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Abstract:

Hydrogen production by water splitting may beagpealing solution for the future energy needs. To
evolve hydrogen efficiently in a sustainable manitas necessary first to synthesize what we nallyac
‘super catalyst’ for water oxidation, which is theore challenging half reaction of water splittidgn
efficient system for water oxidation exists in tater oxidizing complex in cyanobacteria, algae and
plants; further, recently published data on the Géneluster have provided details on the mechanigin a
structure of the water oxidizing complex. Here, wvawe briefly reviewed the characteristics of theira
system from the standpoint of what we could leaomfit to produce an efficient artificial system. |
short, to design an efficient water oxidizing coepfor artificial photosynthesis, we must learn ase

wisely the knowledge about water oxidation andwhéer oxidizing complex in the natural system.

Keywords. Artificial photosynthesis; Water oxidation; Wataxidizing complex; Water splitting; Natural

photosynthesis; Calcium-manganese cluster



1. Introduction
Photosynthesis has a great potential in the fiél@8ioenergy [1-8]. Hydrogen production from water
splitting has been considered as an ideal fuethferfuture [9-18]. Water is the source of botlygen
and hydrogen, but energy is needed for hydrogedugtion by water splitting. Using sunlight, spligi
of water into hydrogen and oxygen is one of the tmigortant goals of some of the research on
“artificial photosynthesis”, and this could be oofethe solutions for the future energy needs [9-1V]
development of a catalyst for water oxidation toleg oxygen is an important key goal for a techggto
based water splitting since the reaction involvesudti-electron transfer and is much more difficdite
to thermodynamic and kinetic limitations [10]. Oth&rategies involve attempts to employ not only
energy obtained directly from the Sun, but alsenfibbe wind, ocean currents, tides or waves forewat
splitting, some of which may turn out to be imgiea or uneconomical [1].

An efficient system for water oxidation has alneaVolved in cyanobacteria, algae and plants
[19-35]. The biological water oxidation in the natlusystem is catalyzed by a Caidg(H.O), cluster
housed in a protein environment in PhotosystemPBIl) that controls reaction coordinates, proton
movement and water access. The cluster is the loiolpgical catalyst that could oxidize water to
molecular oxygen, and it appears that it has reethipasically unchanged during 2 billion years of
evolution [19-37].

In this review, we focus on the artbéture to oxidize water for the production of hydrogero
evolve hydrogen in a sustainable manner, it is ssg to first synthesize a stable, low cost, and
efficient, environmentally friendly and easy to usealyst for water oxidation [10]. The water oxida
half reaction in water splitting is both overwhetmly rate limiting and environmentally unacceptafoie
large-scale Kkl production as at this high voltage, other chersioalll be oxidized [9,10]. Thus, a
significant challenge in the sustainable hydrogeonemy is to design a ‘super anode’ for water
oxidation [10]. The role of such a super anodeoisamly for sustainable hydrogen economy, but &so
providing electrons for other reduction — reactiarsch are equally important in artificial photosiyasis

(Scheme 1) [9].



Please, insert here Scheme 1.

Photosynthesis has a long history [25,38]. Jos&dstley (1733-1804) described the ability of
plants to generate power to restore the air whiati been injured by the burning of candles. Carle
Wilhelm Scheele (1742-1786) and Antoine Laurentdisier (1743-1794) identified this gas as oxygen.
Jan Ingenhousz (1730-1799) discovered the roleght nd of the importance of the green color of
plants, and Jean Senebier (1742-1809) discoverdbth of CQ in photosynthesis. Nicholas Theodore
de Saussure (1767-1845) established the role aérwand finally Julius Robert Mayer (1814-1878)
provided the most important concept that in phattsgsis light energy is converted into chemicakrgye
(for a Time Line of discoveries in photosynthesese [39]). Ludvig Boltzmann (1844-1906) looked upon
photosynthesis from a thermodynamic perspectivesitgested that plants in their struggle for suviv
exploit the difference between the energy of simjigvith low entropy, and the radiation emittedtbg
Earth, with high entropy [38]. Robert Hill (1899918 discovered that when “chloroplasts” were expose
to light in the presence of an artificial electranceptor, oxygen evolution was observed; the "Hill
reaction" shows that carbon assimilation and omy@elution are not obligatorily linked and two titist
systems may exist [40-44]. Thus, there are twospartphotosynthesis (Fig. 1) [40-42]: the firste th
reactions that depend directly on light take placepecific pigment-protein complexes in the thylak
membranes; they are calletight Reactions’. In these reactions light energy is converted ichemical
energy. The end product of this set of reactiohat includes many dark reactions as well, is the
production of oxygen, the reducing power (NADPHY a&TP. We now know that there are two pigment
systems and two light reactions (see [30] for tistohical development of the scheme, called the Z-
scheme).

