by the higher

resolution structures [26, 27]. However, the detailed structure of the Mn4Ca cluster,

as well as its exact ligand environment, the position of water molecules, etc.,

remained obscure even in the 2.9 Å structure. In fact, the electron density for the

Mn4Ca cluster was still a ball encapsulating all of the metal ions and oxo-bridges,

and the electron densities for each of the atoms were not separated, so that the

position of the individual atoms cannot be clearly determined from the experimen-

tally obtained electron density, and the structural model has to incorporate con-

straints from previous results mainly from extended X-ray absorption fine structure

(EXAFS) measurements and electron paramagnetic resonance (EPR) studies.

The atomic structure of the PSII dimer complex was reported in 2011 by Shen

and his colleagues at a resolution of 1.9 Å [28]. At this resolution, the electron

densities for the individual atoms in the Mn4Ca cluster were clearly separated,

allowing determination of the structure of the metal cluster unambiguously. In

addition, the structure revealed the coordination environment of the metal cluster

in much more detail than the previously obtained structure, as well as the presence

of a huge number of water molecules associated with various residues in the PSII

dimer. In the following, we describe the structure of PSII at the atomic resolution,

with the focus on the detailed structure of the Mn4Ca cluster, and its functional

implications in the mechanism of water-splitting.

11.4.1 Overall Structure of the PSII Dimer

The overall structure of PSII dimer analyzed at the 1.9 Å resolution is shown in

Fig. 11.4a, which contains 19 subunits per monomer, among which 16 are trans-

membrane subunits and 3 are membrane peripheral subunits required for oxygen

evolution. Among the transmembrane subunits of PSII, D1 and D2 subunits have

five transmembrane helices each and form the reaction center of PSII to which most

of the electron transfer cofactors are bound. Two other large transmembrane sub-

units are CP47 and CP43 (CP stands for chlorophyll protein), which have six

transmembrane helices each and are located in the two sides of the D1/D2 core.

These two subunits bind a large number of chlorophylls (17 for CP47 and 12 for

CP43) which function as light-absorbing antenna chlorophylls to transfer the light

energy to the reaction center chlorophylls. In addition to these large transmembrane

subunits, 12 small subunits (with molecular mass less than 10 kDa) were found,

most of them have one transmembrane helix and only PsbZ has two transmembrane

helices. These give rise to a total of 35 transmembrane helices for a PSII monomer.
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Fig. 11.4 Overall structure of PSII dimer. (a) Overall structure of a PSII dimer analyzed at 1.9 Å
resolution. View from a direction perpendicular to the membrane normal. The line in the middle

represents the non-crystallographic twofold axis dividing the two monomers, and the two red
circles indicate the region where the water-splitting catalytic center, the Mn4CaO5 cluster, binds.

(b) Distribution of the water molecules. All of the protein and cofactors except water were

removed from panel (a), showing the distribution of water molecules in the PSII dimer
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PsbY, one of the low molecular mass of PSII with one single transmembrane helix

located in the peripheral region close to PsbE and PsbF (the α- and β-subunits of
cytochrome b559), was not present in the crystal structure, indicating that it is lost

during crystallization due to its weak association with the PSII core complex.

The three peripheral, hydrophilic subunits are PsbO (33 kDa), PsbV (cyto-

chrome c550), and PsbU (12 kDa), located in the lumenal side of the thylakoid

membrane. They form a cap for the site of oxygen evolution (the Mn4CaO5 cluster),

shielding it from the bulk solution with a large area of hydrophilic protein region.

These extrinsic proteins have been shown to be important for maintaining the

activity and stability of the oxygen-evolving complex (OEC).

In addition to the protein subunits, 35 chlorophylls, 2 pheophytins, 11

β-carotenes, 2 plastoquinones, 1 bicarbonate, 1 b-type and 1 c-type cytochromes,

1 non-heme iron, more than 20 lipid molecules, at least 2 chlorides, a Mn4CaO5

cluster, etc., are present in a PSII monomer.

One of the most significant features of the high resolution structure of PSII was

the presence of a huge number of water molecules within it. In total, nearly 2,800

water molecules were found in a PSII dimer; these water molecules were distributed

in two layers, one in the surface of the cytoplasmic (stromal) side and the other one

in the surface of the lumenal side, of the thylakoid membrane (Fig. 11.4b). Very few

water molecules were found in the transmembrane region. These distribution of the

water molecules demonstrates a typical feature for a membrane protein complex.

