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1. Introduction
Life on earth is almost entirely solar-powered. We can

get some idea of the enormous quantity of energy received
from the sun by noting that during daylight hours, the sun
provides several thousand times more power to the surface
of the U.S.A. than is produced by all of the nation’s electrical
power stations.1,2 Around 50% of the radiation that reaches
the earth’s surface, roughly the visible region, is of a
frequency useful to photosynthetic organisms. Oxygenic
photosynthetic organisms convert this radiation into chemical
energy, in the form of carbohydrate and dioxygen, at an
optimal efficiency of something like 25%.3 These products
together sustain the rest of aerobic life, with carbohydrate
acting as a source of high-energy electrons and dioxygen
providing a lower-energy destination for these electrons.

The overall equation of oxygenic photosynthesis is given
in eq 1, where (CH2O) represents carbohydrate:

The atoms of the product dioxygen molecule are derived
entirely from water, which is oxidatively split into dioxygen
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and protons by the enzyme photosystem II (PSII). PSII is a
large protein complex found in the thylakoid membranes of
oxygenic photosynthetic organisms, which are cyanobacteria,
algae, and higher green plants. It exists as a homodimer
whose total molecular weight is around 650 kDa. Each
monomer comprises around 20 polypeptide subunits and
many cofactors (Figure 1). Some of these (most of the
chlorophylls and carotenoids) are primarily involved in the
transfer of photonic energy and are concentrated in peripheral
PSII subunits, such as CP43 and CP47. Other cofactors, with
which we are presently concerned, are involved in the
transfer of energy in the form of electrons. Most of the
protein’s electron transfer (ET) cofactors (Figure 1B) are
coordinated by the two subunits D1 and D2, which are
approximately symmetrical transmembrane subunits in the
center of each monomer (Figure 1A). The whole PSII dimer
is itself surrounded by further chlorophyll- and carotenoid-
containing light-harvesting proteins (or phycobilisomes, in

the case of cyanobacteria), which absorb photons and pass
their energy to PSII. The enzyme collects this photonic
energy and transduces it to redox energy by creating a
primary charge separation within the central D1+ D2
subunits, oxidizing a chlorophyll center (called P680) and
reducing a pheophytin molecule. Electrons are extracted from
water and eventually passed to plastoquinone, a membrane-
soluble redox mediator. The overall reaction catalyzed by
PSII is given in eq 2.

The electron-transfer reactions of PSII may be divided into
those (on the “acceptor” side), which receive electrons from
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Figure 1. Structure of photosystem II. Panel A shows a schematic
view of the polypeptide subunits and cofactors of a PSII monomer,
and panel B shows the principal electron transfer (ET) cofactors.
In panel A, for the protein backbone (tubes and strands), D1 and
D2 are in red, CP43 and CP47 are in green,R-cyt b559 andâ-cyt
b559 are in light orange, H protein is in yellow, I protein is in light
gray, J protein is in light blue (mostly hidden), K protein is in olive
green, L protein is in light pink, M protein is in dark brown,
manganese stabilizing protein is in royal blue, TC protein is in dark
pink, U protein is in dark gray, cytc550 is in white, and Z protein
is in dark blue. The three unassigned transmembrane helices (visible
top left) are shown by thin burgundy lines. For the cofactors
(spheres), chlorophylls and pheophytins are in green, carotenoids
are in orange, cytochromes (cytb559 and cytc550) and non-heme
Fe2+ are in salmon pink, quinones (QA and QB) are in dark blue,
OEC Mn atoms are in purple, and Ca is in dark green. In panel B,
the cofactor colors are the same as those in panel A, and D1-Tyr161
(YZ) is in gray. Solid arrows indicate the primary catalytic ET
pathway; the dashed arrow indicates a secondary nonturnover ET
pathway from cytb559 to P680

+. Atomic coordinates for panels A
and B were taken from ref 52, PDB accession number 2AXT.

2H2O + 2plastoquinones+ 4H+
stroma98

hν

O2 + 4H+
lumen+ 2plastoquinols (2)
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P680, and those that provide electrons to the oxidized P680
+.

We concentrate in this review on the “donor side” pathway,
in which a tetramanganese cluster is oxidized to reduce P680

+,
readying the primary electron donor for another photochemi-
cal charge separation and building up oxidizing equivalents,
which are used to oxidize water. There have recently been
excellent reviews on other aspects of PSII, including its
primary photochemistry;4,5 its composition;6-11 the bio-
genesis, assembly, photodamage, and turnover of its
subunits;12-16 the design of artificial manganese clusters for
water oxidation;17 and PSII-inspired artificial photosynthe-
sis.18 Many of these reviews form part of a book on
photosystem II, which has recently been published19 and
which includes a chapter on the subject of photosynthetic
oxygen production.20 Special issues of several journals have
also been published in the past few years, each containing
valuable articles and reviews.21-24

2. The Function of Photosystem II

2.1. The Acceptor Side
Upon obtaining a certain amount of collected light energy

(optimally, a photon of 680 nm wavelength light and of 1.82
eV energy), P680 is oxidized to produce a charge separation.
This gives a cation radical, P680

+, and a pheophytin anion
radical, Pheoj (Figure 1B). P680

+ is the most oxidizing
species known in biology, with two recent estimates putting
its reduction potential at about 1.25 V.25,26 The electron
embarks upon a complicated journey within the PSII
monomer, on the acceptor side of the ET chain. It passes
first to a pheophytin molecule and goes on to reduce a tightly
bound quinone cofactor, QA. By now, 200 ps after the initial
charge separation, the electron is separated by about 26 Å
from the highly oxidizing P680

+. The charge separation
P680

+‚‚‚QAj is physiologically stable for several hundred
microseconds27 and is easily studied either at low tempera-
tures or in the presence of an inhibitor, both treatments
blocking the further progress of the electron. Under normal
physiological conditions, however, the electron continues to
a second quinone molecule, the weakly bound QB, which,
after it has been reduced by two electrons, diffuses out into
the membrane to continue the photosynthetic ET chain at
the cytochromeb6f complex.

2.2. The Donor Side: The Oxygen-Evolving
Complex (OEC), the S-State Cycle, and Tyrosine
Z

Water oxidation is catalyzed by a center containing
manganese, calcium, and (probably) chloride. This is known
both as the oxygen-evolving complex (OEC) and as the
water-oxidizing complex (WOC), although for the sake of
consistency, we will always use the former name. It is the
job of the OEC to couple successive one-electron reductions
of P680

+ to four-electron oxidations of water to dioxygen (eq
3).