Please, insert Fig. 1 here.
Photosystem Il oxidizes water to oxygen and reduglastoquinone to plastoquinol [8], whereas
Photosystem | oxidizes plastocyanin and reduces RAIM addition, plastoquinol reduces oxidized
plastocyanin via a cytochromef ltomplex. The secondPark Reactions’ that do not depend directly on

light take place in the stroma region; in thesectioas CQ is converted to sugar. The dark reactions

4



involve a cycle called the Calvin-Benson cycle iniethh CQ and energy from NADPH and ATP are used
to form sugars (Fig. 1). In tHaght Reaction of P, there isa manganese-calcium cluster that performs
one of the most important reactions in NatWhater Oxidation [44-48]. Water oxidation is an important
reaction on Earth since it is the source of nealtlyhe atmosphere's oxygen resulting in the dgratnt
of modern organisms using respiration on our planet
2. Structureof thewater oxidizing complex

The structure of the CaM@s(H,0), cluster is important for the understanding of itiechanism of water
oxidation in the natural system, and it is thetfatep in synthesizing theeiper anode for water oxidation
in artificial photosynthesis. Studies on the stuoetof the CaM§Os(H,0), cluster was pioneered by the
research group of Horst Witt and W. Saenger iniB¢#2,28] followed by research group of Shen and
Kamiya [49]. In 2004, the research groups of JaBwder and So Iwata published a detailed work that
provided a rather complete structure of PSII, ftbe cyanobacteiumher mosynechoccus e ongatus [29].
They assigned the positioning of most of the sulsy&®]. Importantly, they provided, for the fitine,
information on calcium in the structure. In otheords, they introduced the water oxidizing complex
(WOC) as a MgCa-cubane with a Mn attached a bit far away [29pwever, the investigations did not
provide enough details for the structure of the GagD4(H,O), cluster, the location of the substrate water
molecules, or the precise arrangement of the amond-side chains and cofactors that may have
significant mechanistic consequences in water ¢ixida

In 2011, the research groups of Jian-Ren ShenNamio Kamiya dramatically improved the
resolution of the PSII crystals from the thermoishtlyanobacteriunTher mosynechococcus vulcanus (T.
vulcanus) to 1.9 A and analyzed their structure in detg8’,33]. Their investigation has provided many
more details of the structure of the WOC contairangumber of bridged oxygen, the location of swtetr
water molecules and the precise arrangement aintiro-acid side chains [32,33]. In the structur¢hef
WOC, they found four manganese ions, one calciumaad five oxygen atoms that serve as oxo bridges
linking the five metal ions (four manganese and caleium ions) (Fig. 2) [32,33].

Please, insert Fig. 2 here.
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These results showed that the calcium-mangastester could be written as Calyy(H,0),. Of these
five metals and five oxygen atoms, the calcium #imde manganese ions occupy four corners and four
oxygen atoms form the other four corners of theaoahlike structure. Regarding the Ca-O and Mn-O
bond lengths, the cubane-like structure is notdmali and symmetric one. Another manganese ion is
located outside the cubane and is linked to twogaaese ions within the cubane by one oxygen of the
cubane and the fifth oxygen by adibxo bridge [32,33]. The location of substrate watwlecules is
very important for the understanding of the meckiandf water oxidation by the WOC.

Four water molecules have been detected in thengZadH,O), cluster of the water oxidizing
complex [32,33]. Two water molecules are coordidéte a manganese ion located outside the cubane
and two water molecules are coordinated to thdwal@ons [32,33]. A few amino acids with carboxgat
and imidazole groups are coordinated to the C&MIM,0), cluster [32,33]. Generally, the carboxylate
ion may coordinate to a metal in different modeshéne 2). In the WOC, only one monodentate mode
of carboxylate is observed and other carboxylatelgg serve as bidentate modes [32,33]. Each of the
four manganese ions has six ligands whereas thioahas seven ligands.

Please, insert Scheme 2
2.1. Thewater oxidizing complex: Further details

In the 2011 structure, Mn(1) has six ligands: ¢h¢e-O), one monodentate carboxylate, one bridging
carboxylate and one imidazole ligand [32,33]. Tigarids around Mn(1) are similar to what is found in
manganese ions in manganese catalase enzymes.uAls csordination number, i.e., the number of
nearest neigbors, for Mn(lll) or (IV) is 6, and ather ligand could coordinate to it. ThreeO as hard
ligands and two carboxylate and one imidazole gscap a borderline ligand could stabilize oxidation
number of (lll) or (V) for the manganese ion.

The six ligands around Mn(2) are: threg-Q) and three (bridging COY These ligands could
stabilize oxidation state of (lll) or (V) for then. The ion is coordinated to calcium and two naavese
ions with a bridging carboxylate and three oxo ggurhe six ligands around Mn(3) ion are thneed),

one {1-0O) and two bridging COOFour u-O as hard group could stabilize manganese (1V). [b8e
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ligands around Mn(4) are ong4{O), one (1,-O), two (bridging COQ and two water molecules {8).
These two water molecules are very important amgl suggested that one of them may serve as one of
the substrates for water oxidation. Regarding thigeads, oxidation number of (lll) or (IV) coulceb
stabilized for Mn(4), but deporotonation of watesletules could be the stabilized oxidation stat@\of

and even higher oxidation state.