The few water molecules present in the transmembrane region were found to serve

as ligands or hydrogen-bonding partners of chlorophylls that are not ligated by an

amino acid residue. Typically, the Mg ion of the chlorin ring of chlorophylls is

ligated by an amino acid residue; in most cases it is a His residue. Among the

35 chlorophylls in a PSII monomer, however, 7 chlorophylls do not have an amino

acid residue as a ligand for its Mg ion. Instead, it is ligated by a water molecule [28].

For such chlorophylls that are ligated by water, there are usually two additional

water molecules existing in the vicinity of the chlorin ring and form hydrogen

bonds to the carbonyl groups of the chlorin ring as well as the direct water ligand,

which are probably required to stabilize the chlorin ring not directly ligated to an

amino acid residue.

11.4.2 Structure of the Mn4CaO5 Cluster

TheMn4CaO5 cluster is bound in a pocket formed by residues of D1 and CP43 in the

lumenal surface of the thylakoid membrane (cycled regions in Fig. 11.4a). Because

the interatomic distances within the cluster is in the range of 1.7–2.6 Å, it is not
possible to separate each of the atoms in the crystal structures up to 2.9Å resolution.

At these low resolutions, the electron density for the whole cluster is connected,

making it look like a pear-shaped ball (or a soccer ball), so that the placement of

individual atoms within the ball was not possible based on the experimentally
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obtained electron density map only [21, 24–27]. Early models of the metal cluster

was thus built with the constrains obtained from other approaches, notably from

EXAFS experiments. The results of EXAFS experiments have suggested that there

should be 2–3 Mn–Mn distances of 2.7–2.8 Å, as well as some longer distances in

the range of 3.0–3.3 for Mn–Mn and Mn–Ca [29–34]. These distances were used to

place the Mn and Ca atoms within the electron density of the pear-shaped ball albeit

with no clear separation of the electron density for the individual atoms. An even

worse situation was seen for oxo-bridges, which must be present in order to connect

the Mn–Mn and Mn–Ca pairs and have been suggested also from EXAFS experi-

ments. Since Mn and Ca have much more electrons than those of oxygen atoms, the

diffracted X-rays by these metal ions are much stronger than that diffracted by

oxygens. Thus, the electron density forming the pear-shaped ball at lower resolu-

tions is largely contributed by the Mn and Ca ions, and the densities contributed by

oxygen atoms are very weak, making the assignment of oxo-bridges essentially

impossible at low resolutions.

In the 1.9 Å resolution structure of PSII [28], the electron densities for each of

the metal ions, together with the oxo-bridged oxygens, were clearly separated,

allowing the assignment of each atom unambiguously (Fig. 11.5a). As a result,

the catalytic center for water oxidation was found to contain five oxygen atoms in

addition to four Mn and one Ca ions, forming a Mn4CaO5 cluster (Fig. 11.5b). Since

the number of electrons of Mn (with a valence of III or IV) is three or four larger

than that of Ca (II), the electron density of the Ca ion is slightly lower than those of

the Mn ions (Fig. 11.5a). This is also an illustration for the quality of the electron

density obtained at the atomic resolution, as the slight differences in the intensity of

the electron density between Mn and Ca ions are not easy to be distinguished at a

lower resolution. The core of the cluster is a distorted cubane made up by three Mn

ions (Mn1–Mn3), four oxygen atoms (O1–O3, and O5), and one Ca ion. The fourth

Mn (Mn4) is located outside of the cubane and connected to the cubane core by two

oxo-bridges via O4 and O5. The shape of the whole cluster resembles that of a

distorted chair, with the cubane serving as the chair base and the outside Mn (Mn4)

serving as the back of the chair (Fig. 11.5c).

