ELSEVIER Coordination Chemistry Reviews 252 (2008) 306-317

Available online at www.sciencedirect.com

ScienceDirect COORDINATION

CHEMISTRY REVIEWS

www.elsevier.com/locate/ccr

Review

180-Water exchange in photosystem II: Substrate binding
and intermediates of the water splitting cycle

Warwick Hillier *, Tom Wydrzynski **

Research School of Biological Sciences, The Australian National University, Canberra, ACT 0200, Australia

Received 11 April 2007; accepted 5 September 2007
Available online 11 September 2007

Contents
Lo INtrodUCHION . . ..o 307
2. Spectroscopic analysis of substrate water in photosystem IL. .. ... ... . 307
2.1, VIDIational SPECIIOSCOPY -« « v e ettt et et ettt et et et e et e e e e e e et et e e e e e e e e e e e 307
2.2 MAGNELC TESOMAIICE . . . ¢+t ettt ettt et ettt et et e et e e e et et e et et e e e e e e e e e e 307
3. Analysis of substrate water exchange by mass SPECIIOMELIY . . ... ... ..ttt ettt ettt e e 308
4. Effect of the protein environment on substrate Water €XChange . . . ... ...ttt e 309
5. Comparative inorganic ligand eXChange PrOCESSES . . . . ...ttt t ittt ettt e e et e et e 311
S5.100 DIVAlent MELALS . . ..ottt ettt e e e e e e e e e e e e e e e e 311
520 Trivalent MEtals. . ... ... 312
5.3, Manganese aqua EXChan@e . . . ... ..ottt ittt e 312
5.4.  Quantum mechanical calculations of water eXChange . ........ ... ... it e 313
5.5. Effect of ligands and charge on aqua eXchange . .. ... ... i 313
5.6. Labilization effects on ligand exchange . ........ ... . i e 313
5.7. Bridging p-oxo and terminal 0X0 €XChaNEE . . . .. ..o .ottt et e e 314
5.8 CAlCIUM. . ..ottt e 315
6. Summary and overview of exchange behavior. . ... ... e 315
7. Concluding remarks and fUture PerSPECIVES .. .. .. ... .tu ittt ettt ettt et et e e e e e 316
ACKNOWIEAGIMENLS . . . . .ottt ettt et e e ettt e e et e e e e e e e e e e 316
ReETOIENCES . .. . 316
Abstract

Photosynthetic water oxidation proceeds via four light-activated intermediate states. The nature of the substrate water in each of these intermediate
states is important for understanding the mechanism of the photosynthetic O—O bond formation. Oxygen-18 water exchange measurements have
been used to probe the binding of the substrate water at the water oxidation site in photosystem II. In this review we summarize the water exchange
behaviour for a range of aqua-metal complexes for comparison with the Photosystem II exchange measurements. The analysis provides a basis for
determining the nature of the substrate water in each of the intermediate states in the photosynthetic reaction cycle.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The present atmosphere of the earth consists of 21% O»,
almost all of which has arisen from the photochemical oxi-
dation of water by the unique pigment/protein complex called
photosystem II. The annual flux of O, into the atmosphere is
~10"" t/year and is matched by uptake reactions that almost
exactly balance the production such that the net biogeochemical
fluxes of production and consumption are balanced. The water
oxidation reaction has been active on earth for some 2.5 GYr and
the O, by-product has had a profound influence on the evolution
of life on this planet [1,2].

The water oxidation reaction performed by PSII proceeds via
a series of photoactivated intermediate states [3]. In 1970 Kok
et al. [4] introduced the “S state” nomenclature to define the
four stable intermediate states and one metastable state as S,
(n=0-4). Only in recent years has this model been modified
to take into account the proton release during the intermediates
steps of the reaction [5,6]. Formally, each S-state is advanced by
alightreaction that results in photochemical charge separation in
the reaction center and the transfer of an oxidizing equivalent to
an inorganic Mn4Ca cluster. After four oxidizing equivalents are
stored the system reacts with a consecutive 4-electron oxidation
of 2 water molecules to release O,. The structure of the cat-
alytic site and the molecular mechanism of the S-state sequence
has been the subject of considerable study through both spec-
troscopic and diffractive techniques (for reviews, see [7] and
articles in this issue).

2. Spectroscopic analysis of substrate water in
photosystem II

In many ways the nature of substrate water at the catalytic site
holds the key to understanding the photochemical oxidation of
water. The chemical form that the substrate takes on as it passes
through the intermediate S-states is at the heart of any mechanis-
tic model and many proposals have been advanced (for reviews
see [8,9]). The substrate water interactions have been studied
directly or indirectly by a variety of spectroscopic approaches
that are summarized in the following sections.

2.1. Vibrational spectroscopy

One approach used to probe water in PSII is vibrational spec-
troscopy, which has been used to identify '°0/'80 or 'H/?H
sensitive vibrational modes that might be derived from the sub-
strate water. The most widely used vibrational technique is
Fourier transform infrared spectroscopy (FTIR), which has been
used to investigate v(O—H) stretching modes above 2000 cm™".
Noguchi and co-workers first identified several modes in this
region that were sensitive to both 1°0/'80 and 'H/?H exchange
[10,11] and interpreted them to arise from changes manifest in
H-bonding networks, or from the deprotonation of a terminal
water ligand. DFT calculations of water in PSII [12] were used
to substantiate these assignments. In contrast, Raman vibrational
spectroscopy has been difficult to apply due to the chlorophyll
and fluorescence backgrounds, yet shifted-excitation Raman dif-

ference spectroscopy (SERDS) was successfully used to identify
a number of 'H/?H sensitive bending modes at low frequencies
(~300-500 cm™1!) [13], implicating the binding of two termi-
nal water/hydroxide molecules to the water oxidizing complex
(WOC). FTIR has also been used to examine metal-oxygen
bands below 1000 cm™! that are sensitive to '°0/'30 or 'H/>H
exchange [14]. The first report of low-frequency S1 — S differ-
ence spectra [15] revealed a 160/180 sensitive mode at 606 cm ™!
that was suggested to originate from a Mn-oxo core ligand. This
work was followed by detailed studies showing '°0/'80 and
TH/2H sensitive modes as a function of S-state [16]. The low
frequency modes reported are between 500 and 700 cm™~! and
are strongly S-state dependent, and probably arise from bridging
oxo species. This work is discussed in more detail by Noguchi
(2007) in this volume.