Calcium has also been identified as an essetnialctor in water oxidation and the calcium-
binding sites in PSII have been previously studigdseveral methods. Strontium (ll) is the only cati
that can functionally substitute for Ca in the waigidizing complex. In the 1.9 Angstrom structurfe
the WOC, Ca has seven ligands, thig®, two bridging COOand two HO molecules [32,33]. Similar
to H,O molecules coordinated to Mn(4), these twgDHMolecules are very important and it is also
suggested that one of them may serve as the sigbh$trawater oxidation [32,33]. Theoordination
numberof Ca ions varies from 6 to 10 in different compounds.u3ha ligand may coordinate or
decoordinate to this ion in different states ofavaixidation. The location of the substrate wateding
sites on the CaM@s(H,0), inorganic core has been an important questioharstudy of the mechanism
of water oxidation. Hillier and Wydrzynski [48] us€’0 exchange kinetics of the substrate water
molecules in PSII to examine the interactions of &@wl Sr with substrate water and to probe a numiber
point mutations surrounding the catalytic site. Tihest direct approach to follow water ligand exafe@n
is by using mass spectrometry. This involves thdita of **0 water and then time dependent sampling
of the product. In this technique, two kinetic pkmatm/e = 34, representing separaf® exchange rates
for the two substrate water molecules, were deldefd®]: the slow and fast phases that show the
exchange of the two non-equivalent substrate Sites.high resolution, i.e., the 1.9 Angstrom, ratioh
structure of PSII revealed that there are four watelecules coordinated to the Caj@gH,0), cluster,
and two of them may serve as the substrate forrveadiglation. Other suggested substrates for water
oxidation areu-O groups [32,33]. Another water molecule, alsonfbaround the WOC, is hydrogen-
bonded to one of thg-O and one carboxylate group in this structure sThater molecule could also

serve as a substrate for water oxidation.



Other groups in the WOC are amino acids. The intlanitrogen of Histidine 337 is hydrogen-
bonded to one of the-O. The role of this hydrogen bond may be as alstebfor the WOC. There is an
arginine in the second coordination sphere of Wax@ this may have an important role in maintaining
the structure of the metal cluster, in stabilizihg cubane structure and (or) in providing pagiaditive
charges to compensate for the negative chargeseddwy the oxo bridges and carboxylate ligandéef t
WOC. One of the guanidinium nitrogen atoms of CR4§-357 is hydrogen-bonded to bqgikO in the
CaMn,O5(H,0), cluster, whereas the other is hydrogen-bondeteaarboxylate oxygen of D1-Asp 170
and to that of D1-Ala 344. The structure shows that distances between the nitrogen atoms of the
arginine side chain and Ca are 4.2 and 4.4 A. Alse,distances between the nitrogen atoms of the
arginine side chain and Mn (4) are 4.7 A and 6.0%e side chain of arginine may stabilize the stmec
of the WOC as there are hydrogen bonds betweenathmiso acid and two p-O bridges and one
carboxylate bridged between @ad a Mn (2). Umena et al. [32, 33] have identifiwd chloride ions in
the structure of the WOC. Both @bns are surrounded by water molecules and antis aUmena et al.
[32, 33] have further suggested that the two cti@anions may function to maintain the coordination
environment of the CaM®s(H,0), and allow the water oxidation reaction to procpeaperly.

Another group near the CaMds(H,O), cluster is Tyrosine 161. In PSII, after photons ar
absorbed by antenna molecules and the excitatierggns transferred to the reaction centers, pymar
charge separation occurs: formation gfyPP., [8]. This is followed by reduction ofs" by electron
transfer from a specific tyrosine (tyrosine 1613idee (Y;), located on the D1 protein of PSIl, and the
formation of a tyrosine radical ¢§). When Y, is oxidized by B the phenolic group becomes very
acidic and deprotonates to form a neutral radi¢enplic group. The proton acceptor is a histidine
residue, histidine 190, which is hydrogen bondetthéophenolic proton [8]. Electrons for the redotof
Y,* are extracted from the WOC leading, finally, ke toxidation of water to molecular oxygen.

3. Mechanism of oxygen evolution by water oxidizing complex
An unsolved mystery in bioinorganic chemistrythe mechanism of water oxidation by the WOC of

PSIl. In 1969, Pierre Joliot's experiments showelthsh number dependent oscillating pattern in O
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evolution; a maximum of oxygen evolution occurredeveryfourth flash, with the first maximum on the
3 flash [51-57]. In 1970, Kok et al. [52] proposend explanation for the observed oscillation of the
oxygen evolution pattern. Kok’s hypothesis was thata cycle of water oxidation, succession of
oxidizing equivalents is stored on each separatd iadependent WOC, and when four oxidizing
equivalents have accumulated, an oxygen is spomtiaheevolved [51-57]. Each oxidation state of the
WOC was termed a “S-state”, with Being the most reduced state andh® most oxidized state in the
catalytic cycle (Scheme 3) under normal turnoverdimons, but "super-reduced states'c@n also be
populated (i = 1, 2, 3, 4 or 5) [51-57]. It is e#s& to recognize that in order to explain thet fdoat the
first maximum of oxygen evolution was after tHé fash, and then after thé"7the 11" flashes, the S
state must be dark-stable. Thus, the system stergtly in S in dark-adapted samples. Furthef-$ S
transition is light independent and in this statggen is evolved. Other S-state transitions areded by
the photochemical oxidation of oxidized chlorophfs,’) [51-57].
Please, insert here Scheme 3.
There are many proposals for the detailed mechmafsvater oxidation by the WOC in PSII. A few of
them are shown in Fig. 3. They are not discussed had the reader is referred to several excellent
reviews on this topic [58,59]; instead, we showobethe strategies used biature to oxidize water.
Please, insert Fig. 3 here.
4. Water oxidation in Nature
4.1. Abundant and non-toxic ions
The study of the WOC in PSIl shows that a speaiergement of abundant and non-toxic ions like
manganese and calcium forms a highly efficientlgstefor water oxidation [32,33]. Thus, it is also
possible to use manganese and calcium as cheaprairdnmentally friendly ions as water oxidizing
catalyst in artificial photosynthesis. Recentlyerth has been a tremendous surge in research on the
synthesis of various model manganese complexethddWWOC [62-89]. Other metal-based catalysts also
show promise for water oxidation. However, manyh@#m are rare, expensive and (or) relatively toxic.
As discussed by Ralph Dougherty’'s group the fiost-rtransition metals have smaller d-orbitals
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compared to other metals and therefore have smatiestal field activation energies for transitions
between oxidation states during oxygen evolutiactien [90]. As for water oxidation, oxidation €8t
of metal ions should change, and the first-rowdition metals may have smaller activation enerfpes
the reaction.