The distorted shape represents one of the most significant features of the

Mn4CaO5 cluster structure, that is, the instable or flexible nature of the metal

complex (see below for further discussions). The distortion is mainly caused by

two reasons. One is the differences in the Mn–O distances. Among the five oxygen

atoms, O1–O4 have bond distances to their nearbyMn ions in the range of 1.8–2.2Å,
which is similar to those typically found in Mn oxide compounds. The distances

between O5 and its nearby Mn ions, however, were found to be extremely longer in

the crystal structure, namely 2.4, 2.5, 2.6 Å for O5–Mn3, O5–Mn4, and O5–Mn1,

respectively. These distances, in particular the O5–Mn4, O5–Mn1 distances, are

much longer than those expected for normal Mn oxides, suggesting a weak binding

of the O5 atom to the nearby Mn ions (see below for more detailed discussions).

The other reason that contributed to the distortion in the structure of the

Mn4CaO5 cluster is the differences between typical Mn–O and Ca–O distances.
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Fig. 11.5 Structure of

the Mn4CaO5 cluster. (a)

Individual atoms of the

Mn4CaO5 cluster,

superimposed with the

2Fo-Fc map (blue)
contoured at 5σ for

manganese and calcium

atoms, and with the omit

map (green) contoured at

7σ for oxygen atoms and

water molecules. (b) Bond

distances (in Å) between
metal ions and oxo-bridges

or water molecules within

the Mn4CaO5 cluster. (c)

Distorted chair form of

the Mn4CaO5 cluster. The

structure of the cluster

was rotated relative to

that shown in (b), to

show the chair form

more clearly
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As described above, while the typical Mn–O distances are in the range of 1.8–2.2Å,
the typical distances of Ca–O are in the range of 2.4–2.6 Å due to a lower positive

charge of the Ca ion compared with that of Mn ions. The incorporation of the only

Ca ion in the metal cluster therefore contributed to the distorted shape of the

structure, which may be important for the flexibility or catalytic activity of the

catalytic core.

In addition to the oxo-bridged oxygens, four water molecules are associated with

the Mn4CaO5 cluster as terminal ligands [28]. These water ligands are designated

W1–W4, among which two (W1 and W2) are associated with Mn4, whereas the

other two (W3, W4) are associated with the Ca ion (Fig. 11.5). Interestingly, no

other direct water ligands were found to associate with the remaining three Mn ions,

indicating that the region formed by Mn4, Ca, and the four water molecules is

highly hydrophilic, and may play an important role in water-splitting. Among these

four water molecules, W2 bound to Mn4, and W3 bound to Ca, are in hydrogen-

bonding distances to O5. Furthermore, W2 andW3 are also within a hydrogen-bond

distance with each other. These suggested that the area formed by W2, W3, and O5

may constitute the site of O–O bond formation during the water-splitting reaction

(see below for further discussions).

The distances of the two water ligands to Mn4 are 2.1–2.2 Å, whereas those

between W3 and W4 to Ca are 2.4 Å. The slightly shorter distances between water

and Mn4 reflect a higher valence of Mn4 than that of the Ca ion, and thus a slightly

stronger binding of the water ligands to Mn4 than those to the Ca ion.

11.4.3 Comparison of Mn–Mn andMn–O Distances Between
the Crystal Structure and EXAFS Studies
and Theoretical Calculations

The shortest distances between Mn ion pairs are 2.8 Å for Mn1–Mn2, 2.9 Å for

Mn2–Mn3, and 3.0 Å for Mn3–Mn4 in the 1.9 Å resolution crystal structure. These

distances are slightly longer than the distances reported from EXAFS experiments,

where it was suggested that there are at least two Mn–Mn distances of 2.7–2.8 Å
[29, 30, 35], and a third one at 2.8Åmay also be present [31, 33, 34, 36].While these

differences may fall within the experimental errors, as the results of crystal structure

analysis at 1.9 Å resolution bear an average error of 0.16 Å for the interatomic

distances [28], theoretical calculations using the coordinates of the crystal structure

have been performed to examine the Mn–Mn as well as Mn–O distances. Extensive

quantum mechanical/molecular mechanical (QM/MM) calculations using the coor-

dinates of the crystal structure have resulted in model structures for the Mn4CaO5

cluster where the shortest Mn–Mn distances resemble those of EXAFS results

but slightly shorter (0.1–0.2 Å) than those of the crystal structure [37–45].