The main limitation in the IR studies has been to directly link
the vibrational modes to the substrate water. No doubt future
work will couple vibrational spectroscopy with site-directed
mutagenesis and high-resolution structural information to assign
specific water molecules in the structure, as achieved in other
systems [17].

2.2. Magnetic resonance

Magnetic resonance methods are another approach to probe
the substrate water in PSII. The first experimental evidence to
indicate that the Mn in PSII undergoes oxidation state changes
during the Oz-evolving reaction came from the water pro-
ton NMR relaxation rate measurements at low frequencies
(10-30 MHz) [18,19]. Under fast exchange conditions the effect
of bound paramagnetic ions on local proton relaxation is ampli-
fied through rapid exchange with the solvent water protons.
Upon flash illumination changes in the bulk paramagnetism of
PSII samples could be ascribed to the bound manganese [20],
which were interpreted in terms of a cycling between Mn>*
and Mn** at the catalytic site [21]. Although these measure-
ments are made at room temperature where the substrate water
interactions could be monitored, they are complicated by the
fact that not only the protons of the substrate water contribute
but also other exchangeable protons experiencing the paramag-
netic effect. Measurements using EDTA indicate that the proton
exchange rates in PSII samples are in the intermediate exchange
condition and are influenced by protein structural changes in the
PSII complex [22]. On the other hand, 17O NMR relaxation rate
measurements suggested that the rate of water exchange across
the thylakoid membrane has to be <103s~1[19].

With the discovery of the S;-state multi-line EPR signal at
low temperatures [23], a direct probe of the catalytic Mn cluster
was possible. Line broadening of the S, multi-line signal upon
incubation of PSII samples in H>!7O indicated that water binds
to the catalytic site [24]. However, when ammonia was added as
a substrate analogue, the 'O hyperfine interactions remained,
indicating that ammonia and the water bind to different sites in
the catalytic Mn cluster [25]. Subsequent ESEEM measurements
confirmed a coupling between 7O and the Mn [26]. Likewise,
pulsed ENDOR and ESEEM measurements in the presence of
DO have revealed strong isotropic coupling to exchangeable
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deuterons [27]. Using a point dipolar approximation, quantita-
tive analysis of the data yielded three groups of two deuterons at
2.67,2.71 and 3.43 A. This result was consistent with substrate
water binding to the catalytic Mn in the S, and S states [27].
Further analysis of the ESEEM measurements suggested that
the first two groups of strongly coupled deuterons represent the
binding of the substrate water to Mn at the catalytic site; the third
group representing the weak binding of 0—10 water molecules
in the outer sphere shell of the Mn cluster (~4 A); and a fourth
group representing water bound to the protein matrix [28]. In a
more recent study using proton matrix ENDOR six pairs of pro-
ton signals could be detected in both the Sg and S states [29].
Two pairs of protons were modeled as substrate water at 3.3/3.2
and 2.7 A from the center of the Mn electron spin, based on a
point dipole approximation. The different proton exchange rates
that were observed in the two S states indicated that the binding
affinities changed during the S-state cycle [29]. EPR studies
of substrate analogues such as simple alcohols and ammonia,
show that the binding of these molecules to the catalytic
Mn occurs in a complex interaction with the substrate water
[28,30-32].

The downside of magnetic resonance studies is the same
as for the vibrational spectroscopy. The protons, deuterons
and 7O sites may not arise from the substrate water, but
rather derive from non-substrate sites (e.g. bridging oxos)
in close proximity to the metal ions. Again, with contin-
ued refinement of structural information this situation will be
resolved.

3. Analysis of substrate water exchange by mass
spectrometry

The most direct approach to follow water ligand exchange
is via mass spectrometry. This involves the addition of '80-
water and then time dependent sampling of the product. This
technique has been extensively used in the field of inorganic
chemistry, particularly in application to slow exchange processes
[33]. With respect to PSII, substrate exchange is determined by
measuring the rate of incorporation of 30 from labeled water
into the Oy by-product. The O, generated is detected using a
mass spectrometer and directly probes the substrate binding
site(s). The challenge in these measurements comes in assign-
ing the nature of the exchangeable 80 species at the binding
site. Early studies of '30 exchange in PSII were kinetically lim-
ited to a shortest time resolution of ~100 s [34-36] and the first
time points showed that the entire substrate pool had under-
gone isotopic exchange. However, this approach was improved
significantly with the development by Wydrzynski/Messinger
and co-workers of a rapid mixing system [37] that allows the
study of the exchange rates up to 175s~! (the limit imposed
by mixing) [38—42]. The measurements are made using a mem-
brane inlet mass spectrometer [43] to quantify the level of 80
incorporated into the molecular oxygen generated. For these
measurements, S-state populations are first preset with appro-
priate single-turnover flashes and dark intervals to reach the S,
S1, So or Sj state, into which 1BO-water is rapidly injected.
Following progressively longer delay periods over which the lig-
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Fig. 1. The injection scheme depicted for multiple time intervals (1 — 5) and
with the increasing delay times signal ultimately fully equilibrates at the final
enrichment level. The spectroscopic approach is analogous to a pump-probe
type spectroscopic experiment (inject — time delay — flash) from which a kinetic
profile is constructed.

and exchange dynamics occurs (0.001-100s), a flash or series
of flashes is given to advance the system through the S3—Sg
transition whereupon O, is released and the oxygen isotopic
composition is detected by the mass spectrometer. Fig. 1 shows
a scheme for the injection experiment with a curve constructed
from the increasing delay times between the '3O-water injection
and flashes to generate the O;. The O signal ultimately increases
maximally to isotopic equilibrium. The rate of increase in the
180-labeled O, signals show a biphasic rise at m/e =34 10180
and a monophasic rise at m/e=36 '80'30. Experimental data
for spinach thylakoids at 10 °C are shown in Fig. 2. At m/e =36,
the '®180, signal increases mono-exponentially and can be fit
with Eq. (1).

0Y = [1 — exp(—%t)] (1)

At mle =34, the 19180, appears with a bi-exponential rise and
can be fit with Eq. (2).