Recently, manganese oxides with open structures baen introduced as efficient catalysts for
water oxidation [84-91]. These manganese oxides/ary closely related to the water oxidizing ahust
in PSIl and since manganese is cheap and envirdatyefiiendly, these compounds are expected to be
good candidates for water oxidizing catalysts tifieial photosynthesis [91-97].

4.2. Heter ogeneous catalyst
An important aspect related to the WOC of PSIhat it could act as a heterogeneous catalyst idsita
a homogenous one. In other words, PSI and PSIl, asd the WOC, are fixed in the thylakoid
membrane; and this heterogeneity could increasedthestness of the catalyst. A review of manganese
compounds as water oxidizing catalysts show thabsi all efficient catalysts for water oxidatiorear
heterogeneous [91-97]. The assembly of metal é®xap into a crystalline, stable, and nanopororesyar
also shows promise for biomimetic catalysis. Theraction of two catalysts in the solid state wdo
and it reduces decomposition, decoordination gerdigortionation reaction.

4.3.Multinulear manganese structure

Another strategy used by Nature has been in tleetseh of the special tetranuclear-manganese cltste
oxidize water. As discussed in the previous sestithe WOC in PSll is a tetranuclear manganeseerius
that performs four-electron water oxidation. Getigranulti-nuclear metal clusters, used in natural
systems, favor the occurrence of multi-electron amdti-stage complex processes. There are many
mono, di and tri nuclear manganese complexes astgtal models for the WOC in PSII. However, we
agree with the suggestion that tetra and even polgar compounds, similar to metal oxides, which
favor the occurrence of four-electron water oxidatiwould be better functional models for the WQ@C i
PSII [15,87].

4.4.The pH value of the water oxidation reaction
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The WOC of PSIl occurs at pH ~ 5 in the lumen glakoids [98,102]. This pH plays an important role
in affecting and regulating the activity of PSlis@, it is one of the factors which can reducepbtntial

required for water oxidation considerably. Higher lower pH values result in decomposition,
disproportionation, and ligand decoordination ofngpnananganese complexes [103]. At low pH, the
formation of high valent Mn species is favored [[LOAt pH values of 5-6, high valent manganese
complexes form insoluble manganese oxide so tieatdmpound could oxidize water [103]. On the other
hand, the influence of pH on efficiency and accuwatiah of manganese (Ill) would be important to

design manganese compounds that can serve asmfficater oxidation catalysts.

4.5.Proton and electron transfer in biological water oxidation
Any strategy, used in a natural systentrémsferelectrons without any proton loss leads to an msee
in positive charge on the WOC [105]. A high pogitigharge on the WOC can lead to a significant
increase in its redox potential and unwanted reastin a highly oxidized cluster. However, thereds
charge accumulation in the WOC due to the couplectr®n and proton transfer. To avoid the produrctio
of high-energy intermediates, the natural systases proton-coupled electron transfer (PCET)
mechanisms [105]. In PCET, either an electron feans followed by a proton transfer or a proton
transfer is followed by an electron transfer. Bt electron and proton content between reactands
products is changed in PCET reactions [105]. PCEdviges a molecular-level basis for energy
transduction between proton transfer and electramster. In artificial photosynthesis, similar ségies
should be used to avoid the production of high-gpartermediates that could decompose the catalyst.
4.6. Channels
Three types of channels exist that lead fromwhter-oxidizing complex to the lumenal side of PBH
oxygen, water and protons [106,107]. Proposed fomat assignments of these channels proceeded on
electrostatic, structural and orientation grouridsestigations of water movement in PSII introdueed
novel perspective to the study of the supply ofewvab the WOC and showed that functional PSII is

characterized by a branched water supply structutte multiple control points (Fig. 4). This straieg
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could avoid the interactions of unwanted chemicaith the WOC and increase the amount of the
catalyst.
Please, insert Fig. 4 here.
4.7.Spin-flipping processes

Spin-flipping processes, during chemical readjooften have a high activation energy as the spin
balance theory predicts [108-110]. This rule is\kn as the spin balance rule [108-110].
2H,0 + [CaMnOs(H,0), cluster (9] —» O + [CaMnOs(H:0), Cluster (9)] + 4H" (Eq.1)

Tl T " !
(The arrows in Eqg. (1) show the spin of the eletrp
In the biological water oxidation, as shown in EgH,O does not have an odd-electron state; however,
the CaMnOs(H,0), cluster in $ may have an odd-electron; on the other hanghad two odd-electrons,
and the CaMyOs(H,O), cluster in $has one odd-electron [111]. Total spin states ketord after
biological water oxidation reaction, as shown in Eginvolves no change in the spin-state. As ssigge
by some research groups [108-110], the overvoltddbe oxygen evolution reaction may be the largest
source of energy loss in water electrolysis, amdniajor source of this overvoltage is the spin sk
required to produce triplet oxygen [108-110]. lirieresting that to design the WOC Ngture, even the
spin balance rule was followed.