This has been taken as evidence to indicate that the crystal structure is in a reduced
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state than that of the S1-state presumed in the X-ray structural analysis. While this

possibility cannot be excluded at present due to possible X-ray radiation damage,

there is another source of difference that needs to be considered. Since in the X-ray

structure analysis at 1.9 Å resolution, the hydrogen atom cannot be assigned, so that

the four terminal water ligands have been assumed as H2O, and the five oxo-bridged

oxygens have been assigned as O2�. It is possible that the protonation states of some

of the water molecules and/or oxo-bridges are different from those assumed in the

crystal structure, and the exact combination of the protonation states is not known at

present. A combination of the protonation states different from the real structure may

affect the results of theoretical calculations.

More profound differences were found in the distances of Mn1–O5 and Mn4–O5

between the crystal structure and theoretical calculations. As described above, both

of the distances between Mn1 and O5, and between Mn4 and O5, are unusually

long, which were never obtained in theoretical calculations if the O5 atom is in an

O2� form. Assuming that O5 is in a deprotonated state (O2�), theoretical calcula-
tions yielded a result showing that the distance between Mn4 and O5 is in the

range of 1.8–2.3 Å, whereas that between Mn1 and O5 is in the range of 2.8–3.3 Å
[37–45]. This suggests that the O5 atom is bonded to Mn4 but not to Mn1; therefore

Mn4 is 6-coordinated whereas Mn1 is 5-coordinated in the S1-state (see below for

more detailed discussions). This is remarkably different from that of the crystal

structure, where O5 sits in nearly the middle between Mn4 and Mn1, and suggested

that it is weakly bonded to both Mn4 and Mn1, resulting in a quasi-five-coordinated

structure for both Mn4 and Mn1 in the S1-state. The term “quasi-five-coordinated”

is used to indicate that the sixth ligand is at a distance apparently longer than the

usual Mn–O distance. The unusually longer distances between O5–Mn4 and O5–

Mn1 may again caused by the possible radiation damage during X-ray data collec-

tion. However, when O5 is assumed to be in a protonated state, namely, an OH�

form, a DFT calculation yielded Mn4–O5 and Mn1–O5 distances that are rather

close to the crystal structure [39]. This suggests that O5 may be in a protonated

state. Alternatively, theoretical calculations performed so far may have not incor-

porated the protein environment surrounding the Mn4CaO5 cluster in an area large

enough to account the precise structure of the cluster. In any cases, the unusual

position of O5 is consistent with the above discussions that the area around O5 may

form the reaction site for water-splitting and O–O bond formation.

11.4.4 Ligand Environment of the Mn4CaO5 Cluster

The Mn4CaO5 cluster is coordinated by seven amino acids, among which six are

carboxylate residues and one is a His residue (Fig. 11.6a) [28]. The six carboxylate

residues are D1-D170, D1-E189, D1-E333, D1-D342, D1-A344, and CP43-E354,
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among which five are bi-dentate ligands and only D1-E189 is a mono-dentate

ligand to Mn1. D1-A344 is the C-terminal residue of the D1 subunit, and two

additional residues D1-E333 and D1-D342 are located in the C-terminal of the D1

subunit, illustrating that the C-terminal region of the D1 subunit is heavily involved

in maintaining the structure of the Mn4CaO5 cluster. The only His residue is

D1-H332, which is ligated to Mn1. These ligands, together with the oxo-bridges

and terminal water ligands, constitute the saturated ligand environment for the

Mn4CaO5 cluster. As a result, all of the four Mn ions are 6-coordinated (see

above discussions for Mn4 and Mn1), and the Ca ion is 7-coordinated (Table 11.1).

In addition to the direct ligands to the Mn4CaO5 cluster, most of which are

negatively charged; three residues are located close to the cluster and form hydro-

gen bonds with one or more of the oxo-bridged oxygens. These three residues are

CP43-R357, D1-H337, and D1-D61 (Fig. 11.6b), and they are either positively

charged, neutral or negatively charged. Among these three residues, CP43-R357

forms hydrogen bonds to both O2 and O4, D1-H337 forms a hydrogen bond to O3,

Fig. 11.6 Ligand environment of the Mn4CaO5 cluster. (a) Direct ligands to the Mn4CaO5 cluster.