Y = 0.57[1 — exp(—**kat)] + 0.43[1 — exp(—>*k11)]  (2)

The two kinetic phases at m/e =34 represent the separate 30
exchange rates for the two substrate water molecules. The slow
phase at m/e =34 data (**k1) yields a rate constant that is iden-
tical to that observed at m/e =36 data (*°k), consistent with the
notion that the slow exchanging substrate water is the rate deter-
mining step for the exchange of the '30'30 product. Thus far
the biphasic behavior and the relative fast/slow contributions has
been observed with spinach thylakoid membranes, PSII mem-
brane fragments, and core particles including those derived from
Thermosynechococcus elongatus. Table 1 shows a comparison
of 30 exchange for the Sj state. The results show that the two
phases are an intrinsic property of PSII, rather than a conse-
quence of sample heterogeneity or sample type. In terms of
kinetic modeling, the behavior appears to be well accommo-
dated as a pseudo-first-order reaction [37,38]. The exchange
rate is thus a measure of the time for each site to reach iso-
topic equilibration, which will be the rate determining process
for the corresponding dissociation/association of the H,O ligand
at its binding site.
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Fig. 2. The normalized yields of O, produced on the third flash by spinach thylakoid samples plotted as a function of H,'30 incubation time, in the Sj state.
Measurements were made at m/e =34 (left) for the mixed labeled %180, and at m/e =36 (right) for the double labeled 18,1803, at 10 °C. Solid lines show first-order
kinetic fits from Eqs. (1) and (2). The rate constants of 38 2 s~! for the fast phase and 1.8 0.2 s~ ! for the slow phase were obtained. Further details can be found

in [45].
Table 1
Rate constants for 30 exchange in the S3 state of different PSII samples
Sample (10°C) 3y 57 My (s7h
Thylakoid membranes (Spinacia) (H,O) 1.8 +£ 0.2 38.0 +£ 2.0
Thylakoid membranes (Spinacia) (D,0) 1.9 £ 0.2 52.0 £ 2.1
Thylakoid membranes (Synechocystis) 38+ 13 259 + 6.7
PSII membrane fragments (Spinacia) 2.1+£0.1 373 £ 1.6
Ca2+—depleted PSII with CaCl, 1.4 £ 0.1 27 +£2
Ca”*-depleted PSII with SrCl, 52+ 1.7 23+£5
Minus 16 and 23 kDa extrinsics 1.7+ 0.3 22.7 £2.0
Minus 16, 23 and 33 kDa extrinsics 1.6 £ 0.7 9.7 £ 2.6
PSII core particles (Spinacia) 1.1+ 04 18.0 £ 3.9
PSII core particles (7. elongatus) 0.5+ 0.1 346 £ 2.3
PSII core particles (Synechocystis) 0.9 £ 0.2 152 £24

Data from [40,42].

The signal for the '°0'°0 species can be measured at m/e = 32
and by using the three O, isotopic products (m/e =32, 34, 36)
the enrichment can be determined. The equilibrium O, values
are to within £0.2% of those expected for the 8O enrichment
(¢) when the oxygen signals are measured simultaneously.

32:34:36=(1 —¢)*:2(1 —&)e : &2 (3)

The first experiments using this technique established the
180 exchange behavior for the two substrate water molecules in
the S3 state [37,38]. Subsequently the entire S-state dependence
[39], the involvement of Ca2* [42] and the role of the extrin-
sic proteins [40] in the exchange process were determined. In
Table 2 the S-state dependence of the exchange rates for spinach
thylakoids (10 °C, pH 6.8) is given. The results reveal that one
substrate water molecule is resolvable in each S state (Sg to S3)

Table 2
180 exchange rates for thylakoid membranes from spinach as a function of
S-state at 10°C

Substrate #1, k; (s™1) Substrate #2, ky (s™1)

So ~10 -
S ~0.02 >120
S> ~2.0 ~120
S3 ~2.0 ~40

Data from [39,45].

while the second substrate water molecule is resolvable only
in the S, and S3 states. The two substrate water molecules do
not exhibit interconversion between sites 1 and 2, because the
relatively long delay times between the turnover flashes (3 or
5Sms) used to generate O, (e.g. Sp is given three flashes after
180 water injection) would allow significant exchange of fast
water to occur and perturb the ratio of fast:slow in Eq. (2). This
is not observed. The S-state dependence thus shows that the
slow site in Sg exchange is more tightly bound by 500x in Sy,
is less tightly bound by 100x in S, and remains unchanged in
the S3 state. In contrast, the unresolvable fast exchanging water
in Sg or S; appears in S indicating an unquantified increase in
the binding affinity, which then increases a further by 3 x fold
upon entering the S3 state. These results are surprising as the
exchange rates are entirely independent of each other with the
two sites sharing no common behavior. This data along with
activation and thermodynamic analysis [39,44,45], supports the
conclusion that the two water binding sites in PSII are inequiv-
alent throughout the reaction cycle and therefore reside at two
different binding sites. A summary of the data is as follows:

e The two sites are non-equivalent throughout the S-state cycle
in terms of the rate of exchange, activation energy and entropy.

e The substrate water at the fast exchange site is sequentially
bound more tightly after S; — S, — S3 transitions.

e The substrate water at the slow exchange site is bound more
weakly after the S| — S, transition but is unchanged during
S> — S3 transition.

e The slow exchange site binds water with remarkably similar
affinity in the S and final S5 state.

We will come back to discuss these points further after we cover
some of the details of water ligand exchange processes.

4. Effect of the protein environment on substrate water
exchange

Solvent water most likely has access to the catalytic site in
PSII via the lumenal side of the thylakoid vesicle and thus must
cross the membrane as well as any protein barrier formed by
the PSII complex. The rate of water transport across the thy-
lakoid membrane to the lumen is estimated to be ~10~3s~!
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[19]. Since the resolvable 30 exchange rates are slower than
this rate, it appears that 30 isotope exchange is not limited
by water transport across the membrane. This is confirmed by
measurements of PSII membrane fragments and core prepara-
tions which have similar rates of 30 exchange compared with
intact thylakoid vesicles [40]. Since the catalytic site is situated
towards the interior of the PSII complex, there could be a protein
barrier which influences the rates of 130 exchange. Earlier it was
proposed that a restricted access of the solvent water through a
protein channel to the catalytic site is a fundamental requirement
for the ordered binding of the substrate water and the formation
of the O-0 bond [46].