4.8.Nano scale cluster

The molecular modeling of the Cal@s(H,O),in PSII shows that it has a dimension of about5-riin
(Fig. 5). Therefore, nano-scale (calcium) mangarmsgdes will be better functional models for the
CaMnOs5(H-0),4 in PSII. Alexandra Navrotsky’s group reported teatface energy strongly influences
their redox equilibria and phase stability of tiéina metal oxides [112]. This effect could chavgater
oxidation or water reduction activity of nano-sizeetal oxides as compared to bulk metal oxides. In
addition to this, the nanometer-size of the pati@nsures that most of the active sites are auitiace
where they can do their work as a water oxidiziatakyst. A nano-size amorphous calcium—manganese

oxide has also been introduced as one of the sgamese compounds toward water oxidation [113].
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Please, insert Fig. 5 here.
4.9. Oxidation number for manganeseionsin the WOC
The high exchange energy fot abnfiguration means that only very strong-fielghinds are able to cause
spin pairing. Manganese (Il) has high rapid ligamdhange, and is thus easily mobilized. Becaus# of
configuration of manganese (lll), the ion is subjecJahn-Teller distortion, which allows it to leafast
rates of ligand exchange. Due tbatnfiguration of manganese (IV), the ion shows msiower rates of
ligand exchange than manganese (IlI) or (ll1).

Oxidation states of manganese ions in the WO®@ &nid IV that are important for the stability thfe
cluster. In other words, in model manganese conagldrr the WOC, a facile ligand exchange in the
labile manganese (Il) could be an important factaapid catalyst deactivation [87,104].

4.10. Oxidant
As discussed in the previous sections, the WQi@ksd to the reaction center Il chlorophyll ¢ via a
redox-active tyrosine (tyrosine 161 as mentionatiezaresidue on the D1 subunit, labeled as As
shown in Fig. 5b, Yis close enough to the WOC to be intimately inedlin the chemical catalysis of
water oxidation, rather than simply acting as thenediate oxidant of the WOC. The redox potential of
Y2/Y; is around 1.0-1.2 V [59]. Hammarstrom and Styfiht¢] have discussed the possible roles pf Y
in the WOC of PSII that are all important for thederstanding of PSII and of design(s) of an aréfi
photosynthetic system. Firstly,,Yprovides s, with a rapid electron donor.,Yreduces R, quite
rapidly which competes favorably with the recomhimareaction at the reaction center [114]. Secgndl
the presence of )yallows the WOC to be positioned at an appropridistance from g,[114]. Many of
the oxidants used in water oxidation reactions ¢iaample: Ceric ammonium nitrate (1.4 V versus NHE)
or Oxone (1.7 V versus NHE (Normal hydrogen elat#)oare more powerful than PSIl. These oxidants
result in decomposition of catalysts in many reaxti Najafpour et al. [69] have found that Ce(ivgy
act not only as a simple oxidant, but may simultauséy be decoordinated manganese from compounds.

4.11. Theroleof outer bondsin the biological water oxidation

Similar to other biological systems, the se@pccoordination sphere around the WOC is important
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and is strongly correlated with function [115,116he secondary coordination sphere could decréwmse t
activation energy for water oxidation. Hydrogen @ois the most common type of secondary
coordination sphere used by biomolecules. One ifdlstt can considerably reduce the potential requi
for water oxidation is binding of the released prst by hydrogen bonds [59].
4.12. Role of calcium and chloride

Calcium is as an essential cofactor in the WO®$II reaction, and $on is the only cation that can
functionally substitute for Ca in the WOC (see [89,118]). Also see Adelroth et al. [119], whodise
**Ca for obtaining information on the stoichiometry @a, in the the WOC of the PSII. Recent data
support an important role for calcium and severatihanisms have been proposed regarding the role of
Ca in the oxygen evolution reaction. First Vincdtgcoraro’'s group has proposed that a terminal
Mn(V)=0 undergoes a nucleophilic attack by a Ca nabinydroxide ligand to form a Mn-bound
hydroperoxide [60]. Brudvig and co-workers [61] haalso proposed a mechanism in which a Ca ion
plays a role as a weak Lewis acid. In this mecman& water bound to calcium reacts with a Mn(V)=0
species to evolve oxygen through a nucleophiliacktt This idea has been further elaborated by Bgudv
and co-workers [120, 121] who have proposed a nmesimathat accounts for the details of oxygen
evolution by PSII. Recently, Agapie et al. [122)vbaeported a potential role for Ca in facilitatinigh
oxidation states at a calcium-manganese multinuctEamplex. A number of experiments also
demonstrate a role for calcium in the assemblysaability of the WOC [122].

