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Principles of Natural Photosynthesis

Vera Krewald, Marius Retegan, and Dimitrios A. Pantazis

Abstract Nature relies on a unique and intricate biochemical setup to achieve

sunlight-driven water splitting. Combined experimental and computational efforts

have produced significant insights into the structural and functional principles

governing the operation of the water-oxidizing enzyme Photosystem II in general,

and of the oxygen-evolving manganese–calcium cluster at its active site in parti-

cular. Here we review the most important aspects of biological water oxidation,

emphasizing current knowledge on the organization of the enzyme, the geometric

and electronic structure of the catalyst, and the role of calcium and chloride

cofactors. The combination of recent experimental work on the identification of

possible substrate sites with computational modeling have considerably limited the

possible mechanistic pathways for the critical O–O bond formation step. Taken

together, the key features and principles of natural photosynthesis may serve as

inspiration for the design, development, and implementation of artificial systems.
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1 Introduction

The biological conversion of light energy into chemical energy sustains practically all

life on our planet [1]. Although not all photoautotrophs perform the same type of

chemistry or have the same biochemical machinery, the fundamental functions are

essentially the same: light-induced charge separation that drives electron transfer to

eventually create energy-rich reduced compounds. A major differentiating factor

amongphotosynthetic organisms is the source of electrons. In oxygenic photosynthesis

performed by plants, algae and cyanobacteria, the source of electrons is water:

2H2O ! O2 þ 4Hþ þ 4e�:

The light-driven oxidation of water takes place in the membrane-embedded

pigment–protein supercomplex Photosystem II (PS-II), at an active site (the

oxygen-evolving complex, or OEC) which contains an oxo-bridged tetra-

manganese–calcium cluster (Mn4CaO5) [2–7]. Dioxygen is a waste product and is

simply discarded by photosynthetic organisms. However, it is through this bio-

chemical process that the Earth’s atmosphere obtained its high oxygen content and

the ozone layer, while life exploited oxygen’s oxidizing power in the evolution of

respiration that can sustain more complex life forms. Protons are used for the

creation of a membrane gradient driving the chemiosmotic synthesis of ATP

(adenosine triphosphate), an energy carrier molecule in metabolic processes. The

electrons are transported along other components of the photosynthetic chain (see

Fig. 1) to be utilized eventually in the synthesis of NADPH (reduced nicotinamide

adenine dinucleotide phosphate). Through NADPH, a carrier of reducing equi-

valents, the electrons extracted from water are employed in the light-independent

carbon fixation reactions that reduce CO2 to carbohydrates:

CO2 þ 4Hþ þ 4e� ! CH2Oð Þ þ H2O:
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Among the distinctive features of biological oxygenic photosynthesis are the

highly efficient light conversion, utilization of the ultimately abundant “electron

source” on our planet (water), and a water oxidation catalyst composed of a readily

available first-row transition metal, manganese. Faced by the current and near-

future energy challenges of our civilization, and by the need to control the adverse

effects of fossil fuel use, it is precisely these features of biological photosynthesis

that we are trying today to reproduce in synthetic light-driven systems. The aim is to

split water on a large scale to produce molecular hydrogen or other reduced

compounds as energy carriers (solar fuels) [8–15]. Although the highly complicated

biological system cannot be viewed as a blueprint to be faithfully reproduced in

artificial systems, it remains a uniquely successful example of this type of chemistry –

and a unique source of chemical insight. Several aspects of natural photosynthesis

remain insufficiently understood despite decades of research, but many questions

have also been answered and many fundamental principles have been clarified.

Instead of attempting a broad and exhaustive overview of all facets of natural

photosynthesis, in this chapter we focus on the most relevant aspects of water

oxidation performed by PS-II and discuss the structural and functional principles

that have emerged from recent research on biological water splitting.

2 Photosystem II Structure and Function

2.1 Overall Structure and Electron Transfer

The refinement of the PS-II structure has been a laborious and lengthy undertaking

for X-ray crystallography. The first crystallographic model, at 3.8 Å resolution, was

obtained by Zouni and coworkers in 2001 [16] and it took 10 years of effort [17–21]

until a resolution of 1.9 Å was achieved [22]. Even more recently, a structure was

obtained at 1.95 Å resolution using X-ray free electron laser pulses instead of

Fig. 1 Components of the light-dependent reactions and electron transfer in oxygenic photosyn-

thesis. Blue arrows indicate the flow of electrons from H2O to NADPH. Q plastoquinone, Pc
plastocyanin, Fd ferredoxin, FNR ferredoxin-NADP+ reductase
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synchrotron radiation [23], potentially avoiding the effects of extensive radiation

damage which compromised earlier crystallographic models. PS-II has a dimeric

structure (Fig. 2). Each monomer consists of more than 20 proteins arranged in a

pseudo-dimeric fashion. A large number of cofactors are accommodated in the

protein, including chlorophylls, pheophytins, carotenes, plastoquinones, lipids,

bicarbonate, heme and non-heme iron centers, and an Mn4CaO5 complex at the

OEC active site.

The core of each PS-II monomer is formed by the two homologous proteins D1

and D2, which contain most of the cofactors involved in catalysis and electron

transfer (Fig. 2). Both proteins are highly conserved and very few variations exist

among photosynthetic organisms. This is particularly true for D1, which harbors the

oxygen-evolving manganese cofactor. Two proteins that contain several chloro-

phyll molecules, CP43 and CP47, surround the D1 and D2 proteins and are involved

in light harvesting and transfer of excitation energy to the charge-separation site

(P680), a set of four chlorophylls and two pheophytins located symmetrically

around an intersection of the D1 and D2 polypeptide chains. Several other proteins

surround the D1–D2 and CP43–CP47 pairs. These include “extrinsic” proteins on

the lumenal side of PS-II, i.e., the side facing the interior of the thylakoid. These

proteins may be necessary for catalytic function or they may bind only transiently to

stabilize specific states or facilitate large-scale transformations such as active site

reconstitution [24–26].