A special class of proteins called aquaporins are now well-
known to facilitate water transport by forming a restricted water
channel [47]. The aquaporins can transport water with a high
osmotic permeability (~0.02cms™') and low activation ener-
gies (~13 kJ mol~1) compared to un-catalyzed diffusion [48].
An aquaporin protein with a channel 40 A long can transport
a water molecule in ~20 ws. This rate is clearly much faster
than those measured in PSII. Numerous aquaporins have been
identified in plants cells and mitochondria [49] but none have
been localized to the thylakoids [47]. It is clear from the lit-
erature that none of the PSII protein subunits display any of
the structural/functional features characteristic of the classical
aquaporins [47]. Nevertheless, there could be a directed trans-
port of solvent water through the PSII protein matrix, which
could give rise to the slow phase in 80 exchanger measure-
ments. It was suggested that the PsbO protein, which stabilizes
the catalytic Mn cluster and optimizes O evolution, may be
the site for a water channel since it contains a high proportion

W. Hillier, T. Wydrzynski / Coordination Chemistry Reviews 252 (2008) 306-317

of hydrophobic B-sheet structure [46]. However, 30 exchange
measurements of PSII samples in which the PsbO protein was
biochemically removed did not show any significant increase in
the exchange rates in the S3 state, implying this was not a lim-
iting kinetic property [40]. Similarly, ESEEM measurements of
the proton couplings with the catalytic Mn in the S; state did
not reveal any significant differences in PsbO-depleted samples
[50]. However, it may be possible that excess Ca?* added for
activity results in subtle conformational changes in PSII that re-
creates a kinetic protein barrier previously formed by the PsbO
protein.

With the atomic structural information currently available on
PSII, it is now possible to use cavity-searching algorithms to
evaluate the existence of possible conduits in the protein matrix
that could transport water molecules or O,. Recently, the cavity
program CAVER [51] was applied to the 1S5L.pdb data set [52]
toidentify possible passageways through connecting clefts, cavi-
ties and pockets in the PSII protein structure [53]. The analysis of
the 3.5 A structure of PSII identified three different passageways
in the PSII complex having a minimal radius of 1.4 A (which is
large enough to allow water and oxygen molecules to pass) [53]
(see Fig. 3). Channel (i) led from the water-splitting site to the
lumen of the thylakoid vesicle following a path along the luminal
surface of the CP43 subunit. The section of the channel near the
water-splitting site is quite polar but gradually becomes highly
hydrophobic before it exits into the lumen. Based on a compari-
son with a CAVER analysis of the cytochrome ¢ oxidase, where
a distinct O, channel has been identified [54-56], the authors
conclude that channel (i) in PSII is a potential oxygen channel.
The other two channels are more polar throughout their length,

=% Channel (iii)

~/ Channel (i)

Fig. 3. Model of water and hydrophobic oxygen channels that are proposed to lead to the catalytic Mn4Ca cluster of PSII. Figure kindly provided by Murray and
Barber [53]. Channel I was proposed to be a likely O, channel and channels II and III possible substrate water and proton channels.
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with channel (iii) being the most hydrophilic and identifiable
with the channel proposed earlier by Ferreira et al. [52] to be a
H™* exit channel. Both channels (ii) and (iii) potentially shuttle
H* and water back and forth between the exterior solvent water
and the catalytic site.

The proposed channels postulated from the atomic structure
of PSII probably only show one conformation that was fixed
in place upon crystallization of the PSII complex. It has been
argued from computational analysis of protein dynamics that
a hydrophobic gas molecule such as O, could diffuse through
pre-existing cavities or packing defects that fluctuate under phys-
iological conditions so that there is no one set pathway [57,58].
On the other hand, it has been shown that CO, and NH3 gas can
be specifically transported by aquaporins [59,60] thus having a
well-defined pathway through the protein. The catalytic site in
PSII may have adopted some of the features of water transport
to facilitate the water oxidation process.

5. Comparative inorganic ligand exchange processes

The aqua/ligand exchange literature is an active area of chem-
ical investigation that began in the 1950-1960s [61-63] and
continues today [33,64—67]. Water exchange rates of inorganic
complexes span over a remarkable kinetic time scale of 20
orders of magnitude, from the exchange processes occurring in
sub-nanoseconds for Eu** and Cs** complexes (kex X 10105—1)
to exchange processes occurring over >200 years for Ir3*
(kex 2 10710 s~ 1) This extraordinary range is brought about by
properties of the metal ions that are attributed to: (1) the size
of the metal ions (ionic radii: rn); (2) the effective magnitude
of the cationic charge (Z); and (3) any ligand field stabilization
energy (LFSE) associated with transition metal coordination.
These parameters are summarized for Mn in Table 3. As such,
the absolute rate of ligand exchange is a complex phenomenon
and is not determined by a single property. These parameters
(size, charge, ligand field) are also modulated in the biological
context by: (1) activation barriers that are coupled to H-bonding
networks; (2) modulation of the charge by the dielectric envi-
ronment around the catalytic site (Bohr effect); (3) solvent levels
in the second hydration (solvation) sphere; and (4) bulk solvent
exchange and entry into the protein. Further constraints include
the nature of the substrate in photosystem II; i.e. aqua versus
hydroxo versus bridging oxo (hydroxo) versus terminal oxo.
Thus, prediction of exchange rate behavior is a very difficult
task. There is also no mathematical formalism that empirically
relates these properties to a given exchange rate for a particu-

Table 3

Electronic and structural properties of manganese ions at given oxidation states
Mnll dS Mnlll d4 MHIV d3

LFSE (Ao)HS 0 -0.6 —-12

LFSE (Ao)&S -2.0 -1.6 -12

Preferred coordination 6 6"S or 5 6

Lewis acidity Strong Strong Very strong

Effective ionic radii ry (pm)?* 67 65 39

Aqua exchange (s~!)? 2 % 107 n.d. n.d.

2 Exchange rates from [65], and ionic radii from Appendix 3 in [65].

lar metal ion. However, given the wealth of literature on water
exchange and the relative S-state dependent behavior, we will
give an overview of what the 80 exchange rates in PSII may be
indicative.

Any comparison of PSII with inorganic compounds is com-
plicated by the property of Mn in solution. The higher oxidation
Mn™ and Mn!V states that are predicted for intermediates at the
WOC site in PSII exhibit elevated redox potentials that have,
with one exception, prevented ligand exchange measurements
of model compounds. As such, the water exchange rates have
only been experimentally determined for Mn*. Table 3 summa-
rizes a number of properties of Mn ions. One complicating factor
is any uncertainty in the coordination geometry of the Mn ions,
which will have a large influence. However, with the continual
structural refinement of PSII [52,68,69] the natural ligands to the
Mn cluster have been narrowed down to a series of carboxylate
and histidine residues [70]. All of the oxygen ligands to the Mn
cluster (RCO,™, OH-, p-oxo, HyO) fall into the class of hard
base donors that are not strongly polarized. These hard ligands
tend to stabilize the coordination of the tetranuclear Mn clus-
ter and maintain the reactivity to drive the thermodynamically
difficult water oxidation reaction.