Chlorides also required for water oxidation [123]. Two Ginding sites have been detected in
the crystal structure of manganese - calcium dustd>SIl at an atomic resolution [32,33]. The tesu
showed that there were no @Ins in the first coordination sphere of the Ca®hiH,0), cluster [32,33].
Kawakami et al. [33] have suggested that the twadds may function in maintaining the proton exit
pathways as these are located at the entrarteagfossible proton exit paths. Underestanding ohes
of calcium and chloride in biological water oxidatiare important in the design ofsaper anode for
water oxidation in artificial photosynthesis.

4.13. Four-electron water oxidation
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In artificial water oxidizing catalysts, similar thhe WOC in PSIl, a four-electron water oxidatien i
certainly easier than four sequential, one-electgitlation or two sequential two-electron oxidation
because in these cases the first stepO (kb hydrogen peroxide and hydroxyl radical) areremo
endergonic than the four-electron water oxidattbaf result in low over-voltage for practical ogeras
[65].
4.14. Redox accumulation in the WOC
The WOC could be considered as a redogumulator to perform a four-electron reactioncbilecting
four electrons from four one-electron reactionsh@uoe 3). Most probably, in biological water oxidati
oxidation of two or three manganese ions occurthuns a four-electron reaction water oxidation cdagd
performed (for reviews, see [65,66]). Similar stoat could be used to design an artificial watedizung
catalyst. In other words, different manganese sitesharge accumulators and reaction centers ¢euld
considered in the design of multi-electron redaelyais.

4.15. Regulating oxidizing power

In a water oxidizing complex, oxidizing power éach charge acumulation step should be regulated

carefully as is in the WOC in PSII. For examplanithe $ — S (Scheme 3) two-electron couple (~ 0.8
V) has a higher potential than the®4/ H,O couple (~1.5 V), there could be a risk of oxid@water too
soon in the S-state cycle, producing:[65].

4.16. Amino Acids
PSII consists of hundreds of amino acids; howewsly a small fraction of the residues come in direc
contact with the manganese-calcium cluster, anevan smaller fraction, 3 to 4 residues on the aera
are directly involved in catalysis. Roles for tlesidues that come in contact directly with the nasege-
calcium cluster could be regulation of charges afettrochemistry of the Mn-Ca cluster, help in
coordinating water molecules at appropriate mdtaksand in the stability of this cluster [32,33he
PSIl manganese stabilizing protein (MSP) is a lyigldnserved extrinsic component of the WOC [124-

129]. Its deletion from the PSIl causes a draeriativering of the rate of oxygen evolution [124-]1.29
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The PSII manganese stabilizing protein has alsa baggested to be important in linking the actite s
of WOC with the lumen and to be involved in a protaansfer network. A simple inorganic manganese-
calcium core without coordinated amino acids shawegh less activity than the WOC in PSII [91-97].
Thus, the amino acids around the Mn cluster arg veportant indeed and the design afuper anode
for water oxidation in artificial photosynthesisels a deep understanding of the roles of theseoamin
acids in water oxidation. [124-129].
4.17. Suitable geometry for binding water molecules

An important role of the WOC is binding the siate water molecules in a suitable geometry [43].
There are several water molecules near the WOCr R@ter molecules are attached directly into
manganese —calcium cluster. Two water molecules@radinated to a manganese ion located outside the
cubane and two water molecules are coordinatedeaalcium ions that could be substrate for oxygen
evolution reaction. Five bridging oxygen in theusture could be also considered as sustrate(s) for

oxygen evolution.

4.18. Photosystem |1 as a photoassembled complex

Water Oxidizing Complex is a photoassembled comgfeg. 6) [130-132]. Thus, synthesis of efficient
catalysts could be possible by self or photo-asgemtmorphous calcium—manganese oxide involving
no special pre-organized manganese or calcium meuin purely agueous solution, that has a simila
structure to the WOC, has been reported in theatitee [92]. This suggests to us that understandfng
the mechanism of assembly of the WOC could be tefgful in the design of an efficient catalyst for
water oxidation [133,134].
Please, insert Fig. 6 here.
4.19. Electrochemistry of Manganese
The natural system uses manganese ions for waigatmn. Manganese (ll) or (lll) ions are used as

cofactors for a number of enzymes [136,137]. Margarhas a very rich redox chemistry compared with
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other elements. The most common oxidation statesasfganese in biological systems are (lI), (llI{lan
(IV) but oxidation states of (V), (VI) and (VII) abd be stabilized by special ligands in vitro. Tusual
oxidation state for manganese in many mononuclearganese enzymes is (ll) or (lll). However, in
water, manganese (lll) ion is unstable and prondigproportionate to manganese (ll) and manganese
(IV). As shown in Fig. 2, there are four manganeses in the WOC. Here, we will discuss details of
coordination chemistry of metal ions and a few ini@at groups near the manganese — calcium cluster.
However, it is worth mentioning that in the mangame calcium cluster, there is charge distributaong

the charge on each ion is lower than that suggebtedts oxidation state. In other words, the
CaMnOs(H,0), cluster is a delocalized system and each ion ghoatl be studied completely separately.
Some experiments suggested a (I, 11, 1, IMY]L(, 1V, IV) and (Ill, IV, IV, IV) assignmentfor S, S

and S, respectively. Probable oxidation states for tharf®l g states of the Kok cycle are currently being
debated. It is known that the oxidation state ckang $— S, and $— S;for the WOC are manganese-
based (for a review see [54]). The-S S; and the $— S, transitions are still controversial as to whether
a metal-centered or a ligand-centered oxidatiorursc¢for a review [59]). In the ,S— & transition
(Scheme 3), rapid oxidation of two substrate watelecules occurs (for a review [59]).