Photosystem II converts light energy into electrochemical potential which drives

the oxidation of water and the reduction of plastoquinone [1, 27] according to the

overall reaction

2H2Oþ 2Qþ 4Hþ
stroma ! O2 þ 2QH2 þ 4Hþ

lumen:

The dioxygen thus generated is released as a byproduct into the atmosphere,

whereas plastoquinol (QH2) diffuses into the membrane to cytochrome

b6f. Through the series of electron transport steps depicted in Fig. 1, the chain

terminates with the synthesis of NADPH, the biological equivalent of reduced

Fig. 2 Left: structure of the PS-II dimer. Right: pigments, other cofactors and important residues

involved in charge separation, electron transfer, and catalytic activity within a PS-II monomer
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hydrogen. It is conceptually convenient to view the function of PS-II as the sum of

four processes: (1) light harvesting and excitation energy transfer to the reaction

center, (2) electronic excitation of the reaction center and charge separation,

(3) transfer of the electron from the reaction center to plastoquinone, and (4) reduc-

tion of the reaction center by the Mn4CaO5 cluster, which in turn oxidizes water.

Following the absorption of visible light by chlorophyll molecules and their

subsequent excitation, the excitation energy is transferred to the reaction center, a

directed process facilitated by the spatial arrangement of the chromophores. The

reaction center consists of chlorophyll (Chl a) and pheophytin (Pheo a) molecules

bound to the D1 and D2 proteins (see Fig. 2). Excitation of the reaction center

results in charge separation within picoseconds, generating the radical cation, P680•+,

and a radical anion, PheoD1
•�. P680•+ has an estimated reduction potential of +1.2 V

(vs SHE), making it one of the most oxidizing species known in biology [28, 29].

Following the formation of the initial charge-separated state, the electron is trans-

ferred from PheoD1
•� to a tightly bound plastoquinone molecule (QA) and then

through a non-heme Fe(II) to the final acceptor QB. The rapid and efficient multi-

step electron transfer over this distance of more than 30 Å is critical for suppressing

charge recombination and results in the high quantum efficiency of biological water

splitting. After two reduction and protonation steps the formed plastoquinol QBH2

diffuses into the thylakoid membrane and is replaced by another plastoquinone.

On the opposite side of the enzyme, the electron hole at P680•+ is filled by an

electron donated by the redox-active Tyr161 residue (or YZ) of the D1 protein.

Oxidation of Tyr161 is coupled to its deprotonation; the nearby His190 is the

residue accommodating the proton on its imidazole ring upon formation of the

tyrosyl radical. The YZ
• subsequently oxidizes the manganese cluster of the OEC,

which can accumulate up to four oxidizing equivalents before it eventually claims

back these four electrons by oxidizing two water molecules, forming molecular

dioxygen.

2.2 Channel Architecture

In addition to satisfying the requirement of precise spatial organization of redox-

active components involved in excitation energy and electron transfer, the folding

and structural arrangement of the PS-II proteins must also serve the need for tight

control of accessibility and water delivery at the OEC, proton transfer, and product

release. Although precise understanding of this type of regulation is still missing,

analysis of crystallographic models [18, 20, 30–32], noble gas studies [33], pKa

calculations [34], and, most importantly, molecular dynamics studies that take into

account the dynamic nature of the channel architecture [35, 36] have already

identified possible channels within PS-II that may be involved in water or dioxygen

transport and proton transfer.
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In this respect, it is important to realize that water plays at least four distinct

roles: as the surrounding medium on each side of the thylakoid membrane, as

structural water, as ordered chains involved in proton transfer, and as the reactant

to be oxidized at the active site of the enzyme. Existing information indicates the

presence of five solvent-accessible channels originating at the OEC. It is not

currently possible to assign the role of each individual channel (water delivery,

proton transfer, or dioxygen release), but it appears likely that at least one of the

channels associated with a terminal Mn ion and one channel associated with the Ca2+

ion may serve as water delivery channels, another channel that involves calcium may

be a dioxygen release pathway [36], and two channels associated with a proximal

chloride ion may facilitate proton transfer away from the OEC [37].

2.3 Photoprotection and Repair

A critical aspect of natural photosynthesis and in particular PS-II is its efficient

protection and repair machinery, an aspect that may not lend itself easily to

biomimetic approaches in synthetic systems [38]. Being tasked with catalyzing

one of the most challenging reactions in biology using sunlight, PS-II has to achieve

tight control on how to regulate light absorption and how to use the absorbed energy

to drive the electron transport reactions. Excess light energy that cannot be put to

use would result in damage through unwanted side reactions and generation of

deleterious reactive oxygen species. PS-II has a series of photoprotective mecha-

nisms that serve to dissipate excess energy or quench photoexcited states under

such conditions. Without going into detail, these mechanisms may be distinguished

in those that involve recirculating electrons within the components of the reaction

center, redirecting the electrons to alternative acceptors, or disposing of the

absorbed light energy as heat by reconfiguration of the antenna system [39–42].

Nevertheless, photoinhibition cannot be entirely avoided. The D1 chain is the

part of PS-II most vulnerable to oxidative damage – of the electron transfer

components, amino acid residues, or the Mn cluster itself. There is still controversy

regarding how D1 exchange is triggered but it is known that the protein has to be

replaced approximately every half hour of operation. A process intimately related

to self-repair of PS-II is the assembly of the Mn4Ca cluster: remarkably, the

biosynthesis of the inorganic cluster does not rely on chaperones but is a light-

driven process which builds the oxo-bridged metal cluster in place by sequential

oxidations of Mn2+ ions by YZ
•.
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3 Oxygen Evolving Complex

3.1 Catalytic Cycle and Redox Leveling

As described above, the tetramanganese cluster of the OEC couples the

one-electron process of photoexcitation and charge separation at the reaction center

with the four-electron chemistry of water oxidation by storing oxidizing equi-

valents. At a phenomenological level, four photo-driven charge separation events

lead to successive removal of four electrons from the Mn ions of the OEC, via the

redox-active Tyr161 (YZ), at which point O2 is evolved and the OEC is reset to its

most reduced state. These observations [43] have been encoded in a model of the

catalytic cycle consisting of five intermediates (Fig. 3) [44], known as the Si states,

where the subscript indicates the number of stored oxidizing equivalents (i¼ 0–4).