(b) Three residues, namely D1-D61, D1-H337, and CP43-R357, that form hydrogen bonds to the

oxo-bridged oxygens in the Mn4CaO5 cluster

Table 11.1 Ligands for each of the metal ions in the Mn4CaO5 cluster of PSII

Atom Ligands Atom Ligands Atom Ligands Atom Ligands Atom Ligands

Mn1 O1 Mn2 O1 Mn3 O2 Mn4 O4 Ca O1

O3 O2 O3 O5 O2

O5 O3 O4 D170A O5

E189A D342A O5 E333A D170A

H332A A344A E333A W1 A344A

D342A E354C E354C W2 W3

W4
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whereas D1-D61 is connected to O4 by hydrogen bond via a water molecule. These

hydrogen bonds may be important to maintain the distorted, flexible structure of the

Mn4CaO5 cluster. If we assume that no hydrogen bonds are present for the oxygen

atoms, the O–Mn bonds in the cluster would have distances similar to those found in

typical Mn oxides, which are in the range of 1.8–2.2 Å. These short distances will
yield a rigid, un-distorted structure of the cluster difficult to undergo structural

changes accompanying the S-state transitions. In other words, the “flexibility”

expected from the distorted structure of the metal cluster will be lost, which

would yield a compound with little or no catalytic activity for water-splitting. It

is thus the distorted chair form, or the flexibility, of the Mn4CaO5 cluster that is

most important for the water-splitting activity. Photosynthetic organisms have

gained this “instable” structure through a long time of evolution, and have

maintained this structure for even a longer time from the advent of prokaryotic

cyanobacteria some 2.7 billion years ago to higher plants we see today.

11.4.5 Effects of Sr2+ Substitution for Ca2+ on the Structure
of the Mn4CaO4 Cluster

Since the only Ca ion in the Mn4CaO5 cluster can be easily removed without

destroying the overall structure of the cluster, and its removal completely dimin-

ishes oxygen evolution, its role in oxygen evolution has been studied extensively

[46–50]. From the structural features of the Mn4CaO5 cluster revealed at the atomic

resolution [28], one of the roles of the Ca ion appears to introduce the distortion into

the structure as mentioned above. We can easily imagine that if the cluster is made

up with Mn and O atoms only, its structure would become symmetric and hardly be

distorted, and the resulted compound will become a rigid, stable one unable to

undergo structural changes. This happens to most artificially synthesized Mn–O

compounds, which are rigid, stable, and with no or low catalytic activity. Introduc-

tion of a Ca ion into Mn–O compounds has been successful in some cases; however,

the position of the Ca ion is not exactly the same as that found in the native

Mn4CaO5 cluster, so that no artificially synthesized Mn–Ca–O compounds have

been obtained that match the catalytic activity of the native cluster.

Another important role that might be expected for the Ca ion, and that was

implied from the crystal structure, is the binding of substrate water molecule. In the

crystal structure, two water molecules were found to associate with the Ca ion;

one of these two water molecules may thus function as one of the substrate water for

O–O bond formation. In order to explore this possibility, the Ca was replaced with

Sr, and the resulted Sr-substituted PSII was used for crystallization and crystal

structural analysis [51]. Sr2+ is the only divalent ion capable of supporting water-

splitting with an activity half of Ca-containing PSII. Thus, slight structural changes

are expected by replacing Ca2+ with Sr2+, which may be responsible for the

decrease in oxygen evolution. The structure of Sr-substituted PSII was analyzed
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at a resolution of 2.1 Å, which showed several small differences in the Mn–O

and Sr–O distances compared with that of the Mn4CaO5 cluster [51]. The most

significant difference, however, was found in the bond distance between Sr and one

of the water ligands, W3, which became 2.6 Å, a distance 0.2 Å longer than

the corresponding distance in the Mn4CaO5 cluster. On the other hand, the

distance between W4 and Sr became 2.3 Å, which is largely similar with the corre-

sponding distance (2.4 Å) in the Mn4CaO5 cluster. These results suggest that W3

binds to Ca2+ more weakly than W4, and is thus more mobile than W4. In fact, the

position of W3 was found to be moved by 0.5 Å in the Sr2+-substituted PSII relative

to that in the native PSII [51]. This implies that W3 may have a higher reactivity

than W4, which further implies that W3 may be involved in the water-splitting and

O–O bond formation.