The OEC acts as an electrical accumulator. It is repeatedly
oxidized (one electron at a time) by P680

+ until, when the
OEC has been oxidized four times, it converts water to
dioxygen and resets itself to its most reduced state.28 Each
oxidation state of the OEC is known as an “S-state” (“S”

may stand for “storage”), with S0 being the most reduced
state and S4 the most oxidized state in the catalytic cycle
(Figure 2). The S1 state is dark-stable. All of the S-state
transitions, apart from S4 f S0, are induced by the
photochemical oxidation of P680

+, which in turn oxidizes the
OEC via a redox-active tyrosine. The S4 f S0 transition is
spontaneous and light-independent, and as a result, the S3

f [S4] f S0 step happens so quickly that it has largely
resisted investigation until very recently.29,30 These new
experiments have apparently illuminated different intermedi-
ates in the overall S3 f [S4] f S0 transition but not the S4
state itself.31-33 The intermediate revealed by Haumann et
al.,29 for instance, appears to be the S3YZ

• state in our
terminology, while that seen by Clausen and Junge30 is
probably S4′ (see below).

The OEC is electrically linked to P680 by a redox-active
tyrosine residue of the D1 subunit, which is called tyrosine
Z or YZ.34-36 The oxidized form of YZ is the radical species
YZ

+•, which is usually taken to exist in the neutral, depro-
tonated form YZ• (see section 4.5). YZ is close enough to
the OEC that it might be intimately involved in the chemical
catalysis of water oxidation, rather than simply act as the
immediate oxidant of the OEC. A useful review of the
properties both of YZ and the analogous tyrosine in the D2
subunit, YD,37,38 has been recently published.34

When we refer to a state Sn in this review,n refers solely
to the oxidation state of the ligated metal cluster of the OEC.
Every Sn f Sn+1 transition (a set that excludes the spontane-
ous [S4] f S0 step) passes through an intermediate SnYZ

•,
in which the oxidized tyrosine is poised to oxidize the metal
cluster of the OEC. The [S4] f S0 transition may pass
through several intermediates, but we will assume for the
sake of simplicity that there is only one, which we term S4′.
In this intermediate, two ligated oxide species are oxidized
to a peroxide level, while the metal cluster is correspondingly
reduced by two units. Since there is no change in the overall
oxidation state of the hydrated metal cluster, the subscript
remains 4. (If the subscript were to refer to the oxidation
state of the Mn4Ca metal cluster alone, one might call this
intermediate S2′.) Some have postulated peroxide formation
at the S3 level,39,40 in which case there would be no distinct
S4 state but an S3′YZ

• state that directly yields O2 and the S0
state.41

2H2O f O2 + 4H+ + 4e- (3)

Figure 2. The catalytic cycle of the OEC. In the S0 f S1, S1 f
S2, S2 f S3, and S3 f S4 transitions, light energy is used to oxidize
P680 to P680

+, which in turn oxidizes the metal-oxo cluster of the
OEC (via YZ, not shown). The S4 f S0 transition is light-
independent and releases O2. This transition is particularly com-
plicated, and intermediates (such as S4′, see Figure 19) have been
postulated.
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3. The Structure of the Oxygen-Evolving Complex
(OEC)

3.1. Introduction
The structure of PSII has, until recently, been inferred from

spectroscopic data obtained alongside biochemical and
molecular biological manipulations. This information has
been combined with our knowledge of the structure of the
bacterial photosynthetic reaction center, whose X-ray crystal
structure was solved to 3 Å resolution 20 years ago42 and is
now available at better than 2.3 Å resolution.43-45 The
similarity between the central regions of PSII and the
bacterial reaction center was revealed with the isolation of
a PSII reaction center (D1, D2, and cytb559 subunits)46 and
by analysis of sequence homology.47 However, the bacterial
reaction center does not oxidize water (it obtains electrons
instead from a soluble cytochrome), so researchers interested
in the OEC have been denied this important structural guide.
They have instead relied largely on X-ray absorption
spectroscopy (XAS),48 electron paramagnetic resonance
(EPR) spectroscopy,49,50and vibrational spectroscopy.51 More
recently, crystallographic X-ray diffraction structures of PSII
have been obtained at increasing resolutions,52-56 and these
have begun to play an important part in illuminating the
OEC.

3.2. The Components of the OEC

3.2.1. Manganese

Manganese has long been known to be essential for
photosynthetic oxygen evolution, and it was eventually
established that the OEC contains four manganese ions.57-59

EPR spectroscopy was important in confirming this result,
following the discovery that the S2 state of the OEC is
paramagnetic and yields a distinct multiline signal.60 Al-
though it was initially unclear whether this signal was
produced by a manganese dimer or a tetramer,60 later analysis
of the continuous wave (cw) EPR data indicated a tetrameric
origin.61-63 Pulsed EPR experiments have shown this
unequivocally.64-67

3.2.2. Calcium

Calcium was found in the 1980s to be an essential cofactor
in oxygen evolution.68 One calcium is required per OEC.69,70

The metal’s proximity to the Mn4 unit was established with
the discovery that its binding depends on the S-state71 and
of a long-lived, modified EPR multiline signal produced by
the S2-state of the Ca2+-depleted OEC.72-74 XAS75,76 and
pulsed EPR77 evidence for the location of Ca2+ within the
OEC is detailed in section 3.3. It has been hypothesized both
that calcium acts in water splitting by binding a substrate
water molecule78-81 and that it modifies the redox potential
of the OEC, perhaps by controlling proton transfer.82-84

Direct evidence for the former hypothesis comes from mass
spectroscopic measurements of18O-labeled dioxygen release
from OECs in which calcium has been replaced with
strontium.85 A review of calcium’s role in the OEC has
recently been published.86

Removing calcium from the OEC blocks the S-state cycle
at the S2YZ

• state.72-74,87-90 Under normal catalytic conditions,
YZ

• oxidizes S2 to give the S3YZ state, but calcium depletion
blocks this reaction. The effect was early proposed to be
essentially electrostatic in origin.91 Recent EPR results

indicate that the blockage may be overcome at low pH,
suggesting that calcium depletion might disrupt the delivery
of protons to YZ

• upon its reduction.92 UV/vis spectroscopy
and proton-release measurements likewise indicate that
calcium is involved in maintaining a hydrogen-bonding
network around YZ.84

3.2.3. Chloride

Chloride has been long known to affect photosynthetic
oxygen-evolution rates in PSII (see refs 86, 93, and 94 for
reviews), but its presence in the OEC remains less well
established than that of calcium, and there is no firm evidence
that chloride is bound to the Mn4Ca cluster. Chloride’s
binding site has been found to be at, or near, the site of water
splitting.95 That conclusion was confirmed by experiments
showing that its binding and effect depend on the S-state of
the OEC96,97 and by S2/S1 FTIR difference spectroscopy in
the presence and absence of the Cl- ion.98,99 Radioisotope
labeling studies have suggested that approximately one Cl-

ion binds at the OEC.100 Acetate binding competes with that
of chloride101 and acetate has been shown by pulsed EPR
spectroscopy to bind close to YZ.102 Pulsed EPR experiments
have also demonstrated that azide binds competitively with
chloride and close to the OEC,103 but there remains no good
evidence for the exact location of chloride within the OEC.
There is evidence that chloride depletion blocks OEC
turnover at the S2YZ