The S0 is the most reduced state of the cluster, but S1 is the dark-stable resting state

[4]. The S4 is a transient and so far unobserved state that decays spontaneously to S0
by releasing O2.

As indicated in Fig. 3, the removal of electrons and protons follows a strictly

alternating pattern [45–48], with all transitions involving proton loss except

S1! S2 [2, 28, 49, 50]. Considerable information from electron paramagnetic

resonance (EPR) spectroscopy is available on many of the intermediate SiYZ
•

states, and evidence also exists regarding additional transient intermediates in the

S0! S1 and S2! S3 transitions [46, 51], and a deprotonated intermediate imme-

diately prior to the final electron transfer after formation of the S3YZ
• state [52–54].

The critical importance of the coupled removal of protons and electrons from the

OEC is that it avoids the build-up of excess charge which would quickly render the

Mn cluster impossible to oxidize by the YZ radical. This is known as a “redox-

leveling” effect and allows for four successive oxidations of the cluster to take place

within a narrow potential range. This becomes apparent in the reduction potentials

of the transitions, which are ca. 0.85, 1.10, 1.15, and 1.0 eV for states S0–S3 [4]. It

Fig. 3 Left: dioxygen evolved by PS-II with a series of flashes, demonstrating the four-flash

periodicity in the maximum yield. Right: the catalytic cycle of five Si states, including YZ radical

intermediates
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should be noted that although the electron and proton transfers are coupled, they are

not necessarily concerted. Obviously, the highly organized and intricately balanced

hydrogen bonding network around the OEC is of fundamental importance in

regulating the transfer of protons [55–58].

3.2 Structural Information

The Mn–Mn distances obtained from Extended X-ray Absorption Fine Structure

(EXAFS) spectroscopy represented the first insight into the geometry of the

Mn4CaO5 core of the OEC. The 1981 study by Klein and coworkers was also the

first direct observation of the Mn ions contained in chloroplasts [59]. Already at that

time, even before the number of Mn ions per active site was known, the authors

concluded that the Mn ions should be connected in a similar way to the

bis-μ-oxo-bridged model dimers they also investigated. EXAFS remains a powerful

tool and has provided metal–metal and metal–ligand distances for all stable cata-

lytic intermediates [60–63], but it is unlikely that it can decipher structurally

heterogeneous states of the OEC. The relative orientation of the metal–metal

vectors can in principle be revealed by the use of polarized EXAFS [64], but the

extraction of a unique three-dimensional structure remains challenging.

X-Ray diffraction studies of improving resolution have progressively refined our

view of the three-dimensional topology and connectivity of the OEC up to the point

where an atomic-resolution model (1.9 Å resolution) was reported in 2011

[22]. These studies are typically carried out on dark-adapted samples that have

accumulated in the S1 state. However, the employed X-ray doses resulted in

radiation damage in the form of partial reduction of the Mn ions [65–67], leading

to significant amounts of Mn(II), as opposed to Mn(III) and Mn(IV) which are

present in the S1 state. This also explains the significant differences in Mn–Mn

distances between the XRD models and those observed by EXAFS or predicted

computationally [61, 68, 69]. Most recently, by employing X-ray Free Electron

Laser (XFEL) pulses, the three-dimensional structure of the inorganic cluster in the

S1 state was obtained at 1.95 Å resolution with probably no radiation damage

[23]. Comparison of the XFEL Mn–Mn distances with those of the previous XRD

structure [22] confirms the consensus reached by most researchers in the field, that a

significant elongation of up to 0.20 Å for the Mn–Mn distances in the XRD

structure can result from radiation-induced reduction of Mn ions in the cluster.

Importantly, this XFEL structural model has now largely converged to EXAFS with

respect to Mn–Mn distances and is in agreement with detailed computational

models for the S1 state (see Table 1), although some inconsistencies remain with

respect to oxo-bridge positions [70, 71].

The inorganic core of the OEC has been described as taking the shape of a

“distorted chair” [22], with the base formed by a heterometallic Mn3CaO4 cuboidal

unit and the backrest by an Mn–O linkage connected to one of the Mn ions and one
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of the oxo bridges of the cubane (see Fig. 4). Four water molecules, or water-

derived ligands, are directly ligated to metal ions of the cluster, two at Mn4 and two

at Ca. This unit is embedded in the D1 protein and connected to the CP43 protein by

one direct ligand. Carboxylate residues bridge Mn1–Mn2 (Asp342), Mn2–Mn3

(CP43-Glu354), Mn3–Mn4 (Glu333), and Ca2+ with Mn2 (Ala344) and Mn4

(Asp170). Only one N-donor, His332, is coordinating the cluster, at Mn1, which

is also mono-coordinated by Glu189. Important residues in the second coordination

sphere include the Tyr161–His190 couple (electron transfer gate to the special

Table 1 Mn–Mn distances (in Å) in the S1 state of the OEC derived from experiment and from

selected computational models

Mn1–

Mn2

Mn2–

Mn3

Mn3–

Mn4

Mn1–

Mn3 Reference

S1

XRD 2.80 2.90 2.94 3.30 Umena et al. [22]

(average)

XFEL-XRD 2.68 2.70 2.87 3.20 Suga et al. [23] (average)

EXAFS 2.71 2.71 2.79 3.28 Gl€ockner et al. [62]

DFT 2.79 2.80 2.76 3.34 Krewald et al. [70]

DFT-QM/

MM

2.80 2.80 2.75 3.38 Luber et al. [68]

R-QM/MM 2.76 2.71 2.76 3.25 Luber et al. [68]

Fig. 4 A view of the OEC

with the Mn4CaO5 cluster

and its immediate

environment

(crystallographic

coordinates are taken from

Umena et al. [22]); a

common labeling scheme

for the inorganic core is

indicated in the inset
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pair), Asp61 (probably important for proton transfer), CP43-Arg357, and His337

(hydrogen bond to O3).