11.4.6 Possible Mechanisms of O–O Bond Formation

Water oxidation proceeds through the S-state cycle [52–54], where four photons are

absorbed to drive sequential removal of four electrons from the Mn4CaO5 cluster,

leading to the successive accumulation of four oxidizing equivalents in the metal

cluster. The removal of electrons is accompanied by release of protons, which

typically has a pattern of 1, 0, 1, 2 for the S0–S1, S1–S2, S2–S3, and S3–(S4)–S0
transitions [55, 56]. The S0, S1-states are dark stable, whereas S2, S3-states are

unstable at room temperature, and the S4-state is highly unstable that has not been

trapped stably under normal (room temperature and normal oxygen pressure)

conditions. The O–O bond formation occurs during the S3–(S4)–S0 transition.

The oxidation states of the four Mn ions in the S1-state are believed to be in a

combination of (III, III, IV, IV) based on EPR (ENDOR) studies on the mulitline

signal characteristic of the S2-state [57–61], as well as FXAFS studies [33, 35],

although a lower oxidation state has been proposed that can also explain the

experimental data [40, 62]. The oxidation states of the individual Mn ions in the S1
and S2-states, however, have not been assigned unambiguously. It has been reported

that Mn1, the only Mn ion to which an amino acid ligand other than a carboxylate

group (D1-His332) is associated, is 5-coordinated in the S2-state, suggesting that it is

in a valance of III (3+) in the S2-state [63]. If this is the case, this Mn ion must be III

also in the S1-state. The other Mn that has a valence of III in the S1-state is not clear;

no experimental evidence relating to this Mn has been obtained. As described above,

the specific O5 is sitting in the middle betweenMn1 andMn4 in the crystal structure,

and both distances of O5 to Mn1 and Mn4 are exceptionally longer compared to

typical Mn–O distances found in Mn oxide. This suggests that both Mn1 and Mn4

have a weak sixth ligand, implying that they are not fully 6-coordinated. The long

bonding distances between Mn1 and Mn4 to O5 can be explained by a large

Jan-Teller distortion that Mn(III) possesses, which is in support of the notion that

Mn1 is III in the S1-state. This in turn implies that Mn4 is also III in the S1-state.
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Based on these considerations, as well as the discussions described above that

the O–O bond formation may occur in the area formed byW2, W3, and O5, we may

propose a mechanism for the formation of water-splitting and O–O bond formation,

which is illustrated in Fig. 11.7. In this proposed mechanism, the Mn4CaO5 cluster

has a (III, III, IV, IV) valence combination in the S1-state, with the Mn4 and Mn1 in

the III form, and Mn2 and Mn3 in the IV form. In this state, the O5 is assumed to be

an OH� species based on its long distances and thus weak binding to Mn1 and Mn4.

Upon transition from S1 to S2 by absorption of one photon, one electron is removed

from Mn4, leading to a IV state of Mn4. Due to this change, the binding of O5 to

Mn4 becomes stronger than that to Mn1, resulting in a movement of O5 toward

Mn4. This results in a “full” 6-coordinates for Mn4, whereas breaks the bond

between O5 and Mn1, yielding a 5-coordinated Mn1 in the S2-state, as has been

suggested previously. No protons are released during this transition, and the

possible structural changes may be small due to the removal of only one electron

from S1-to-S2 transition.

In the subsequent transition from S2 to S3, one electron and one proton are

removed. The electron may be removed from the only 3+ Mn ion remained, which

is Mn1, resulting in a Mn(IV) species in the Mn1 site. This Mn1 will require to be

6-coordinated, which may be fulfilled by insertion of a new water ligand during this

transition. Indeed, the insertion of a water molecule has been suggested from Fourier

Fig. 11.7 A possible mechanism of water-splitting and O–O bond formation based on the atomic

structure of the Mn4CaO5 cluster. See text for detailed discussions
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transform infrared (FTIR) spectroscopic experiments [64, 65]. On the other hand, the

protonmay be released from the O5 site (whichwas assumed to be anOH� species in

the S2-state), resulting in an O
2� species in this state. These changes may result in a

large structural rearrangement of the whole cluster, which has been suggested

from previous FTIR, EXAFS, and EPR experiments [35, 47, 49, 57, 59, 66]. One

presumed consequence of this structural rearrangement may be a move of

the position of W3 toward O5, resulting in a closer distance between these two

species, or even already a formation of the “pseudo-double bond” of O–O between

these two species.