• state, just as calcium depletion
does.89,91,96,104 (Earlier work had indicated that chloride
depletion blocks the S2 to S3 transition105-108). On the basis
of oxygen-evolution activity measurements and EPR spec-
troscopy, chloride, like calcium, has been proposed to
influence proton-transfer away from the OEC as part of a
hydrogen-bonding network.109 However, recent evidence
suggests that chloride (unlike calcium) is not absolutely
required for water splitting but that catalysis (possibly at the
S2 f S3 step) is only slowed in the absence of chloride, when
care is taken to avoid damaging the protein during chloride
depletion.109 Indeed, chloride may be substituted by different
anions (possibly Br-, NO3

-, NO2
-, and I-), which maintain

water-splitting activity to varying extents,110-113 although the
S3 f [S4] f S0 transition is always slower than that with
chloride.114,115

3.2.4. Water

It is clear that, at some point in the S-state cycle, substrate
water must bind to the OEC. The first attempts to measure
directly the interaction between manganese in the OEC and
isotope-labeled water using pulsed EPR were unsuccessful,116

but subsequent efforts have distinguished magnetic coupling
interactions in the S2 state,117-119 as well as in the S0 and S1

states.119 Several2H2O molecules (about three) have been
modeled in close proximity to manganese in the S2 state,
but the overall deuteron modulation depth is comparable to
that seen in fully solvated MnII, indicating that the OEC is
in contact with numerous exchangeable hydrogens.119 Similar
results are obtained in the S1 and S0 states, although the S0

state was modeled with three water ligands and the S1 and
S2 states with two water ligands and one nearby but unligated
water.119 Substrate analogues such as alcohols and ammonia
have also been seen to bind to the OEC using EPR
methods,66,120-123 spectroscopic assignments being backed up
by model compound investigations.124

Techniques besides EPR have confirmed the presence of
water at the OEC. Near-infrared Raman spectroscopy

4458 Chemical Reviews, 2006, Vol. 106, No. 11 McEvoy and Brudvig



indicates that at least two waters (or hydroxides) are bound
to the OEC in the S1 state,125 and FTIR spectroscopy reveals
S-state-dependent ligand-water vibrations.126-128 Mass spec-
trometric measurements of18O-labeled dioxygen evolution
have been used to estimate that the OEC is available to a
pool of about 12 water molecules,129,130 although other
isotope fractionation data stand in contradiction to this
work.174,441Time-resolved mass spectrometric measurements
have been particularly useful in characterizing water binding
to the different S-states of the OEC, and these data will be
addressed later (see especially section 5.2.3).

3.3. The Arrangement of Manganese and Calcium
in the OEC and Proximity of Tyrosine Z

Manganese EXAFS (extended X-ray absorption fine
structure) spectroscopy is the variety of XAS that has proved
most useful in defining the structure of the OEC (work
reviewed recently in refs 48, 131, and 132). It provides
information about short-range electron scattering to give
accurate bond distances in the first and second coordination
spheres. Mn EXAFS reveals the following set of distances
from Mn within the OEC in the S1 state:83,133,134 a first
coordination shell of O or N atoms at 1.8-2.0 Å, two or
three (but see below) Mn‚‚‚Mn distances of ca. 2.7 Å, and
one or two distances of 3.3-3.5 Å.135 Recent experiments,

using improved instrumentation, indicate that the “ca. 2.7 Å
distances” comprise two 2.7 Å distances and one 2.8 Å
distance.136 This result seems to settle the argument as to
whether there are two or three such “short” Mn‚‚‚Mn
distances in the S1 state. The 3.3-3.5 Å shell appears to
comprise both Mn‚‚‚Ca and Mn‚‚‚Mn contributions.75,76,137,138

Results obtained from calcium EXAFS have established most
convincingly that the intact OEC comprises a cluster
containing both manganese and calcium.75 The 2.7 Å
Mn‚‚‚Mn distances139,140are consistent with the presence of
di-µ-oxo linkages between MnIII or MnIV ions.141 A family
of possible OEC structures based on these EXAFS results
(but omitting calcium) has strongly influenced research in
this area and is shown in Figure 3.

EXAFS has also been used to study the OEC in states
other than S1. The S1 f S2 transition is apparently un-
accompanied by significant changes in the OEC structure,142

a conclusion confirmed by the recent high-resolution mea-
surements.136 The S0 f S1 transition, though, does involve
some change in EXAFS-detected interatomic distances:
according to two groups, one of the 2.7 Å distances present
in the S1 state is longer in the S0 state, at around 2.85 Å.143,144

Structural changes in the S2 f S3 transition are more marked
and have been variously interpreted, either as the creation
of a new 2.7 Å Mn‚‚‚Mn distance144 or as the inequivalent

Figure 3. Possible arrangements of the four Mn ions of the OEC, based on the EXAFS measurements of Yachandra, Sauer, and co-
workers. All models comprise two or three di-µ-oxo-bridged Mn2O4 moieties. The most recent work of this group136 favors those models
(g, i, l, andm) shown in boxes. Modeli is most similar to the structure suggested by the crystallography of Ferreira et al.53 Adapted with
permission from ref 330. Copyright 2002 Royal Society.
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lengthening of two 2.7 Å distances to 2.8 and 3.0 Å.145 The
surprisingly low reactivity of the S3 state to certain exogenous
reductants has been interpreted as additional evidence for
some structural reorganization in the S2 f S3 step.146

Indeed there are a variety of data to suggest that the S2 f
S3 transition is unique in the catalytic cycle. Most crucially,
it is the S2 f S3 transition that is blocked by calcium and
chloride depletion (see sections 3.2.2 and 3.2.3), as well as
by a variety of inhibitors. These include fluoride,104,109,112,147,148

acetate,89,149-153 and amines.121,148In all cases, the catalytic
cycle stops at the S2YZ

• state. S2 f S3 exhibits the highest
activation energy of all the steps,154 and its reorganization
energy is the highest besides that of the oxygen-evolving S3

f [S4] f S0 step.155,156The effect of pH on the rate of S2 f
S3, although not large, is the greatest among all the
transitions.157 The S2 f S3 H/D kinetic isotope effect has
been found to be the largest in the catalytic cycle,154,157

although that result is not universally obtained.158

EPR spectroscopy has been important in establishing the
structure of the OEC, as recently reviewed in refs 50 and
119. Most notably,55Mn ENDOR (electron-nuclear double
resonance) spectroscopy has been used to propose a “3+
1” arrangement of the four Mn ions on the basis of magnetic
coupling tensors,64 with one manganese ion weakly coupled
to a strongly coupled trinuclear core (Figure 4). The linear
3 + 1 arrangement originally suggested on the basis of this
work64 (model f in Figure 3) is incompatible with current
EXAFS models comprising three 2.7-2.8 Å Mn‚‚‚Mn
distances (see above).136,143 Instead, attention has shifted
toward such models asg, i, l, andm in Figure 3, as suggested
earlier by Hasegawa and co-workers on the basis of cw EPR
analysis and EXAFS constraints.159