Remarkably, the precise nuclearity and bonding connectivity of the inorganic

cluster and its immediate ligand environment had already been predicted quite

accurately in computational studies by Siegbahn, based on energetic consider-

ations, before the advent of the first atomic-resolution XRD structure [72, 73]. It

should be noted that XRD as yet reports, ideally if not in practice, on the dark-

adapted S1 state only. The structural changes occurring as the catalytic cycle

progresses can be traced from EXAFS data as follows. In the S1 and S2 states,

there exist three short Mn–Mn distances of 2.7–2.8 Å and a longer Mn–Mn distance

of 3.28 Å [62]. The very small structural changes between these two states are

consistent with the fact that this transition represents only an oxidation event [45,

74, 75]. The S0 state appears to be characterized by an elongation of one of the short

Mn–Mn distances to 2.85Å, which may arise from the protonation of one of the oxo

bridges. The reduction by ca. 0.1Å between S0 and S1 is in line with observations of

geometrical changes in model systems upon oxo bridge protonation [76, 77]. Oxi-

dation of the S2 to the S3 state also leads to elongation of at least one Mn–Mn

distance by ca. 0.1Å. Before the unequivocal assignment of the Mn oxidation states

in the S3 state by coupled EPR and theoretical studies [78], this elongation upon

oxidation had given weight to arguments in favor of a ligand-centered rather than a

metal-centered oxidation in the S2! S3 transition.

Despite this valuable structural information, the three-dimensional topology and

the precise connectivity of the OEC cannot be directly deduced experimentally at

the atomic level in each S-state, and information on the protonation states of

bridging and terminal oxygen ligands is out of reach. However, all these aspects

and a detailed view of the orientation of Mn(III) Jahn–Teller axes in each state can

be obtained by experimentally constrained computational models, as described in

the following.

3.3 Mn Oxidation States and Detailed Structural Models

Although the relative oxidation levels of the OEC are defined by the Kok cycle

(Fig. 3), the absolute oxidation states of the Mn ions are not. Two schemes had

historically evolved, which accommodated several structural constraints and

spectroscopic observations [79–90]. Since the early 1980s it has been known that

the four Mn ions in oxidation states III and IV composing the active site gave rise to

an EPR signal with a spin ground state of SGS¼ 1/2 in the S2 state [79]. This finding

could be explained equally well with the oxidation state combinations Mn(III)3Mn

(IV) and Mn(III)Mn(IV)3, where in both cases one Mn(III) and one Mn

(IV) magnetically couple to Sdimer¼ 1/2 and the remaining two Mn(III) or two

Mn(IV) couple to yield Sdimer¼ 0, so that in both cases SGS¼ 1/2 can be obtained.

These two proposals are known as the “low oxidation state” and “high oxidation
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state” schemes, or equivalently, “low valent” (LV) and “high valent” (HV)

schemes, and they differ by two in the total number of electrons in all states.

Specifically, the LV scheme would correspond to Mn oxidation states of (II, III,

III, III) in S0 up to (III, III, IV, IV) in S3, whereas the HV scheme requires the S0
state to be (III, III, III, IV) instead. Answering this question is central to under-

standing the principles of biological water oxidation and places immediate restric-

tions on the mechanism of O–O bond formation, because, for example, in the

HV scheme either oxo-oxyl coupling or nucleophilic attack mechanisms can be

imagined, whereas in the LV scheme only the latter appears to be a chemically

reasonable option.

Attempts to “count” the number of redox equivalents needed to photoactivate

the OEC [91, 92] or to disassemble a specific S state [93], as well as experiments

that probe the super-reduced S states [94] are promising, as they both involve

measurable quantities of Mn(II). However, these experiments as well as H2
16O/

H2
18O substrate water exchange experiments [95–97] have been interpreted con-

troversially [7, 98–100]. EPR and electron nuclear double resonance (ENDOR)

studies have contributed a wealth of information on the water oxidizing cluster and

have also addressed the question of overall oxidation level. Most importantly, the

ground state spin multiplicities [101] of all stable intermediates have been

established: SGS¼ 1/2 for the S0 state [102–105], SGS¼ 0 for the S1 state [106,

107], SGS¼ 1/2 and �5/2 for the S2 state (g¼ 2 and g� 4.1 signals) [79, 108–110],

and SGS¼ 3 for the S3 state [78, 111, 112]. All of these are compatible with the two

oxidation state schemes introduced above. The same is true for the 55Mn hyperfine

coupling constants in the S2 state, which have been used both to support the low

valent scheme [81] and to rule it out [113, 114], particularly because ENDOR

studies of the S0 state were interpreted as indicating the absence of Mn(II) in that

state [114], which would exclude the LV scenario.

X-Ray absorption and emission spectroscopies [115, 116] have probed the

relative changes in Mn oxidation states, but the limits of interpretation in terms of

absolute oxidation states are still being debated. Although in principle the absolute

oxidation state of a metal can be extracted from the edge position, the situation for a

multinuclear complex in which only one out of four ions changes valence upon

oxidation of the cluster is more complicated: the shift of ca. 1 eV per oxidation

event for a mononuclear site is diminished to ca. 0.25 eV for a tetranuclear cluster.

Additionally, rearrangements of the coordination sphere, which are plausible upon

oxidation of a multinuclear system, are known to influence the edge position.

XANES data has been interpreted as consistent with both the HV [82–85, 117]

and the LV [118–120] schemes, the latter mostly based on comparison of experi-

mental with calculated spectra.