5.1. Divalent metals

The water exchange rates for the hexaaqua complexes of
the divalent, first row transition metals follow the series:
Cu®* >Mn?* > Fe?* > Co** > Ni** > VZ*, as shown in Fig. 4 and
Table 4. The rates span § orders of magnitude and are attributed
primarily to differences in the electronic occupancy of the d-
orbital, since charge and ionic radii are relatively unchanged
across the series. The aqua exchange rates track with the high-
spin ligand field stabilization energy (LFSE), as shown in the
lower part of Fig. 4. As the d-shell is filled across the first

o
f

-
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A
:
1
1
1
1
1
1

Aqua exchange
Log kgy s
N W B OO O N @ ©

-1.2 4

Relative LFSE (A,)

2.4 -

d-orbital occupancy

Fig. 4. Comparison of the rates of aqua exchange for the first row of the transition
metal cations [M2*(H,0)s]**. The Cr and Cu examples have greatly labilized
aqua exchange rates due to Jahn—Teller distortions (J-T). The ligand field sta-
bilization energy (LFSE) is presented in the lower figure for the corresponding
high-spin and low-spin complexes. Figure adapted from Ref. [33].
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Table 4
Water exchange rates for divalent metal aqua ions

kex (s71)? rm (pm)®  d-Electrons  Electronic

configuration

[Ca(H,0)6]** ~1x10%  100P d°
[S((H20)6]2*  ~1x10° 118 KU
[V(H20)6]** 87x10' 79 &3 o
[Cr(H,0)]** 1.2x 108 80 44 treey!
[Mn(H,0)]**  2.1x 107 67 ds tagdes
[Fe(H,0)6]** 44x10% 65,55 dé thgte,?
[Co(H0)6]**  32x10° 61,55 d’ togSes?
[Ni(H,0)]1%* 32x 10 69 ds 2%,
[Cu(H,0)6]**  5.7x10° 73 & tog0e,>
[Zn(H,0)61%* ~1x107 74 4o NON

2 Exchange rates from [33,65,66], and ionic radii from Appendix 3 in [65].
b 6-coordinate species.
¢ High-spin vs. low-spin.

transition row (d2 — d!9), the d-orbital electrons become more
polarizable and the exchange mechanism switches from disso-
ciative exchange to associative exchange [33,66].

Two exceptions in this series are the hexaaquoacomplexes
of Cr?* and Cu?*, which correspond to d* and &° electronic
configurations, respectively. These ions are considerably more
labile due to the Jahn-Teller (J-T) distortion in which the axial
d,>bonds are lengthened (and the equatorial bonds contract). The
J-T distortion can also be a property of a Mn>* ion in octahedral
coordination. In a recent study of this phenomenon, a series of
the d° Cu* complexes were structurally constrained by a single
5-coordinated organic ligand in which the remaining single aqua
ligand could be resolved. It was found that the Cu-complexes had
either significantly reduced or entirely lost the J-T distortions
and that the exchange of the aqua ligand was significantly slowed
compared to hexaaquo Cu** complex [71]. Fig. 4 shows the
comparable water exchange rates under non J-T conditions for
the other aqua-metal complexes. The comparison shows a slower
exchange rate by about 2-3 orders of magnitude when the J-T
effect is suppressed.

5.2. Trivalent metals

There are several examples in the literature of aqua exchange
on trivalent metal ions, although the range of rate constants is
not as large as in the divalent ions because of their increased
reactivity. The examples that are given in Table 5 show that
water exchange is markedly slower in the trivalent metal ions
compared to the divalent metal ions. Comparison of the water

Table 5

Water exchange rates for trivalent metal aqua ions

Trivalent ion kex (s™1)? Mono-deprotonated kex (s~
[V(H,0)61** 5.0 x 102

[Cr(H,0)1?* 24 %1076 [Cr(H,0)sOH]** 1.8 x 107
[Fe(H,0)1>* 1.6 x 107 [Fe(H,0)sOH]** 12x10°
[Ru(H,0)6]** 2.4 %1070 [Ru(H,0)sOH]** 59x107*
[Rh(H,0)61** 22x107° [Rh(H,0)sOH]** 42 %1073
[Ir(H,0)6>* 1.1x 10710 (Ir(H,0)s OH]?* 5.6 x 1077

2 Exchange rates from [33,65,66], and ionic radii from Appendix 3 in [33].

exchange rates for Fe?*/Fe3* and Ru?*/Ru** hexaaqua species
[M(H;O)6]™* (Tables 4 and 5) qualitatively indicate that an
increase in the oxidation state of a metal ion will slow the
exchange rate by a factor of ~4 orders of magnitude. The Fe
and Ru examples represent d® and d° configurations, respec-
tively, without J-T ligand distortions. The general message from
these examples is that as the metal ion becomes oxidized, there
is a slowing in the aqua ligand exchange rate due to the overall
higher charge to ry ratio.

5.3. Manganese aqua exchange

The Mn ions in the WOC certainly take on the II, III, IV oxi-
dation states and may transiently reach Mn(V). Ordinarily this
ramping of oxidation state would be expected to show a pro-
found slowing in the water exchange rates. The [Mn(H2O)6]2+
ion undergoes exchange with a rate kex =2.1 X 107 s~ [72]. If a
similar Mn?* aqua complex existed in PSII, the rate of exchange
would be too fast to be resolved by the mass spec technique
which is kinetically limited by 0 mixing (i.e. 175s~!). The
fast unresolved phase in Sg and S could potentially be attributed
to the Mn2* oxidation state, but recent work dismisses this as an
oxidation state in the S state [73,74].

There are no experimentally determined rates for Mn** aqua
complexes but they would be predicted to have a much slower
rate of exchange than Mn”** aqua complexes. However, the
d* electronic occupancy of Mn* in an octahedral field would
result in a J-T distorted geometry such that axially bound water
would be considerably more labile than equatorially bound
water. One study using computational DFT derived estimates
of metal-oxygen bond lengths made a comparison of bond
length versus exchange rate and predicted a relative rate of
kex 2 1-10s~! for [Mn(H,0)6]* [75].