The associated hyperfine coupling constants have recently
been independently confirmed,160 and several groups have
found that a 3+ 1 manganese arrangement is compatible
with their EPR data.161,162 88Sr ESEEM (electron spin-echo
envelope modulation) spectroscopy has recently been used
to establish, in confirmation of EXAFS results, that the (Sr2+-
occupied) Ca2+-binding site is less than 5 Å from the
manganese ions of the OEC.77 EPR spectroscopy has
repeatedly been used to measure the dipolar distance between
YZ and the OEC metal-oxo cluster. An early analysis gave
a distance of less than 5 Å,88 but further analyses have given
distances closer to 8 Å,163-166 in good agreement with the
X-ray crystallographic models.52,53,55,56

3.4. Amino Acids Nearby and Ligating the OEC

The short first coordination sphere distances revealed by
EXAFS indicate that the manganese ions of the OEC are

principally coordinated by oxygen or nitrogen atoms (data
reviewed in refs 83 and 133). Many experiments, often
involving site-directed mutagenesis, have been performed to
identify the ligating amino acid residues.11,167-169 ESEEM
spectroscopy has revealed the presence of a ligating histi-
dine,170,171 which is probably D1-His332.172,173 Consistent
with histidine ligation is the finding that the vibrational
frequencies of one or more histidines are sensitive to S-state
transitions.175 The remaining proteinaceous metal ligands
have largely been assumed to be carboxylates, with attention
focused on conserved aspartate and glutamate residues in
the D1 subunit, as well as on the D1 carboxyl terminus. It is
well-established that the free carboxyl group of D1-Ala344
is required for proper assembly and function of the OEC.176

The X-ray crystallographic data of Ferreira et al. (see section
3.5) place it bound to or very near the calcium ion;52

however, FTIR spectroscopy indicates that it is not a ligand
to this metal.177-179 For example, Strickler et al. observed
no change in the symmetric stretching mode of the carboxyl
terminus of D1-Ala344 upon replacement of calcium by
strontium in the OEC, although the IR frequencies of several
other carboxylate groups were affected by the substitution.178

The vibrational frequencies of the carboxylate terminus are
sensitive to the changing S-state of the OEC, with a notable
S2/S1 response,179,180 indicating that the carboxyl terminus
does bind to the OEC in some fashion. The S2/S1 response
has been shown to be reversed in the S3 f S0 transition.180

The authors of these studies, therefore, conclude that D1-
Ala344 binds to a redox-active Mn ion rather than to Ca2+.178

This conclusion is compatible with the most recent crystal
structure, which assigns the residue more confidently as a
ligand to manganese than to calcium.52 It is nonetheless
possible, in our view, that D1-Ala344 does ligate calcium
and that the electrostatic effect of the S1 f S2 transition is
transmitted through calcium from the OEC to the carboxylate
terminus. We have carried out a quantum mechanical analysis
that supports this hypothesis.181 Our calculations also indicate
that the symmetric stretching mode of D1-Ala344 is insensi-
tive to an in silico substitution of calcium by strontium in
the OEC.181

Another residue that has recently been under scrutiny is
D1-Asp170, a residue with a well-established role in Mn2+

binding in the first stage of OEC cluster assembly.182,183X-ray
crystallographic data52,53 indicate that it also binds the
assembled OEC (see section 3.5), but EPR and ESEEM
spectroscopy of a D1-D170H mutant recently failed to
demonstrate ligation of the substituted histidine to the
cluster.184 The authors concluded that three explanations are
plausible: (1) that D1-Asp170 does not ligate the OEC, (2)
that it does but that the substituted histidine does not replace
aspartate as a ligand, or (3) that both D1-Asp170 and D1-
His170 ligate the OEC but that the hyperfine couplings to
the ligating nitrogen of the histidine are too large or
anisotropic to have been seen. FTIR spectroscopy does
indicate that D1-Asp170 is at least near to the cluster,185

although its vibrational frequencies seem unaffected by any
of the S-state transitions up to the S3 state.186 The authors of
the latter study conclude that if D1-Asp170 does ligate
manganese in the OEC (as it probably does, especially given
that it binds the first Mn ion during assembly of the OEC),183

it is a manganese whose redox state does not change up to
the S3 state. One might expect that the electrostatic effects
of the oxidation of one manganese ion in the OEC would
be delocalized sufficiently to be detected at all of the metal

Figure 4. The “3 + 1” or “dangler” model of Mn arrangement in
the OEC proposed by Peloquin et al.64 on the basis of electron spin-
echo ENDOR (ESE-ENDOR) measurements.JXY is the exchange
coupling constant between Mn(X) and Mn(Y). Two arrangements
of the four Mn ions are shown, each with magnetic couplings (2
strong, 1 weak) that are compatible with these experiments. Adapted
from ref 64. Copyright 2000 American Chemical Society.
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ions. There is evidence that, at least in the S1 f S2 transition,
the electron is indeed lost from a strongly delocalized
orbital.187 It is possible, however, that changes in formal
oxidation state of the manganese bound to D1-Asp170 are
not accompanied by significant changes in the metal’s
electrostatic charge188 (due to charge-compensating effects)
and are, therefore, not sensed by D1-Asp170.189 Because the
“dangler” Mn of the OEC (Mn(4) in Figure 5) is so closely
linked to the proton exit pathway beginning at D1-Asp61
and less closely associated with the remaining three Mn ions,
facile proton loss from its coordinated waters upon its
oxidation may make a carboxylate ligand to this metal
insensitive to changes in its formal oxidation state. Residues
assciated with other parts of the OEC, more electrostatically
affected by changes in electron density, may be more
affected. For this explanation to be tenable, we must also
suppose that the structural rearrangements of the OEC (seen
by EXAFS) in the S0 f S1 and S2 f S3 transitions do not
affect the D1-Asp170 vibrations examined in the FTIR
experiment, even when D1-Asp170 ligates the Mn ion that
undergoes oxidation. If D1-Asp170 ligates the “dangler” Mn
of the OEC (see section 3.5), the structural changes might
be confined to the other three manganese ions, or if Mn(4)
does move, the FTIR experiments might not be sensitive
enough to detect this. Further experiments and calculations
will be needed to establish that the manganese ligated by
D1-Asp170 is redox inactive up to the S3 state, as indicated
by the FTIR data.