Computational studies have typically been carried out under the assumption of

either the LV [119–123] or the HV scheme [72, 124–140]. The first comparative

study of the two schemes was recently presented, including all stable intermediates

(S0–S3) and combining the widest possible collection of experimental information

as evaluation criteria, ranging from EPR properties and EXAFS or XFEL structural

information to Mn K pre-edge spectroscopy. After construction of computational

models valid for the S0–S3 states in either the LV or the HV schemes, i.e., ranging
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from Mn(II)Mn(III)3 to Mn(IV)4, and systematic variation of the overall proton-

ation level, protonation sites, orientation of Jahn–Teller axes for Mn(III) and other

such permutations, the relative energies, geometric characteristics, spin ground

states (see next section for details), 55Mn hyperfine coupling constants and Mn K

pre-edge signatures of the models were compared with experimental data. The

study relied in large part on a series of methods developed over the years for the

accurate calculation of magnetic and spectroscopic properties [130, 141–146].

Although agreement with isolated experimental observations could be reached for

some low-valent models, S0 and S1 models based on the LV scheme were found to

be incompatible with all experimental constraints. Therefore, this study established

beyond doubt that a consistent catalytic cycle is only possible with the high-valent

scheme, i.e., Mn(III)2(IV)2 in the S0 state to Mn(IV)4 in the S3 state. Simul-

taneously, the protonation state and pattern in each S-state were uniquely deter-

mined. Figure 5 summarizes the sequence of all stable S-state catalytic

intermediates resulting from this comprehensive study.

A somewhat different debate, independent of the overall oxidation level of the

cluster, concerned the correct interpretation of XANES data with respect to the

nature of the S2 to S3 transition [83, 147–149]. The two suggestions were (1) ligand-

centered oxidation, as implied by the absence of a K-edge shift in the S2 to S3
transition and (2) metal-centered oxidation with concomitant binding of a ligand to

a five-coordinate Mn(III) in S2 to a six-coordinate Mn(IV) in S3, such that the

change in coordination environment compensates for the K-edge shift produced by

metal center oxidation [83, 149]. A recent combined EPR/ENDOR and DFT study

of the S3 state conclusively supports the latter interpretation [78], showing that all

four Mn centers are present as octahedrally coordinated Mn(IV) ions before the

Fig. 5 Computationally determined and experimentally consistent models of the inorganic core of

the OEC for all S-state intermediates. The distribution of Mn oxidation states and the ground state

spin S are shown for each model. Coordinating amino acid ligands are not shown for clarity
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final oxidation event leading to spontaneous formation and release of dioxygen.

Proposed mechanisms for the O–O bond formation step are discussed in a later

section.

3.4 Spin States and Structural Flexibility

As noted above, EPR spectroscopy has been central in determining the spin states of

the OEC cluster in the S0–S3 states of the catalytic cycle, but also in probing the

local electronic properties of the Mn ions, especially through 55Mn-ENDOR [113,

114, 150–152]. In terms of spin states, the data suggest that the Mn cluster evolves

from low-spin states in the early stable intermediates (S0 and S1) to coexistence of

low-spin and higher-spin states in S2, progressing to a high-spin state in S3, in

preparation for the final O–O bond formation step (see Fig. 5).

The S2 state is the catalytic intermediate studied the most by EPR/ENDOR, not

only because of its easy accessibility through a single light flash from dark-adapted

samples, but also because of the intriguing phenomenology observed for this state.

It has also been the state targeted in pioneering studies aimed at providing theoreti-

cally supported topological interpretations of spin state data [153, 154] before the

availability of crystallographic information. The S2 state is associated with two

EPR signals that are quantitatively interconvertible, implying that the structural

changes must be small. The two signals correspond to spin ground states of SGS¼ 1/

2 at g¼ 2.0 (“multiline signal”) and SGS¼ 5/2 at g� 4.1 (“g4 signal”). Building on

the first atomic-resolution XRD structure, Pantazis et al. constructed two models in

the HV scheme that fully explained the phenomenology [137]. The structure giving

rise to the g4 signal can be viewed as an Mn(IV)3CaO4 cubane, to which the fourth

Mn is attached via a μ-oxo bridge providing a link to an Mn ion of the cubane (see

Figs. 5 and 6). This structure is termed the “closed cubane” form, similar to a

structure proposed by Barber and Murray [155]. It is known that Mn(IV)3Ca

cubanes are associated with spin ground states of SGS¼ 9/2 [156]; therefore, the

coupling of the trimeric Scubane¼ 9/2 unit with the outer Mn(III) with SMn(III)¼ 2

leads to the observed spin ground state of SGS¼ 5/2. The conversion into the almost

isoenergetic structure associated with the multiline signal is achieved through the

low-barrier translocation of a μ-oxo bridge of the cluster and a valence exchange so
that the Mn(III) in the closed cubane structure becomes Mn(IV) in the open cubane

structure (see Fig. 5). The open cubane form is similar to that put forward originally

by Siegbahn [72, 73]. The thus altered connectivity of the Mn ions in the core leads

to a magnetic coupling topology drastically different from that in the closed cubane

structure, ultimately rendering the SGS¼ 1/2 ground state. Two antiferromagnetic

coupling pathways (Mn1–Mn2 and Mn3–Mn4) and one ferromagnetic coupling

(Mn2–Mn3) dominate the magnetic interactions in the tetranuclear cluster. Impor-

tantly, the magnetic coupling topology places restrictions on the pattern of 55Mn

hyperfine coupling constants, which have been used as a powerful criterion to
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discriminate between different electronic configurations, structural possibilities,

and protonation states of terminal and bridging ligands [70, 134, 136].