Similarly, aqua ligands to the Mn** ion would be expected to
be less exchange labile than the Mn>* ion. The ionic radius of
the Mn** ion is smaller (Table 3) and the d? electronic configu-
rations of dy,, dxy, dy, orbitals align between the o-bonds to act
to effectively repel incoming ligands. The relative inertness of
a d3 ion is seen in Fig. 4 for V>*. Unfortunately, as stated ear-
lier there is not a wealth of information terminal aqua exchange
on Mn ions. However, in the studies of the oxo exchange in
a series of [(Terpy)(H,0)Mn**(jw-0x0),Mn**(OH,)(Terpy)]**
compounds [76,77] the authors noted that during ESI mass
spectroscopy the terminal waters are replaced with anions. In
unpublished work (Gary Brudvig, personal communication)
the authors also observed rapid anion exchange with terminal
water (i.e. <5 s) indicating that the terminal sites are quite labile
and that terminal exchange from Mn** is a mechanistically
possible intermediate in the WOC, in contrast to we inferred
earlier [78]. One caveat, however, is that the Terpy ligand set
is comprised of N-donor ligands to the Mn which in turn are
better at donating o-bonds than oxygen ligands and are possi-
bly a contributing factor to the lability of this particular aqua
complex. In future studies of Mn aqua exchange it would be
desirable to kinetically resolve terminal water exchange to pro-
vide further mechanistic constraints for the '80 exchange results
of PSII.
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The general expectation for the magnitudes of water
exchange rates for Mn complexes is: Mn>* >Mn** >Mn**.
Since a greater proportion of the charge is distributed onto the
ligands as the oxidation state increases, the bonds shorten and
the binding strengthens. The ligand exchange behavior for Mn is
critical for the charge accumulation in the WOC where the Mn
cluster takes on predominately higher oxidation states. The water
exchange behavior in the WOC is most likely modified by the
protein environment as the S-state transitions are more-or-less
electroneutral (the S| — S; transition aside) [8]. The oxidation
state composition of the Mn cluster in PSII is discussed further
in the following sections.

5.4. Quantum mechanical calculations of water exchange

Using quantum mechanical calculations the thermodynamic
barriers for ligand exchange have been modeled [79] creat-
ing a renaissance in ligand exchange studies. This approach
has predicted that the Mn>* ion undergoes water exchange
via an associative mechanism with a thermodynamic barrier
of AE*=30.9kImol~! while the Mn** water exchange pro-
ceeds via a dissociative mechanism with AET ~54kJmol~!
[80]. Although water exchange of Mn3* complexes has
never been measured, the experimental values for Mn?*
[AHi =329kImol™! and rate kex=2.1x107s7'] compare
well to the calculated barrier [72]. A series of model Mn**
complexes have also been examined by Siegbahn and co-
workers using computational approaches and provide a valuable
comparative data set [81]. When operating under the premise
of a charge neutral system, the [Mn**(H,0)2(OH)4] aqua
exchange underwent a dissociative mechanism over a barrier
of AE*=40.1kJ mol™! and that of [Mn**(H,0)>(OH);Cl] over
a barrier of AET =45.2 kJ mol~!. The exchange of OH in the last
example had a barrier of AEF =56.9kJ mol~!. One of the inter-
esting points to come out of this study was that the Mn** aqua
ion underwent exchange with a lower barrier than the exchange
for the Mn3*+ aqua mentioned above, which was due to their
assessment of charge.

Energy barriers can also be related to a reaction rate for a uni-
molecular reaction. The basic premise in this analysis is that the
faster the exchange process, the lower the energy barrier. Using
the Arrhenius expression it is possible to provide an estimate of
the exchange rate when the activation energy is known,

AEL
kex =A exXp —W (4)

In this application the pre-exponential term, A, is often approxi-
mated as 10'! s~!. However the Arrhenius pre-exponential term
is temperature dependent and contains contributions from zero
point energies, solvent interactions and entropy. In practice the
A term is often found to lie between 10'° and 101051

Another theoretical approach to study ligand exchange is
transition state theory where:

_ ksT AG?

kex h exp RT

&)

when the entropic and enthalpic contributions are known.
This theory was employed to predict aqua exchange rates of
kex ~ 6 x 10° s~! for [Mn**(H,0),(OH)4] [81]. These types of
calculations which include entropic contributions are extremely
valuable for comparison with PSII.

5.5. Effect of ligands and charge on aqua exchange

Comparisons between trivalent metal ions of the type
[X(H,0)6]>* with the corresponding mono-deprotonated metal
ion [X(H;0)s OHJ?* illustrates the effect of charge in inor-
ganic metal complexes. The deprotonation of a single water to a
hydroxo ligand both reduces the overall charge! on the complex
and increases the corresponding water ligand exchange rates. In
Table 5 rates are given for a number of examples for comparison.
The mono-deprotonated metal complex shows an increase in the
water ligand exchange of about 3 orders of magnitude compared
with the hexa-aqua complex. This qualitative comparison is sim-
ilar to the one between divalent and trivalent metal ions, where
the —OH anion decreases the overall charge.

Another interesting comparison comes from a series of aqua
Ni2*(d® ion) complexes where the exchange rates get slower as
the hydration level is decreased from 6 — 1 due to the presence
of spectator (non-leaving) ligands. Fig. 5 shows the effect of
increasing the number of the spectator ligands in the aqua Ni%*
series. The trend is for an increase in aqua exchange as the coor-
dination of the spectator ligands increase. This effect however,
is associated primarily with changes in bonding character, and
not with heterogeneous populations or exchange mechanisms.
The aqua exchange rates increase because the aqua ligands are
replaced with stronger o-donating nitrogen ligands, which in
turn reduce the overall metal charge by providing electron den-
sity. There is also the competing effect from m-acceptor ligands,
typically aromatics that reduce electron density on the metal
and neutralize the overall o-donating effect [65,66,82]. In terms
of PSII, the effect of replacing aqua ligands with bridging oxo
groups and carboxylate ligands will be moderate as the relative
o-donation of the donor ligands is similar and the change in
p-orbitals will slightly increase mw-acceptor characteristics.