3.5. Crystallographic Data

The first crystallographic studies of PSII used electron
cryomicroscopy to obtain an outline of the various subunits
at 8 Å resolution.190 The first X-ray crystal structure of
Thermosynechococcus elongatusPSII, at 3.8 Å resolution,56

revealed the locations of several cofactors but resolved
neither the individual amino acid side chains nor the locations
of the individual metal ions within the OEC, which was
represented by a single pear-shaped region of electron
density. The 3.7 Å structure fromT. Vulcanus55 revealed a
similarly shaped electron density for the OEC, although the
authors favored a different arrangement of metal ions within
this region. Furthermore, they tentatively proposed some of
the ligating amino acid residues, all of which belonged to
the D1 subunit. The next published structure, fromT.
elongatusagain, at 3.5 Å resolution,53 was a considerable
improvement. It assigned nearly all of the 19 subunits to
specific gene products, as well as most of the individual
amino acid residues of the protein. An anomalous difference
X-ray map was used for the first time to construct a model
of the OEC, using different radiation wavelengths to establish
separately the locations of manganese and calcium within
the cluster. The site was thus modeled as a Mn3CaO4 cuboid
with a “dangler” Mn atom attached to the outside of the
cuboid via a cornerµ4-oxide (Figure 5). The amino acid
residues found to ligate the manganese ions of the cluster
were as follows: D1-Asp342, D1-Asp170, D1-Glu333, D1-
Glu189, D1-His332, and CP43-Glu354. D1-Ala344, the
carboxy terminus, was found very close to the calcium ion
but not to be a ligand. All of these residues, with the
exception of CP43-Glu354, had been previously proposed
to be ligands to the OEC.168,169 Of all these ligands,
biochemical (mutational) evidence for ligation is weakest in
the case of D1-Glu189,167 and it is possible that Mn(2) is
ligated by D1-His332 alone. Recent FTIR experiments

strengthen the case that D1-Glu189 is not a ligand of the
OEC.191

It is important to note that the modeledµ-oxide coordina-
tion was constructed in part according to the EXAFS and
model compound information outlined in section 3.3. The
X-ray structure is not of atomic resolution, so the electron
density map of the OEC does not explicitly reveal the
position of every atom within the cluster. The atomic
arrangement of the OEC put forward by the authors of this
paper would not be justifiable solely on the basis of the
crystallographic data. Nevertheless, the modeled structure
is consistent both with the electron density and with a variety
of other data. In particular, the 3+ 1 arrangement of Mn
ions resembles that of modeli in Figure 3, making the
crystallographic model broadly compatible with EXAFS and
EPR data (see section 3.3).

A 3.2 Å resolution structure of PSII fromT. elongatus
has been published,54 but the OEC region was little better-
defined than in the 3.8 and 3.7 Å structures, and an atomic
model was not offered. Most recently, Loll et al. have
published a 3.0 Å resolution structure of PSII from the same
organism.52 This is of particular interest in assigning more
accurately the positions of carotenoids and bound lipids. An
anomalous difference X-ray map was used (as in the 3.5 Å
resolution structure) to distinguish between calcium and
manganese electron density in the OEC. Although a full
atomic model of the OEC was not offered in this work, the
arrangement of the manganese and calcium atoms (again
restrained by EXAFS data) is rather similar to that seen in
the 3.5 Å resolution structure. Loll et al. also find a 3+ 1
arrangement of the manganese ions, although it is more like
modelg in Figure 3 than modeli. The mean difference in
the absolute position of each metal ion in the OEC between
the 3.5 and 3.0 Å resolution structures is 2.9 Å. More
relevant, however, are therelatiVepositions of the metal ions
in the two structures, a comparison that addresses the shapes
of the two OEC models. The mean difference in distance
between equivalent pairs of metals in the two crystal
structures is less than 0.5 Å, far below the resolution of either

Figure 5. Crystallographic model of the OEC and its surroundings
offered by Ferreira et al.,53 PDB accession number 1S5L. Mn ions
(numbered as in ref 53) are shown in cyan, calcium is in green,
oxygen is in red, carbon is in gray, and nitrogen is in blue. BCT
denotes bicarbonate, which was modeled in the X-ray structure,
but its presence in the OEC is uncertain (see text). For clarity, only
the side chains of the amino acids are shown, except in the case of
D1-Ala344, whose terminal carboxylate portion is thought to be
important (see text). Unless otherwise indicated, amino acid residues
belong to the D1 subunit.

Water-Splitting Chemistry of Photosystem II Chemical Reviews, 2006, Vol. 106, No. 11 4461



structure. Furthermore, 86% of the total intermodel discrep-
ancy in these intermetal distances is found in just three of
them: Mn(2)-Mn(4) (5.8 Å in the 3.0 Å resolution structure,
vs 3.2 Å in the 3.5 Å structure), Ca-Mn(4) (4.6 Å vs 3.9
Å), and Mn(1)-Mn(3) (3.3 Å vs 2.7 Å). The mean
intermodel discrepancy in the remaining seven intermetal
bonds is less than 0.1 Å. If we now compare bond angles,
we find that the mean intermodel difference between the four
bond angles in the Ca, Mn(1), Mn(2), and Mn(3) atomic set
is 7°, whereas the mean intermodel difference between the
six angles involving Mn(4) is 30°. Again, though, 78% of
this total angular discrepancy is found in just two angles:
Mn(4)-Mn(3)-Mn(2) (154° in the 3.0 Å resolution structure
vs 65° in the 3.5 Å resolution structure) and Mn(1)-Mn(2)-
Mn(4) (69° vs 121°). The same amino acids were identified
as ligands to the cluster, although they are oriented quite
differently in the two models (see below).

The two principal differences between the 3.0 Å resolution
and the 3.5 Å resolution OEC structures are that (1) the 3.0
Å resolution structure finds the dangler Mn ion rather further
away from the other four metal ions, implying that it may
not be linked to the others by a singleµ4-oxo atom and (2)
all of the amino acid carboxylate ligands in the 3.0 Å
resolution structure are modeled to bind to the metal ions as
µ,η2 bridging ligands. With regards to the first point, Loll et
al. found, by obtaining some data at 20 K rather than 100
K, that the dangler Mn is most prone to temperature-
dependent radiation damage and subsequent disorder so its
position is difficult to determine accurately.52

Indeed,Yano et al. have issued an important warning
concerning the reliability of X-ray crystallography of the
OEC.192 It appears from their XAS results that the X-ray
fluxes commonly used to obtain crystallographic data are
sufficient to reduce the Mn ions of the OEC considerably,
perhaps even to an all-MnII state.192 The same conclusion
has been reached by Dau and co-workers.193,194 EXAFS
spectroscopy shows that this is accompanied by changes in
the metal coordination spheres even at 100 K, the temperature
typically used for PSII crystallography.192,194Although reduc-
tion of the manganese ions is, therefore, likely in all of the
crystallographic experiments, it remains unclear to what
extent structural change has been mitigated by data collection
at low temperature, from various positions of the same
crystal, and from several different crystals. The authors of
the most recent 3.0 Å resolution structure52 used an X-ray
wavelength of 1.91 Å, which has been found192 to cause less
radiation damage than the 2.25 Å wavelength used previ-
ously.53