Recently, Takashima et al. [138] have reportedt ttiee control of disproportionation and
comproportionation of manganese (lll) is essemtiathe development of manganese catalysts thatdvou
lead to water oxidation with a small overpotensiaheutral pH for manganese oxides [138]. It sethals
the natural system uses appropreated complestrategiesor water oxidation by manganese ions [139].

4.20. Applications of acid and baserulesin water oxidizing complex
As stated in the previous sections, in water, maega (lll) ion is unstable because of its
disproportionation to manganese (Il) and mangar{ege However, manganese (lll) ion could be
stabilized by increasing the pH or by providing dodonor ligands. Manganese (IV) compounds are
mainly found with bridging or terminal oxo-liganttecause the water coordinated to high valent metal

ions has alg,lower than free water [140]. We note that waterenale coordinated to various dipositive
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metal ions hask, values as low as 7. Mn(IV)-OH, Mn(IV)=0 or (and) IH=0 is suggested to be an
important intermediate in water oxidation [59,139].

4.21. Contribution of water oxidation to the ATP synthesis
In water oxidation, in addition to oxygen releaslectrons and protons are also produced. Electronlsl
be used to reduce a variety of molecules such,@s B8O, CQor N, to produce useful compounds in
artificial photosynthesis [87]. In Nature, theseattons are ultimately used to reduce,C@s is well
known, proton motive force (from the proton gradjgmoduces ATP in photosynthesis.

ATP synthesis in photosynthesis depends noy onl the pH difference ApH) across the
photosynthetic membrane, but memrane potentiaémiffce Ay), the two together, being the proton
motive force (Fig. 7). In other words, protons fli&ck down its electrochemical gradient through an
enzyme ATP synthase, which catalyzes the synttedsiSTP from ADP and phosphate. This enzyme
could serve the role of a turbine, permitting thetgn gradient to drive the production of ATP (for
review see [8]). This process may not be usedtificzal photosynthesis but the point is that Natwses
all strategies to increase efficiency and prodwaful products in photosynthesis.

Please, insert Fig. 7, here

5.Non biomimetic water oxidation

There have been many attempts to design catdiystvater oxidation with the use of chemicals and
methods that may not have much to do with how ghithesis does it [142-147]. All avenues must be
encouraged, but we believe that learning from thtnal systems [148,149] (cyanobacteria, algae and
plants) makes sense since these have been dosugdessfully for millions of years. However, for
completeness, we draw the attention of the readdesselected papers to note the progress initid of
non -biomimetic systems: Liang et al. [142] used@pnanocrystals on graphene [142]; Surendranath et
al. [143] used cobalt phosphate catalyst ; Lil¢t44] used titania anatase; Cummings et al. [148d
thin films at FgOs electrodes; Lyons and Brandon [146] used noniymsside-covered transition metal

electrodes; and Wang et al. [147] used nickel hyideelectrode.
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L egends

Scheme 1 During water oxidation that leads to oxygen eviolutelectrons and protons are also produced
that could be used in synthesizing fuel and ussduipounds. In the natural system, protons aregetka
in the lumen, and electrons are transferred to b&ction center P680 that had been oxidized duain
light reaction.

Scheme 2 This scheme showsnidentate (a), bidentate (b) and bridging carbabeymodes (c)

Scheme 3. Classical S-state cycle of photosynthetic watddation. A dark-adapted system, usually
starts with 75% Sand 25 % $[47]. Absorption of a photon causes charge separait the reaction
center ko of PSII ; the oxidized & ( P'ssg) Oxidizes ¥, to the formation of ¥ (oxidized tyrosine-160
on the D1-protein) within less than opg (For a review on PSII, see [8]). Reduction ef Wy electron

transfer (ET) from the manganese complex resul&-#S.; transition; typical time constants of the ET
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step are indicated in the diagram. There are skgéridlar S-state cycle schemes. Here we show a
plausible oxidation-states of the four Mn ionshe different S-states; figure from [58] (a). Theezxed
S-state cycle includes not only four oxidation &lsb four deprotonation steps (figure from [58]).