These studies represent important showcases of how a consistent picture of

spectroscopic observations and structural information is yielded through the combi-

nation of experimental facts and a theoretical approach oriented towards prediction

of observable properties. Structural polymorphism had previously been invoked for

the S1 state by Kusunoki [128], motivated by the quest to rationalize the radiation-

damaged crystal structure using a superposition of structural forms, but it now

appears that no such drastic rearrangement is present in the S1 state. Several studies

suggest that heterogeneity of the geometric and electronic structures of the S2 state

[132, 137, 157] may be absent in the S3 state [70, 78, 124], but this point requires

further investigation. It is not clear whether structural flexibility in S2 serves a

fundamental mechanistic purpose, such as facilitating or controlling water binding

[132, 158]. Nevertheless, it suggests that the manganese cluster in PS-II is not

merely a small rigid piece of rock embedded in a polypeptide. This structural

flexibility, and the progression from low-spin to high-spin states along the catalytic

cycle, are two intriguing aspects of the OEC with potential mechanistic impli-

cations requiring further experimental and theoretical work to be understood fully.

3.5 The Role of Calcium

Calcium is an integral part of the water-splitting catalyst, demonstrated, for

instance, by the fact that the only ion that can replace it while maintaining the

water-splitting capability of the OEC is Sr2+, although the efficiency is diminished

[159–162]. As other metals of the same charge and similar ionic radii are easily

Fig. 6 Exchange coupling constants (in cm�1) for the two interconvertible structural models of

the S2 state shown in Fig. 5, along with a first-derivative EPR simulation of the two configurations,

the open cubane (S¼ 1/2) g¼ 2.0 multiline and the closed cubane (S¼ 5/2) g¼ 4.1 S2-state OEC

signals [137]
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available in nature, the role of Ca2+ must be more than purely structural [163]. In

line with the early, redox-equivalent accumulating S-states displaying structural

heterogeneity, which the later S-states do not, the role of Ca2+ has also been

suggested to change as the catalytic cycle progresses. Although Dy3+ and Cd2+

cause a loss of the O2-evolution capability of the cluster, the OEC substituted with

these cations can advance from S1 to S2, giving weight to a dominantly structural

role of Ca2+ in the early S states [164]. Ca2+ has also been suggested to bind

substrate water [3, 165] and to be involved in maintaining a hydrogen-bond network

for proton transfer [166]. The possible involvement of calcium in the delivery of

water to the Mn cluster has also been suggested on the basis of ab initio molecular

dynamics studies [132].

The similar Lewis acidity of Sr2+ and Ca2+ has been considered to be an

important factor for the fully functional substitution [159, 163, 164, 167]. Synthetic

studies on MMn3O4 and MMn3O2 model complexes that are structural subunits of

the OEC have established a linear correlation between the pKa of M(aquo)n+ ions of

redox-inactive metals as a measure of their Lewis acidity and their reduction

potentials [168]. Although the two series investigated differ in Mn oxidation states

and ancillary ligands, the slopes of the linear correlations are similar. Thus, more

negative reduction potentials are achieved by incorporation of redox-inactive

metals with high Lewis acidities and by incorporation of more oxo-bridges into

the metal-oxo core. The redox potentials of these models shifted distinctively

relative to the Ca2+-containing model for ions such as Zn2+, Y3+, Sc3+, and Mn3+,

but not for Sr2+, which is attributed to the similar Lewis acidities of Sr2+ and Ca2+

[168, 169]. Arguing by analogy, it might be expected that one reason for Nature’s
selectivity for Ca2+ would be the optimization of redox potential range for the

Mn4CaO5 cluster, an effect that was also implied by DFT calculations on an OEC

model [170].

Additionally, experimental evidence in the form of peptide carbonyl frequency

shifts upon Ca2+ substitution by other cations imply that hydrogen bonding inter-

actions are affected by this type of modification of the OEC cluster [171]. Moreover,

recent work on the higher states of the OEC suggests that Ca/Sr substitution

perturbs the distribution of the conformational microstates in the S3–S0 transition,

highlighting the role of calcium in structuring the environment of YZ in the S3 state

[54]. Given the proximity of Ca2+ to the redox-active tyrosine (Tyr161, YZ), and

because a sequence of balanced redox potentials is necessary for efficient energy

conversion, it is pertinent to ask how precisely Ca2+ influences the properties of YZ,

besides its effect on the Mn cluster itself. A recent computational study examined

the effect of Ca2+ on the acidity, arrangement, and ordering of the water molecules

between Ca2+ and YZ [140]. The two major factors are: (1) influence of Ca2+ on the

electronic structure and therefore the redox potential of YZ by the organization of

hydrogen bonds towards the tyrosine and (2) modulation of the communication

between YZ and the cluster through these water molecules. The absence or presence

of water molecules, or equivalently the “structured polarity” of the hydrogen-

bonding surrounding the phenolic oxygen, leads to significant changes in predicted

spectroscopic parameters (g tensor of the tyrosyl radical) and large shifts in the
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electron affinity of the residue of ca. 0.46/0.28 eV (vertical/adiabatic values). This

demonstrates that Ca2+ plays a combined structural and electronic role by control-

ling the hydration environment of YZ, orienting the tyrosine ring, ordering the

hydrogen-bonding network, and regulating the acidities of bound waters and the

redox potential of the YZ residue in both its reduced and oxidized forms

(Fig. 7) [140].

3.6 Role of Chloride

Two sites of Cl� ions in close proximity to the active site have been identified in

numerous crystal structures, again by substitution with the heavier and thus easier

to identify Br� and I� ions [21, 172]. The role of Cl� can be partially substituted by

other negatively charged ions such as Br�, NO3
�, and NO2

� at the cost of a lower

efficiency, but probably not with iodide [172]. The binding sites are ca. 6.55 Å and

7.45 Å from the closest Mn ion of the OEC. Most studies have focused on the closer

binding site, known as “binding site 1” (see Fig. 4). It is surrounded by Lys317,

Asn181, and the backbone N of Glu333. Two water molecules (PDB IDs 517 and

518 in 4UB8) fill the space between this binding site, Asp61 and the W2 ligand to

Mn4. A QM cluster study assigned the role of Cl� mainly to its charge, with the

effect that the last steps before product release are lowered in energy relative to

Cl�-containing models [173]. In molecular dynamics studies, structural flexibility

of the Cl� ion and the amino acid residues in its vicinity was observed, with a salt

bridge forming between Asp61 and Lys317 upon Cl� depletion [37]. Because

Asp61 is considered essential for proton removal from the catalytic site, chloride

would serve to stabilize this function and would therefore be essential for the

function of the proton relay network [174, 175]. Furthermore, a role of chloride

in fine tuning the pKa of Asp61 has been suggested [176].