The similarity of the 3.5 Å and the 3.0 Å resolution OEC
structures give grounds for hope that radiation-induced
damage to the cluster is not an insurmountable problem in
crystallographic studies of the complex. Nevertheless, it must
be emphasized that radiation-induced reduction and dete-
rioration of the structure is a real problem in the crystal-
lography of the OEC. As higher-resolution data are obtained,
it is expected that reduction-induced structural shifts will
become an even more significant source of error. We have
made the decision in this review to emphasize the OEC
structure presented by the authors of the 3.5 Å crystal
structure,53 rather than that of Loll et al.,52 because the former
is a more chemically complete and credible structure. It is
widely accepted, for instance, that the ca. 2.7 Å Mn‚‚‚Mn
distances obtained from EXAFS experiments are due to di-
µ-oxo-bridged Mn units (see section 3.3),141 but no such

bridging oxides are included in the model of Loll et al.52 It,
therefore, seems to us that the model of Loll et al.52 is less
realistic than the model of Ferreira et al.,53 which some think
goes too far in the direction of conjecture.192

An interesting aspect of the 3.5 Å resolution structure is
the appearance of electron density between the dangler
manganese and the calcium ion. This was taken to indicate
the presence of a complex anion such as nitrate, sulfate, or
bicarbonate. Bicarbonate is well-known to be involved on
the acceptor side of the PSII ET chain,195,196but its role on
the donor side is controversial.197 It has intermittently been
suggested (recently, for instance, in ref 198) to be a substrate
for the OEC oxygen-evolving reaction, but mass spectro-
metric measurements have indicated that18O from HC18O3j
is not quickly incorporated into product O2.199-202 These
results show that water, not bicarbonate, is the substrate for
the OEC. There is evidence that bicarbonate is involved in
the assembly of the OEC,203,204 suggesting that it may be
retained as a ligand of the assembled OEC. However, we
follow the authors of the 3.5 Å resolution structure53 in
concluding that any anion ligand between Mn(4) and Ca2+

is likely to be adventitious, blocking the water-binding site.
This is supported by the higher-resolution X-ray data, which
do not show bicarbonate in this position.52,54 Loll et al.
plausibly interpret electron density between Mn(4) and Ca2+

as belonging to D1-Asp170.52 Owing to the lack of any direct
evidence for both the presence and activity of bicarbonate
in the assembled, functional OEC, it seems very unlikely
that bicarbonate plays a role in the water-splitting chemistry
of PSII.

Work is under way to test the validity of the OEC model
of Barber, Iwata, and co-workers.53 Inorganic model chem-
istry and quantum mechanical calculations both will play
important roles in augmenting experimental studies of the
PSII protein. A Mn4O4 cuboidal structure was proposed for
the OEC some time ago,61,205and many tetrameric manganese
clusters have been synthesized since then as speculative
structural models (reviewed recently along with other Mn
complexes in refs 141 and 206). There is no model complex
as yet that replicates the discrete Mn3CaO4 motif, with or
without the fourth (dangler) manganese, but a polynuclear
complex that comprises a MnIIMnIII

2MnIVCaO4 moiety (with
a MnIV dangling from aµ4-oxide) has been synthesized,207

and density functional calculations have indicated that the
arrangement is energetically plausible in isolation from the
protein.208,209

4. Proton-Coupled Electron Transfer (PCET) in
the OEC

4.1. Introduction

Splitting a molecule of water releases eight charged
particles: four negatively charged electrons and four posi-
tively charged protons. Because they are so much more
massive, protons can rapidly tunnel over only a fraction of
the distance that an electron is able to (<1 Å vs ca. 20 Å),210

and proton movements within a protein are, therefore, usually
thermally activated. This means that when electron transfer
is coupled to proton transfer, as it is in the OEC, proton
transfer may be rate-determining. We can expect the OEC
and its environment to have been specifically designed to
transfer protons rapidly away from the active site and to the
lumenal surface of the protein.
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In our examination of the movement of protons and
electrons away from the OEC, we will first look at how the
oxidation state of the OEC changes with S-state and then
review the proton release pattern. Finally, we will ask how
the movements of the two types of particles are coupled
together. This matter has been illuminatingly examined, from
different perspectives, in two recent reviews.39,211

4.2. Oxidation State Changes in the OEC
It is widely assumed that the oxidation state changes in

the OEC are largely, or entirely, manganese-based. Early,
arguable evidence of this came from NMR measurements
of proton relaxation rates around the OEC, which change
according to the changing magnetic properties of the
manganese ions in different oxidation states.212-214 Optical
spectroscopy has also played an important role in character-
izing the S-state transitions.215 However, EPR and XAS
spectroscopies have yielded more detailed insights, and we
will concentrate on these results here.

There is most consensus concerning the S1 and S2 states.
Since the S2 state is paramagnetic (anS) 1/2 form yielding
the multiline EPR signal and anS ) 5/2 form theg ) 4.1
signal),216-218 it must be that the cluster giving rise to these
signals contains an odd number of half-integer spin ions.
Therefore, the S2 state must have an odd number of MnII or
MnIV ions or both, which are the only common Mn oxidation
states with half-integer spin. EXAFS spectroscopy (see
section 3.3) indicates the presence of Mn(µ-O)2Mn units,
which are only found in the+3 and+4 oxidation states.219

Indeed, a survey of the Cambridge Crystallographic Database
reveals that 90% of manganese complexes with a Mn‚‚‚Mn
distance between 2.65 and 2.75 Å have at least one of these
Mn ions in the+4 oxidation state. These facts, together with
XAS data (see below), have led researchers to the conclusion
that the S2 state contains either one or three MnIV ions, the
remainder being MnIII . Thus, the S2 tetramer oxidation states
may be either III, III, III, IV or III, IV, IV, IV. It is worth
noting that Thorp has used the method of “bond valence sum
analysis”, empirically relating EXAFS-measured bond lengths
to metal oxidation states, to argue for the latter option.220