5.6. Labilization effects on ligand exchange

Ligand exchange is influenced by the so-called ligand
trans effects. In general, the trans effect is strictly a kinetic
phenomenon? and only affects trans ligands on the metal bind-
ing site. The trans effect is strongly apparent in square planar
systems but is also manifested in octahedral systems and di-
p-oxo bridging systems [33,83—85]. The labilization is due to
the electronic orbital having two phases, where one phase is

! Mechanistically it has also been put forward that there is a specific “conju-
gate base” labilizing effect arising from the hydroxide group that stabilizes the
transition state via 7 electron donation, and is potentially highly stereo specific.
Further discussion can be found in [33,65].

2 The trans effect should not be confused with a trans influence which has a
thermodynamic origin. The trans effect also may not necessarily accompany a
change in bond lengths.
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Fig. 5. Rates of water exchange for a series of Ni** complexes with varying numbers of water ligands. The ligand exchange rates then are modulated due to changes

in bonding as discussed in the text.

involved in coordination of a ligand and the other phase is in
the trans position. The trans effect is strongest with strong o-
donors and m-donors, e.g. C1~ >OH™ >OH;. In the examples
of the Rh and Cr dimers, the bridging —OH- groups have about a
10-fold labilization on trans water ligands [83—85]. There does
not yet appear to be any information on trans effects arising
from bridging oxos, but given that the oxo bridges are likely to
be stronger m-donors than a hydroxo, the oxo will likely exert a
slightly stronger labilization effect on exchanging ligands than
hydroxo.

5.7. Bridging w-oxo and terminal oxo exchange

As we discussed above, there are a number of examples of
dimeric metal complexes containing bridging p-oxo groups.
The oxygen ligand exchange for some of these metal dimers
is shown in Table 6. These ligand exchange process are
particularly relevant to PSII since the tetranuclear Mn cluster is
known to be organized by bridging bis p-oxo ligands. The most
recent EXAFS interpretations suggest that there are 4 bis w-oxo
bridges in the Mn cluster [69]. In some proposals an oxo bridge

has been predicted to be an intermediate in the water oxidation
reaction [86].

The exchange of bridging di p-oxo ligands has been mea-
sured for Cr, Rh, and Mo complexes and is summarized in
Table 6. The rates are typically less than 10~*s~!, and have ther-
modynamic barriers (AHY) that can be 100kJmol~! or more
(since the oxygen ligand exchange is kinetically impeded by
a rate determining ring-opening step). For model dimeric Mn
complexes it was known that the di-w-oxo ligands are exchange-
able [87,88] but until recently the rates were indeterminate.
However, Brudvig and co-workers [76] have in the past year
measured the exchange rates for a series of Mn3*/Mn** and
Mn*/Mn** complexes (see Table 6). The oxo exchange rates for
the mixed valence Mn>*/Mn**complexes are more labile than
the corresponding Mn**/Mn** species, a property attributed to
the relative inert behavior of a d® octahedral Mn** ion [76] but
the influence of greater charge also prevails. The p-oxo exchange
rates are also enhanced if terminal water molecules are bound
to the Mn ion [76]. Given the apparent slow exchange rates of
p-oxo species it would seem unlikely that they represent the
exchange of the slow site in PSIL. It is interesting, however, that

Table 6

Water exchange rates for bridging oxo groups

Trivalent ion Oxo exchange kex (s~1y? AHY (kI mol™ 1) Reference
Fe3*/Fe?* (u-0x0) ribonucleotide reductase 83x107* - [114]
Cr¥*/Cr3* (u-OH) 1.1x 1073 99.5 [83]
Rh3*/Rh3* (u-OH) Inert - [84,85]
Ru?*/Ru* (u-0)* ~6x 1070 - [115]
Mn3*/Mn** (n-O) (bpy) 5.4x107* - [76]
Mn**/Mn* (-O) (terpy) 25% 107 - [76]
Mn3*/Mn** (u-O) (bpea) 32x107* - [76]
Mn**/Mn* (u-O) (bpea) <5.0x 1073 - [76]

2 Oxo exchange is apparent at 60 °C but is not seen at room temperature [115,116].
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DFT calculations indicate that the large activation barrier for
oxo exchange [81] compares well with the 70-80 kJ mol~! acti-
vation energy found for the slow substrate water exchange in
PSII [38,45].

Terminal oxo exchange rates (i.e. M=QO) have been kineti-
cally determined in several porphyrin systems [89,90] and in
only a few metal oxo ions [91,92]. The ligand exchange in these
examples is considerably slower with rates of about 1073 s~
Mechanistically the exchange appears to be dependent on the
protonation state of the terminal oxo ligand as the rate determin-
ing step. In PSII oxo groups have been proposed as intermediates
in the S-state cycle [37,93-95], but given the magnitude of the
exchange rates they may well be too slow to accommodate the
experimental rates [78]. Furthermore, the pH dependence for the
two exchange rates in Sz shows only a very modest effect [45]
and given the pH titratability of the S-states [96,97] this would
suggest proton concentrations are not a factor in the exchange
of 180 with at the substrate site. EXAFS investigations of Mn
complexes also do not support a formal terminal oxo in the S3
state [98].

5.8. Calcium

One Ca’* ion is in close proximity to Mn ions of the OEC of
PSII [52,68] and is coupled to the chemistry of water oxidation
[99,100]. In terms of water binding the rate of -aqua exchange
for Ca complexes is extremely fast due to a low surface charge
density that corresponds to the large ionic radius of Ca (Table 4).
The water exchange rate for [Ca(H,0)]** was estimated to be
~6-9 x 108 571 [65,101]. As the Ca2* is an alkaline earth series
ion there is no influence from ligand field stabilization energy
and thus the aqua exchange associated with Ca might be pre-
dicted to be insensitive to the oxidation of surrounding Mn ions
in the OEC. However, this is probably an over-simplification of
the system as secondary effects may impinge upon the exchange
mechanism as mentioned earlier in Section 5.