Fig. 7 Depiction of the Ca2+ ion of the OEC and the water molecules involved in the interaction

of the ion with the redox-active tyrosine. The structure is taken from an optimized model of the

S2YZ
• state. The diagram shows the computed change in the electron affinity (squares: adiabatic;

circles: vertical) of the tyrosyl radical upon successive loss of interaction with each ordered water
molecule (adapted from Retegan et al. [140])
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The close connection to the Mn4 ligand W2 via one water molecule and the

position in the immediate vicinity of the Mn1–Mn4 bridging entity Glu332-His333

are reminiscent of the organizational role that Ca2+ plays. Glu333, the D1 residue

bridging Mn3 and Mn4, is suggested to interact with D2-Lys317 in the absence of

Cl�, so that Cl� depletion would lead to a distorted geometry and hence altered

magnetic interactions in the Mn4Ca cluster [176–178].

4 Biological Water Oxidation Mechanism

4.1 Substrate Identification

The origin of the substrates and the evolution of their protonation states in the

consecutive steps of the catalytic cycle determine the details of the water oxidation

mechanism at the atomic level. Because the substrate waters are present close to the

OEC and water molecules play structural roles or participate in proton channels,

it is impossible to identify the substrates directly from any source of structural

information.

As complex as the OEC is to study experimentally and computationally, one

immediate advantage over other bioinorganic catalysts is that the product it forms is

gaseous. By exposing the active site to isotopically labeled water (H2
18O) the

composition of the final O2 (16O16O, 16O18O, 18O18O) can be analyzed by mass

spectrometry. Invaluable advances have been achieved by membrane-inlet mass

spectrometry (MIMS) studies [2, 100], in which the exposure time of the protein

sample to the labeled water is varied, from which the exchange rates of the substrate

waters can be determined [95, 97]. Two substrate binding sites with different

exchange rates have thus been identified. Their exchangeability varies as the

catalytic cycle progresses: the slowly exchanging water, “Wslow”, exchanges fastest

in S0 and slowest in S1, and accelerates its exchange rate again as the cluster is

oxidized to the S2 state. Although no molecular model studies exist for direct

comparison of H2O/OH
�/O2� exchange rates to the natural system, it is unexpected

to observe an increase in exchange rate by several orders of magnitude upon metal

oxidation. The other water, “Wfast”, cannot be detected in S0 and S1 [179], either

because of kinetic limitations in the setup or because it is not yet bound to the

cluster. As shown in Table 2, Wfast has a slower exchange rate in the S3 state

although still exchanging much more rapidly than Wslow in S3. Combining the

MIMS experiment with Ca2+/Sr2+ exchange, it was found that Wslow is accelerated

by substitution of Ca2+ with Sr2+, whereas Wfast is unaffected [180]. It should be

noted that MIMS experiments are not sensitive to the precise location of the water

exchange sites and the protonation state of the exchanging O-entity. This requires

input from other experimental techniques and theoretical modeling.
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To observe changes that affect water molecules between S states, FTIR differ-

ence spectra in the frequency region of OH stretching vibrations are a valuable tool.

Weakly H-bonded OH groups are easier to detect than strongly H-bonded ones, as

the latter overlap with NH stretching vibrations [181]. By subtracting the spectra of

two S states, the protein background is removed, revealing those changes associated

with the S-state transition, e.g., the hydration of the OEC. The effect of dehydration

of OEC samples was found to be largest for the S2–S3 and S3–S0 transitions, which

was interpreted as caused by water binding to the active site during these transitions

[181, 182]. The difference in one vibrational mode seen in the S2–S1 difference

spectrum upon suspension of PS-II in an H2
18O buffer and the effect on the mode of

Ca/Sr substitution also suggested that a candidate for Wslow could be an Mn–O–Ca

bridge of the inorganic core [183, 184].

A unique contribution to the effort towards substrate identification at the atomic

level comes from EPR techniques. Specifically, high-field 17O-ELDOR-detected

NMR (EDNMR) and 17O-ENDOR has been used to probe exchangeable 17O

species [184, 185]. Three types of 17O nuclei were observed (μ-oxo bridge, terminal

Mn–OH or Mn–OH2, and Ca-bound or second-shell water). Experimentally, either

O4 or O5 could correspond to the exchangeable μ-oxo bridge, but DFT models

favored the assignments shown in Fig. 8, that is, with O5 as the exchangeable

bridge. Further studies relied on the use of ammonia, a substrate analogue that can

access the OEC and binds directly to the Mn4Ca cluster by ligand substitution.

Although the replacement of a μ-oxo bridge by a deprotonated form of ammonia is

still considered as a viable scenario [186], experimental and theoretical studies have

come to the conclusion that NH3 most likely binds to the cluster by displacing W1

[139, 187, 188], stabilized at this position by hydrogen bonding (Fig. 8). By

observing the response of the EDNMR signal of the exchangeable bridge to the

presence of both NH3 binding and Ca/Sr replacement, these studies strongly support

the assignment of O5 as the slowly exchanging water binding site.

An exchange rate similar to that of Wslow is still much faster than exchange rates

observed for μ-oxo bridges in high-valent Mn systems [185, 189]. This may be

because there exists so far no synthetic model that mimics all structural features of

the OEC and its environment. The structural flexibility observed in the S2 state,

enabled through the dynamic nature of the bonding between O5 and the terminal

Mn ions, may be relevant in this respect [137], and recent DFT simulations of water

exchange have produced computed barriers consistent with observed exchange

rates [190].