Fig. 1. Carbon fixation and oxygen evolution take place timo distinct spaces in oxygenic
photosynthesis. The diagram shows a schematic wietight-powered hydrogen production during
oxygenic photosynthesis, as well as carbohydratghsgis that can also be followed by hydrogen
production. The photosynthetic processes are dioyetihe light energy captured by the light-harvesti
complexes (LHCII and LHCI) of Photosystem Il andmdsystem I. Electrons are derived froCHoy
water oxidation at the WOC, also known as oxygesiweng complex (OEC), of PSII; these electrons are
passed along the photosynthetic electron-transgwin via plastoquinone (PQ), the cytochromé b
complex (Cyt Bf), plastocyanin (PC), photosystem | (PSI), andawwedoxin (Fd). Then, ferredoxin—
NADP" oxidoreductase (FNR) transfers the electrons tdRAwith the final production of NADPH.
Protons (H ions) are released into the thylakoid lumen byWHeC as water is oxidized, as well as when
PQH, delivers electrons to Cytb6f complex. The pnogoadient across the thylakoid membrane is used
by ATP Synthase to produce ATP. The ATP and NADRHegated during the primary photosynthetic
processes are consumed for LCixation in the Calvin—Benson cycle, which prodsiceugars and
ultimately starch. Under anaerobic conditions, bgeénase can accept electrons from the reduced Fd
molecules and use them to reduce protons to malebybdrogen. Anaerobic conditions also allow us to
use starch as a source of protons and electrord,fproduction (via NADPH, PQ, Cyilf, PC and PSI)
using a hydrogenase enzyme. Thylakoid membranenstdd with green color (Source of the figure and
caption: [19]).

Fig. 2. Top: CaMnOs(H;0), cluster and the surrounding amino acids. Many anaicids in PSII are
involved in proton, water and oxygen transfer. Rdler the residues that come in contact directlfhwi
the manganese-calcium cluster include regulatiochafges and electrochemistry of the Mn-Ca cluster,
and help in coordinating water molecules at appatgrmetal sites and stability of this cluster. t@a

from [32].) Bottom: The entire structure of the Cab@y(H.O), cluster that resembles a distorted chair,
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with the asymmetric cubane, CaMi(H,0),. (See a cartoon of a distorted chair in [15]; ioidd data is
from [32]; PDB: 3ARC). Images, shown in both thgufies, were made with VMD, owned by the
Theoretical and Computational Biophysics Group, NRdsource for Macromolecular Modeling and
Bioinformatics, at the Beckman Institute, Univeysif lllinois at Urbana-Champaign.

Fig. 3. Two proposed mechanisms of water oxidation by C#&Mit,O), cluster in PSIl. Pecoraro and
co-workers [60] have proposed that a terminal Me®)undergoes a nucleophilic attack by a Ca bound
hydroxide ligand to form a Mn-bound hydroperoxid¥udvig and co-workers [61] have proposed a
mechanism in which a Ca ion plays a role as a vieakis acid. In this mechanism, a water molecule
bound to calcium reacts with a Mn(V)=0 speciesdinf the O=0 bond through a nucleophilic attack.
Lee and Brudvig [61] provided direct support foe toroposal that Ca plays a structural role in #ye
S-state transitions which can be also fulfilleddblyer cations with similar ionic radius. Umena le{22]
have suggested that one oxygen that bridges bet@eerMn(4), Mn(3) and Mn(1) may exist as a
hydroxide ion in the Sstate and it may provide one of the substrateslifiotygen evolution. One of the
water molecules coordinated to calcium or mangariésanay provide another substrate for oxygen
evolution.

Fig. 4. The CaMnOs(H,0), cluster of PSII and possible trajectories of sidtstproduct channels leading
to lumen.(A) View from the stromal side onto the membrane pktmawving the CaMi©s(H,0), cluster
(only Ca [orange sphere], Mn (1) and Mn(4) [red espls] are visible), the chloride ion {Cgreen
sphere), and putative channels connecting theecltistthe luminal side. Water/oxygen channels are i
blue (A1), light blue (A2), and pink (B1); possibfgoton channels (C to G) are in yellow (Source:
Gabdulkhakov et al. [107]XB) A schematic of the view in panel A. It shows pbksisubstrate and
product channels in PSIl. Minimum diameters of tater/oxygen channels (in A) are indicated in the
diagram. Thick colored arrows indicate the suggkgtaths for water supply (blue), oxygen (pink), and
proton (yellow) removal. The diagram shows U-LysI®m the subunit PsbU that closes a side-exit of

channel B1 and could open it by a conformationahgie [107] (Source: Gabdulkhakov et al. [107]).
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Fig. 5. The CaMnOs(H,0)4 cluster in PSII; it has a dimension of about ~%.6.25 x 0.25 nm (a). The
location of Y; and the CaMjOs(H,O), cluster in PSII is shown (b) (Source of the figared caption:
[33]).

Fig. 6. A schematic view of the thylakoid membrane with,AESIl, LHCII and Cyt bf embedded in it.
For simplicity only one monomer of each complexsisown, transmembrane helices are shown as
cylinders, all cofactors except lipids are omitt&te lipids intrinsic to the structures are showrspace
filling representation with yellow spheres for canband red spheres for oxygen. Proton as well as
electron fluxes are indicated by arrows. PQ stdodplastoquinone, PQHor plastoquinol, and FNR for
Ferredoxin-NADP reductase [135] (Source of theriggand caption is ref. 135).

Fig. 7. Proton translocation from the chloroplast stromi® ithe lumen of the thylakoid establishes a
proton motive force that couples electron transmATP synthesis. The implied stoichiometry of B

is for noncyclic electron transport alone [141] (8 of the figure and caption: [141]).
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Highlights

Hydrogen production by water splitting may be théufe energy need® The water oxidation half reaction in
water splitting is overwhelmingly rate limitiny An efficient system for water oxidation exists igaaobacteria,
algae and plant» We have reviewed the characteristics of the nhtystem for water oxidatiow We must learn

and use wisely the knowledge about biological watédation
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