Most researchers believe that this III, IV, IV, IV assign-
ment is correct, largely on the basis of three types of
experiment: XAS, X-ray emission spectroscopy (XES), and
EPR spectroscopy. The principal XAS technique in this
context is X-ray absorption near-edge structure, or XANES.
Whereas Mn EXAFS examines short-range scattering of a
manganese photoelectron, giving information about its sur-
roundings, XANES uses a lower X-ray energy. Instead of
being ejected, the manganese electron is promoted from a
core shell (usually 1s) to an outer shell (usually 4p). These
“X-ray edge” data give information about the oxidation state
of the manganese ion and have been important in monitoring
changes in manganese oxidation states through the S-state
cycle. (reviewed in refs 48, 131, and 132) However, it is
not so useful for assigningabsoluteoxidation states in the
OEC. Even in simple model compounds, it is difficult to
distinguish between MnIII and MnIV XANES spectra, and as
a result it has been estimated that there is a 25% uncertainty
in absolute oxidation state assignments.221 Some argue that
the technique’s uncertainty in the OEC is even higher; if (as
is likely) metal ligation changes accompany at least some
of the S-state transitions, XAS results might be so much
affected that the method becomes unreliable as a probe of
manganese oxidation states.162 However, XES is less affected

by metal ligation and has also been used to measure oxidation
state changes in the OEC222,223 with reference to model
compounds.224 All of these results suggest a III, IV, IV, IV
assignment for S2, a conclusion generally consistent with
EPR spectroscopy. The EPR data, though, are open to
different interpretations, because hyperfine coupling tensors
may be modeled in different ways. Zheng and Dismukes have
modeled cw EPR data as arising from a III, III, III, IV
configuration,225 although other investigators obtain a better
match with III, IV, IV, IV.161 Good evidence for the latter
assignment comes not from spectroscopy but from careful
stoichiometric chemical reductions of the OEC, which
eventually release MnII from the protein.226 XAS investiga-
tions of the chemically reduced S-1 state indicate a III, III,
III, III configuration,227 and oxygen-evolution and reactivity
studies of the stable S-3, as well as the labile S-4 and S-5

states, are consistent with this analysis.228

Changes in manganese oxidation states are more confi-
dently inferred from XANES and XES data than absolute
oxidation states, and there is considerable agreement that at
least three of the S-state transitions involve manganese
oxidation. Early XANES229 and UV/vis230 experiments
indicated manganese-based (MnIII f MnIV) oxidation in the
S1 f S2 transition, and this result has been confirmed several
times since.142,144,223,231-235 (These and other XAS results are
reviewed in refs 48, 131-134, and 236). This implies a III,
III, IV, IV oxidation state for S1, if one takes the consensus
assignment of III, IV, IV, IV for S2. XANES and XES
likewise indicate Mn-centered oxidation in the S0 f S1

state,144,223,233-235,237 so S0 is presumably either II, III, IV,
IV or III, III, III, IV. XANES of the S -1 state produced by
treatment of the S1 state with NH2OH has been interpreted
as indicating a III, III, III, III state,221 which would imply a
III, III, III, IV assignment for S0. Recent55Mn ENDOR
spectroscopy of the S0 state leads to the same conclusion,
with a notable absence of MnII.65 However, some XAS and
XES measurements have been taken to imply the presence
of MnII in S0.222,232,235,237Although there is mounting evidence
for a III, III, III, IV formulation for S0, it is too soon to
announce a consensus. It is, indeed, possible that the two S0

redox states are very near to one another in energy, so that
one or the other predominates under different conditions.

The nature of the oxidation in the S2 f S3 transition is
hotly contested. Some XAS researchers contend that Mn is
not oxidized in this step,48,223,234others the opposite.144,235

Reference 132 and the appendix of ref 223 contain useful
discussions of the experimental, data-analysis, and interpreta-
tive issues in this controversy. EPR spectroscopy indicates
that the OEC is converted from a half-integer-spin to an
integer-spin state, but this observation alone does not clinch
the argument for manganese oxidation, because it is possible
that a nearby oxygen or nitrogen radical couples to the
manganese ions in the cluster to produce an overall integer-
spin state. We think that manganese-based oxidations are
most likely in all of the S-state transitions, giving a IV, IV,
IV, IV oxidation state for S3. Pecoraro has presented a
thorough argument for this position based largely on an
analysis of XANES edge energies from different groups, as
well as by analogy with manganese model complex chem-
istry.141The all-IV S3 assignment would explain the unusually
low reactivity of S3 with some exogenous reductants,146

because the d3 Mn(IV) ions are expected to be inert to ligand
substitution reactions in an octahedral coordination geometry.
In any case, it should be noted that there is unlikely to be
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much (if any) correlation between the assigned formal
manganese oxidation states and actual charge densities in
the OEC. As recent results from resonant inelastic X-ray
scattering have indicated, the electron lost in the S1 f S2

step may be lost from a delocalized molecular orbital.187

4.3. The Proton-Release Pattern
Several groups have made accurate measurements of the

proton-release stoichiometries in each of the S-state transi-
tions. Indeed, the measured proton release stoichiometries
in solution are non-integer and pH-dependent.238-241,244,258,259,442

Many of the experiments have been performed on different
protein preparations and at different pHs, both factors that
cause substantial variation in results. The protons released
are a combination of the protons derived from water itself
and other indirect proton releases. These are presumed to
be due to pH-dependent, electrostatically induced pKa shifts
in ionizable species in and around the OEC.238 The intrinsic
proton release pattern from the OEC in the four observable
S-state transitions (S0 f S1, S1 f S2, S2 f S3, and S3 f
[S4] f S0) appears to be around 1,1,1,1 in spinach PSII core
preparations and around 1,0,1,2 in preparations that include
more protein subunits.238These variations make interpretation
a little difficult.238,239Broadly speaking, there have been those
who consider that the results from the core preparations
reveal more clearly the intimate workings of the OEC without
complication by extraneous subunits and those who consider
that the more complete, physiologically realistic preparations
are reliable because they avoid the structural deformities of
the core preparations.211 This latter view is supported by the
observations that (1) adding glycerol (a protein-stabilizing
agent) to a core preparation restores the approximate 1,0,1,2
proton release pattern240 and (2) a crystallizable core prepara-
tion, presumably highly homogeneous, exhibits the same
pattern.241

As well as measuring the protons released by the protein,
researchers have examined the changing electrostatic charge
at the OEC by measuring electrochromic band shifts in
chlorophyll UV/vis spectra.242,243Some work has confirmed
a correlation, albeit imperfect, between these spectral shifts
and the numbers of protons released from PSII-enriched
membranes.244,245The yield and rate of production of the S2

EPR multiline signal were early found to be independent of
pH,246 and although more precise experiments later found a
marked pH dependence in the multiline intensity,247 this does
not reflect a pH dependence in the S1 f S2 transition
efficiency, which is unchanged between pH 4 and 8.248 FTIR
spectroscopy likewise discerns no effect of pH on the S1 f
S2 efficiency.249 These studies point to a close link between
the S-state transition proton-release stoichiometry and the
charge developed at the OEC. Specifically, a positive charge
appears to arise as a result of the S1 f S2 transition, which
correlates with the removal from the OEC of an electron
but not a proton. Although other interpretations have been
offered,250 the charge-change interpretation of the chlorophyll
UV/vis spectral data is strengthened by noting that the
reduction of P680

+ (i.e., oxidation of YZ) is slower in the S2
f S3 and S3 f [S4] f S0 transitions than in the two earlier
transitions.40,251,252 Still more notable is the increase in
activation and reorganization energies in the latter two
transitions, obtained by measuring the temperature-depend-
ences of P680

+ reduction.156,253,254As a consequence, the S1

f S2 transition proceeds at temperatures as low as 140 K,147

whereas the S0 f S1 and S2 f S3 steps proceed only above

220 K.255,256Additionally, YZ is not oxidizable at 5 K when
the OEC is in the S2 or the S3 states, although it is in the
lower S-states.257 These observations are consistent with the
development of a positive charge near the tyrosine in the
second half of the catalytic cycle.