In the S3–(S4)–S0 transition, one electron and two protons are removed, accom-

panied by an insertion of a new water molecule. The two protons may be removed

from W3, or one from W3 and one from another species, which may reinforce the

O–O bond formed between W3 and O5. These changes finally force the breakage of

bonds between W3 and Ca, as well as those between O5 and nearby metals, thereby

release one O2 molecule. The O5 position may be occupied by the newly inserted

water molecule in the S0-state, from which one proton is removed during the

transition from S0 to S1. This completes one cycle of the water oxidation reaction.

It should be pointed out that the above proposed mechanism is one of the

possible mechanisms for water oxidation, and there are other possibilities that

cannot be excluded at present. For example, the O–O bond formation may occur

between W2 and W3 without the involvement of O5, or even between O5 and a

newly inserted water molecule bound to Mn1 as proposed by Siegbahn [67, 68],

since Mn1 has a 5-coordinated structure and may be actively involved in the

structural rearrangements during the S-state transitions. Answers to the real mech-

anism for water oxidation may not be obtained until the structural rearrangements

occurred during the S-state transitions are elucidated.

11.4.7 Hydrogen-Bond Networks and Proton Channels

During the S-state transitions, four protons must be removed. Since the Mn4CaO5

cluster is embedded deeply in the PSII protein matrix covered by a large area

formed by thee hydrophilic, extrinsic subunits, as well as the membrane-extrinsic

loops of large transmembrane subunits CP47, CP43, D1, and D2 [28], there must be

channels for the exit of protons outside of the catalytic site to the lumenal bulk

solution as well as channels for the inlet of substrate water molecules. In the atomic

structure of PSII, there are indeed a number of well-defined hydrogen-bond net-

works connecting the Mn4CaO5 cluster to the lumenal surface of the PSII protein

complex, which may function as proton exit channels or water inlet channels [27,

28, 69–71].

One example of such channels is mediated by YZ, an electron mediator between

the Mn4CaO5 cluster and the PSII reaction center chlorophylls. YZ has been iden-

tified to be Tyr161 of the D1 subunit, and a well-defined hydrogen-bond

networkwas found between D1-Tyr161 and theMn4CaO5 cluster [28]. This network
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extends further from D1-Tyr161 to the lumenal bulk phase. First, D1-Tyr161 is

hydrogen-bonded to the two water molecules coordinated to Ca either directly

(W4) or indirectly (W3) through another water (Fig. 11.8a). The hydrogen bond

between the additional water and D1-Tyr161 that mediates the link from W3 to

Tyr161 has a length of 2.6 Å, suggesting that this is a strong (low barrier) hydrogen

bond [28, 72]. This additional water also mediates the hydrogen bond between the

two water molecules bound to Mn4 and D1-Tyr161. On the other hand, another

strong hydrogen bond was found between D1-Tyr161 and the ɛ-nitrogen of

D1-His190, which has a distance of 2.5 Å and is in the opposite side of the

Mn4CaO5 cluster. D1-His190 was further hydrogen-bonded to D1-Asn298 and to

several water molecules and amino acid residues including CP43-Ala411,

D1-Asn322, and PsbV-Tyr137, leading to an exit pathway to the lumenal bulk

solution (PsbV-Tyr137 is the C-terminal residue of the PsbV subunit) (Fig. 11.8a)

[28]. This hydrogen-bond network is located in the interfaces between D1, CP43,

and PsbV subunits, and may function as an exit channel for protons that arise from

proton-coupled electron transfer (PCET) via YZ. This is in support of the existence

of a PCET pathway involving D1-Tyr161 and D1-His190 as suggested previously

[73–75]. PsbV-Tyr137 at the exit of this channel is surrounded by several charged

residues including D1-Arg323, D1-His304, and PsbV-Lys129; these residues may

therefore function to regulate the proton excretion through the PCET pathway.