Table 2 Approximate exchange rates of substrate water molecules (s�1) from spinach thylakoid

membranes at 10 �C

S0 S1 S2 S3

Wfast – – 120 35

Wslow 14 0.02 2 2
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4.2 O–O Bond Formation

It would be impossible to review here all the different mechanistic proposals that

have appeared over the years and all the variants of strictly hypothetical or

computationally defined models for the critical steps in biological water oxidation.

We refer the interested reader to the numerous reviews dealing with parts of this

enormous subject, e.g., [3, 15, 99]. Here we focus exclusively on some of the

possibilities regarding the O–O bond formation step, as constrained by the infor-

mation presented in previous sections. The assignment of O5 as a substrate consider-

ably limits the number of models that can be imagined, as shown in Fig. 9. The four

Fig. 8 (a) S2-state
17O-ELDOR-detected NMR spectra (94 GHz) of the OEC exchanged in H2

17O

and color-coded assignments of exchangeable H2O/OH
� ligands (adapted with permission from

Cox et al. [5], copyright 2013 American Chemical Society); (b) DFT model for the binding of NH3

by W1 displacement in the S2 state (adapted from Lohmiller et al. [139])

Fig. 9 (a–d) Possible schemes for O–O bond formation in PS-II
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models depicted here do not exclude variations in the bonding topology for each

scheme, for example, in whether a terminal OH group is associated with Mn1 or

Mn4. However, mechanisms that can be excluded if the O5 bridge is a substrate are

those that would involve nucleophilic attack of a Ca-bound OH/H2O on a terminal

Mn4-oxo, and those that would involve direct coupling of terminal Mn4-oxo groups.

The models in Fig. 9a, b involve nucleophilic attack on O5. Nucleophilic attack

of a Ca-bound OH or H2O on a terminal high-valent oxo group, Mn(V)–O (oxo) or

Mn(IV)–O• (oxyl) [191] has been discussed extensively in the past [127, 165, 192,

193], but the assignment of O5 as a substrate is not consistent with this idea as it

requires this bridge and not a terminal oxo group to play the role of electrophile. A

variation of the O–O bond formation scenario depicted in Fig. 9a, b would involve

attack on O5 not by an Mn or Ca-bound OH/H2O ligand but by a second-sphere

water molecule positioned appropriately by hydrogen bonding interactions. We are

not aware of any theoretical studies that explicitly evaluate and compare all these

proposals in terms of their electronic, thermodynamic, and kinetic feasibility using

realistic OEC models. Of these possibilities, an Mn-bound attacking group (Fig. 9b)

would appear to be more consistent with the exchange kinetics described above.

The models in Fig. 9c, d involve radical mechanisms: in the first case the O–O

bond is formed between a terminal Mn4(IV)–O• radical and the O5 bridge that is

supposed to acquire radical character in the S4 state [194]. The last scheme (Fig. 9d)

corresponds to a model elaborated by Siegbahn in a long process of mechanistic

refinement aimed at yielding the lowest possible energy barriers. After examining

several possible models and O–O bond formation pathways, the most favorable

scenario was identified as a direct coupling of an Mn1(IV)–O• radical [195] with the

μ-oxo bridge (O5) bound to Mn4 (Fig. 9d) [72, 73, 196]. This structure is entirely

consistent with the S3 structure shown to be a best match with experimental

observations (see Fig. 5) by independent calculations of spectroscopic properties

[70, 78]. In this scenario, the oxyl radical on Mn1 originates from water that binds

as OH� upon formation of the S3 state. An important requirement for the O–O bond

formation to proceed with a low barrier is an alternate-spin alignment of the two

oxygen atoms and the two terminal Mn ions, as shown in Fig. 9d.

The above coupling model represents a convincing and self-consistent hypo-

thesis. However, several aspects of the mechanism of water oxidation at the later

stages of the catalytic cycle still require more extensive studies to be sufficiently

understood and, most important, to receive solid experimental support.

5 Summary

Water oxidation in biological photosynthesis relies on a complex arrangement of

specialized components and finely orchestrated processes. Photosystem II is the

“engine of life” that couples sunlight collection with charge separation and water

oxidation. The catalytic oxygen evolving complex is composed of four oxo-bridged

high-valent Mn ions. Although the cluster resembles a piece of Mn oxide “rock,” it
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features structural flexibility which might be important for mechanistic regulation

in the form of substrate inclusion or electronic control. The catalytic cluster self-

assembles from Mn(II) ions by a photo-driven process, and the PS-II enzyme itself

has a number of mechanisms both to avoid damage as long as possible and to repair

its sensitive components when damage does occur. The Mn ions have localized

unpaired electrons and local high-spin configurations in all catalytic states that have

been probed experimentally, and the magnetic coupling between the Mn ions leads

to a characteristic evolution of ground spin states from low-spin early in the cycle to

high-spin at the later stages. The protein matrix plays an important functional role

by optimizing accessibility of reactants and removal of products, but also by

maintaining an efficient proton-removal network crucial for achieving an almost

constant redox potential for four consecutive oxidations of the cluster. Integral

(calcium) and peripheral (chloride) cofactors optimize the electronic properties and

control the reactivity of the cluster. An all-Mn(IV) state is reached before the final

catalytic step, implying formation of an Mn(V) oxo or an Mn(IV) oxyl species in

the final step of the catalytic cycle leading to evolution of dioxygen. According to

quantum chemical calculations, O–O bond formation most likely proceeds by a

radical process. However, experimental proof of the final stages of biological water

oxidation is still hard to obtain. Structural aspects of the biological water oxidizing

complex, such as the cuboidal Mn3Ca motif, are already partly realized in hetero-

geneous Mn/Ca oxides which show water oxidizing behavior [197], but without

displaying catalytic performance comparable to that of the biological system. It

remains to be seen whether features of the natural catalyst such as the structural

flexibility, the switching from low-spin to activated high-spin states, and the

exquisite control of proton transfer can be, or indeed need to be, implemented in

synthetic manganese-based systems for efficient water oxidation.
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