In PSII the Ca ion can be replaced functionally with a Sr
ion [102-105]. The substitution of Sr ion makes for a useful
comparison as Sr has an inherently larger ionic radius com-
pared to Ca (Table 4). This effects a lengthening of bonds to the
metal center and reduces hydration enthalpies, which combine
to favor increased coordination geometry. Thus, substitution of
Ca with Sr should be expected to lead to an increase in lig-
and exchange rates. Using a derivation of transition state theory
to predict rate changes, log(k/k’) ~ A(AGhydration) ~ ApK, esti-
mates of the exchange rates for Ca versus Sr were made [42].
The analysis was based on hydration enthalpy alone and made
the assumption that hydration entropy would be similar for Ca
and Sr. With the additional assumption that the difference in
proton binding affinity between Sr and Ca in water is ApK
~0.4 [105], it was predicted that the aqua exchange rates would
increase ~3-fold upon Sr substitution for Ca. DFT calculations
also supported kex Sr>Ca [106,107]. In PSII the experimen-
tally substituted Sr leads to an increase in the slow phase of
exchange of about ~3-fold (Table 1). However, the large radius
of Ca and even more so with Sr predict long M—O bonds and
corresponding fast exchange. The aqua exchange rate for Sr>*

in Richen’s book is given at ~1 x 102 s~! [65]. There is a con-
siderable discrepancy between a rate of 10° s~! and the rates for
PSII, despite the correlation with Sr2* substitution. In order to
rationalize an '80 exchange mechanism in PSII that shows the
large thermodynamic barrier (Ex of ~75kJ mol~!) and a rela-
tively slow kinetic rate (kex ~ 2 s~1) determined experimentally
[38,45] a proposal was made that substrate water was a bridg-
ing Ca—O—Mn oxo bond [42]. This site would then be labilized
upon Sr exchange and would in turn be significantly slower to
exchange than a terminal water site. The computational experi-
ments from Siegbahn and co-workers [81] predicted a barrier
for Ca”*~OH-Mn** to be ~44kJmol~! and this was lower
than for the equivalent Mn—OH-Mn arrangement, yet similar
to exchange for water from a Mn** ion.

6. Summary and overview of exchange behavior

The exchange rates of aqua ions vary widely due to prop-
erties of the coordination. In PSII we have medium resolution
structural information at 3.5 A [52] and at 3.0 A [68] that has
been used to derive complete amino acid assignments and
there is EXAFS information on the positioning of the Mn ions
[69]. However, there are differences in the interpretation of
the Mn coordination geometry within the 3.0-3.5A resolu-
tion limit and there is still no final consensus on the precise
coordination of the Mny4Ca cluster. For example the substrate
binding sites have not been identified and the Mn coordina-
tion (6 vs. 5 coordinate) is an open question. Additionally,
structural changes during the S-state transitions signaled from
EXAFS [108,109] most likely play some role. From compar-
ative ligand exchange assessment the aqua exchange rates are
expected to show Mn?* >Mn3* >Mn*" and thus a slowing of
ligand exchange is expected upon increasing oxidation states.
In Table 2 the S-state dependent rates for PSII show slowing
of the slow exchange water molecule So — S, and the fast site
slows S| — S, — S3. So the inference from this could be that
the fast-exchanging and slow-exchanging substrate water sites
undergo metal centered oxidation at these steps.

There has been extensive discussions in terms of accumu-
lating charge on the catalytic Mn4Ca cluster [110-112]. With
the oxidation of the cluster and accumulation of oxidizing
equivalents it is thermodynamically costly to bury charge in a
protein of low dielectric so that it is likely that charge neutral-
ization is important [113]. A measure of charge in PSII has
been taken from electrochromic measurements and the gen-
eral consensus is there is a +1 accumulation of charge during
the S; — S, transition, with the other S-state steps remaining
more-or-less electroneutral while the charge reverses on the
S3 — Sg [111]. Thus based on the properties of the metal ions
discussed above, the increase in the formal charge during the
S| — S, transition would ordinarily be expected to manifest
a significant slowing down of aqua exchange on the oxidized
Mn ion. It is possible that the fast-exchanging site is sensing
this phenomenon as the fast exchange phase is unresolved in
S1 but seemly has slowed down upon attaining the S; state.
However, the slow-exchanging site undergoes an unexpected
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increase by 100x fold. A possible explanation is the proto-
nation of a —OH group during the S; — S; transition to form
an —OHj aqua species. Ordinarily this would not be expected
to coincide with a metal undergoing oxidation or accumulat-
ing charge as is occurring on the S; — S transition. Similarly,
the magnitude of ligand trans effects are seemingly too small
to accommodate this effect. Based on the Ep analysis of these
sites [45] the energy difference for a 0.02 —2s~! increase in
rate between the S and S, states is ~13kJmol~!, and thus
could be indicative of an overall structural rearrangement of
the OEC involving the slow site, or possibly the formation of
a particularly strong H-bonding interaction between the water
molecules.

One of the clearest effects concerns the slow-exchange site
which for the S; — S3 transition is unchanged in rate or acti-
vation barrier [39]. This substrate binding site based on what
we have seen for other treatments such as the H/D isotope
exchange does not change [45]. This means the Mn-substrate
site does not even sense a change in H-bonds and would predict
the same oxidation states in S, and Sz and identical substrate
composition.

Finally, if the two exchange rates are interpreted in terms
of metal ligand exchange the formal intermediates associated
with the '30 exchange in our view most likely represent (1) a
Mn—0O-Ca species for the slow site and (2a) a Mn—OH,. hydrox-
ide or aqua group for the substrate in fast exchange. If the fast
kinetic is interpreted as substrate entry rate of water into the OEC
then (2b) the site of 80 exchange must be in fast exchange but
we obtain no mechanistic information into this rate determining
process. However, given the striking changes in the slow phase
there are some subtleties in the reaction sequence that will need
to be rationalized.

7. Concluding remarks and future perspectives

The '80 ligand exchange measurements of substrate water
are governed by many complex mechanisms. The correlations of
the inorganic model systems with the S-states provide valuable
insights into the properties of the substrate binding sites through-
out the reaction sequence. The results have both been used to
support some mechanisms for water oxidation and to elimi-
nate other proposals. Clearly there are several interpretations
for these results and from the magnitude of the exchange rates
and energy barriers experimentally determined,; it is difficult to
pin-point with certainty the Mn oxidation state or coordination
geometry of the metal complex. However, the data overall always
strongly support two independent water substrate binding sites
that are non-equivalent in nature. In the future higher structural
resolution coupled with computational analysis will undoubt-
edly be used to resolve the binding site question. Also it is likely
future studies with model systems will provide a better basis set
for comparison, particularly with the terminal aqua exchange
rates. Our current research direction in the biological system
involves probing water exchange kinetics with PSII mutants to
pinpoint the substrate water onto the metal sits of the MnsCa
inorganic cluster that catalyses the remarkable water oxidation
reaction.
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