Another example of the hydrogen-bond network starts from one of the ligands to

the Mn4CaO5 cluster, D1-E333, and mediated by D1-D61 and Cl-1 [28]. Cl-1 is one

of the two chloride binding sites found in PSII, which are located in two sides of the

Mn4CaO5 cluster and have distances of 6–7Å to the Mn4CaO5 cluster [76, 77]. Cl-1

is surrounded by D1-K317, D1-E333, and two water molecules. The hydrogen-

bond network extends from D1-D61 and Cl-1 through several amino acid residues

and water molecules formed by the interfaces of D2, PsbO, and CP47, to the surface

of the protein complex in the lumenal bulk solution (Fig. 11.8b). This hydrogen-

bond network may function for the exit of protons or inlet of water molecules. In

fact, both D1-D61 and Cl-1 have been suggested to be important for the activity of

oxygen evolution from either mutagenesis [78] or Cl-depletion studies [79, 80].

11.5 Concluding Remarks and Future Perspectives

The geometric structure of the Mn4CaO5 cluster has been revealed from the struc-

tural analysis of PSII at an atomic level, which made PSII the largest membrane

protein whose structure was solved beyond 2.0Å resolution. Although there are still

some debates regarding the bond distances of Mn–Mn and Mn–O in the crystal

structure probably due to possible radiation damages, the mechanism of water

oxidation and O–O bond formation could be considered based on the current

structure where a huge number of water molecules are revealed. The exact reaction

mechanism and the structural rearrangements possibly occurring during the S-state
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Fig. 11.8 Examples of hydrogen-bond networks found in the atomic resolution structure of PSII.

(a) A hydrogen-bond network mediated by YZ, D1-Tyr161. The network starts from the water

molecules hydrogen-bonded to Ca, through D1-Tyr161, several water molecules and amino acid

residues, and finally exits to the lumenal bulk solution through PsbV-K129. The green area in the

upper left side represents lumenal solution phase. (b) Hydrogen-bond network mediated by Cl-1.

The network starts from one of the ligand to the Mn4CaO5 cluster D1-E333, through Cl-1,

D1-D61, several water molecules and amino acid residues, and exits to the lumenal solution.

The green regions represent lumenal solution phase



transitions, however, have to be determined until some, or all, of the structures of the

intermediate S-states can be obtained. This will be greatly benefited by the use of the

high resolution crystals already obtained, as well as a combination of various

advanced biophysical techniques such as X-ray absorption spectroscopy, advanced

EPR techniques, and FTIR. These spectroscopic techniques may yield unique

information regarding the structures, dynamics, and oxidation states of the catalytic

site. In addition, the availability of X-ray free electron lasers (XFEL) is worth to be

mentioned in particularly, since it provides ultra-short pulses (fs) of intense X-rays

whichmay allow diffraction data to be collected free of radiation damage (a principle

so-called diffraction before explosion), as well as data collection from shortly lived

intermediate states. Elucidation of the water-splitting mechanism will be important

for the designing of artificial catalyst capable of splittingwater using the energy from

the sun, a source of ultimate clean energy for powering life on the earth.
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79. Popelková H, Yocum CF. Current status of the role of Cl– ion in the oxygen-evolving complex.

Photosynth Res. 2007;93:111–21.

80. Wincencjusz H, van Gorkom HJ, Yocum CF. The photosynthetic oxygen evolving complex

requires chloride for its redox state S2!S3 and S3! S0 transitions but not for S0!S1 or

S1! S2 transitions. Biochemistry. 1997;36:3663–70.

11 Structure-Function Relationships in the Mn4CaO5 Water-Splitting Cluster 349


	Chapter 11: Structure-Function Relationships in the Mn4CaO5 Water-Splitting Cluster
	11.1 Introduction
	11.2 Crystallization of Soluble and Membrane Proteins
	11.2.1 Principles of Protein Crystallization
	11.2.2 Methods of Protein Crystallization
	11.2.3 Crystallization of Membrane Proteins

	11.3 X-ray Structure Analysis
	11.4 Crystal Structure Analysis of PSII
	11.4.1 Overall Structure of the PSII Dimer
	11.4.2 Structure of the Mn4CaO5 Cluster
	11.4.3 Comparison of Mn-Mn and Mn-O Distances Between the Crystal Structure and EXAFS Studies and Theoretical Calculations
	11.4.4 Ligand Environment of the Mn4CaO5 Cluster
	11.4.5 Effects of Sr2+ Substitution for Ca2+ on the Structure of the Mn4CaO4 Cluster
	11.4.6 Possible Mechanisms of O-O Bond Formation
	11.4.7 Hydrogen-Bond Networks and Proton Channels

	11.5 Concluding Remarks and Future Perspectives
	References