4.4. Thermodynamic Analysis of Water Splitting
Experimental efforts to understand the complicated redox

chemistry of the OEC have been accompanied by theoretical
considerations of the thermodynamics of water splitting. The
OEC must precisely couple its redox chemistry to that of its
substrate to ensure that a four-electron oxidation of water
occurs, with little or no production of intermediate oxidized
products (i.e., hydroxyl radicals, hydrogen peroxide, or
superoxide). To put the problem more quantitatively, a Frost
diagram of some important species is given in Figure 6.

In interpreting a Frost diagram, it is thegradientof a line
connecting two oxidation states that is the important quantity,
because this corresponds to the free energy of the redox
reaction. The steeper the gradient, the greater the driving
force (-∆G) for the conversion of the redox species higher
in the diagram to the one lower in the diagram. With this in
mind, we can immediately see that the four-electron oxidation
of water to dioxygen (dashed blue line) is an energetically
favorable path for the oxidation of water. It is certainly easier
than four sequential one-electron oxidations, because in that
case the first step (H2O to OH•) is very endergonic. Two
sequential two-electron oxidations (the dotted blue lines) look
at first glance a more plausible route, and as we shall see
below, this is actually the case.

The second fact highlighted by Figure 6 is that the one-
electron reduction potentials of the OEC are controlled in
such a way that by the time the S4 state is attained, its four-
electron accumulated oxidizing power is only just enough
to oxidize water to oxygen. Experimental evidence has
recently been obtained that the free energy change in the S4

f S0 transition, with accompanying oxygen evolution, is a

Figure 6. Frost diagram (nEvs relative oxidation number) showing
the cumulative reduction potentials of four species: the OEC307,383

in red (pH ) 6, referenced to S0); a single manganese ion437 in
green (pH) 6, referenced to Mn0); a hypothetical manganese
tetramer, without PCET, in magenta (see text for details, referenced
to MnIII

3MnIV); oxygen437-439 in blue (pH) 6, referenced to 2H2O;
the species shown on the solid blue line are 2H2O (0), H2O + OH•

(1), H2O2 (2), O2
-• (3), and O2 (4)). The blue long-dashed line

represents the four-electron S4/S0 couple. The two blue short-dashed
lines represent the two two-electron couples, S4/S2 and S2/S0. The
green dashed line represents the MnVII /MnIII couple. All reduction
potentials are given versus the standard hydrogen electrode (SHE).
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mere-7 kJ mol-1.30 Even though the S3 f S4 potential has
not been measured, we can infer that the overpotential for
water splitting is low by summing the potentials of the other
transitions, which are approximately known, and remember-
ing that the maximum potential available for the S3 f S4

step is that of the YZ•/YZ potential. This has been found to
be ca. 100 mV below that of P680,36 which in turn has been
recently estimated to be about 1.25 V,25,26 making the YZ

•/
YZ potential somewhere around 1.0-1.2 V.

If the earlier S-state transitions were higher in potential,
then there might be a risk of oxidizing water too soon in the
S-state cycle, producing H2O2. However, as the potentials
stand, this short-circuit reaction is unfeasible under normal
catalytic conditions, because the S2/S0 two-electron couple
(ca. 0.85 V) is considerably lower than the H2O2/H2O couple
(1.48 V). The OEC has been designed to increase its
oxidizing power steadily, without the large successive
increases in oxidation that one might expect if positive
charges were constantly accumulating at the center (see
below).

If we now turn our attention to the green data in Figure 6,
representing free manganese, we see that a single ion of this
element would be most ill-suited to the task of oxidizing
water to dioxygen. The only suitable four-electron couple
available would be MnVII /MnIII (dashed green line), but it
would be difficult to prevent the ion from being further
reduced to MnII, which is a notable thermodynamic sink in
the redox chemistry of isolated manganese. More comparable
to the OEC are the magenta data in Figure 6, which show
the estimated reduction potentials of a hypothetical manga-
nese tetramer, which loses four electrons but no protons in
its successive oxidations. We have used two pieces of
experimental data to produce these estimates. The first is
the reported reduction potential of ca. 1.7 V vs SHE for the
Mn4

III,III,IV,IV /Mn4
III,III,III,IV couple in an OEC model compound

synthesized by Christou and co-workers.260 We have used
this as a rough estimate for the S0/S1 couple if proton transfer
did not occur. The second experimental result that we have
used is the successive ca. 0.54 V increase in reduction
potentials of a dimeric manganese model compound under-
going three oxidations, from Mn2

II,II to Mn2
III,IV .261 (In

contrast, PCET has been found to reduce the increase in
successive reduction potentials in Mn complexes to a little
over 0.1 V).262 We see that the increases of these estimated
“electron-only” reduction potentials of the OEC are ex-
tremely large, far higher than that of P680

+. Indeed, this
hypothetical S2 state is high enough in energy that if it were
attainable, it would certainly oxidize water to H2O2.

Careful and quantitative analysis of the thermodynamics
of water splitting at the OEC has been carried out by
Krishtalik.263,264 He concluded that although the concerted
four-electron process is the most energetically favorable (this
is apparent from examining the reduction potentials), the
reorganization energy for a true concerted four-electron
oxidation is prohibitively high and a more likely reaction
pathway is that of two two-electron reactions. Furthermore,
this pathway (or any other pathway) would not be favored
by strongly binding the partially oxidized intermediate(s),
because whatever energetic advantage one thus gains in a
certain step is lost in the succeeding step. Krishtalik reasoned
that the reaction would instead be favored by strongly binding
product protons throughout the cycle to a species whose pKa

varies according to the oxidation state of the manganese
cluster. Such a base would be able to accept a proton from

the OEC/water complex as it is oxidized and lose the proton
before the next S-state transition, in preparation for the next
proton-coupled electron transfer.

4.5. Tyrosine Z and the Hydrogen Abstraction
Model

The immediate oxidant of the OEC Mn cluster, itself
oxidized by P680

+, is tyrosine-161 of the D1 subunit, YZ.35,36

Babcock and co-workers,265-268 along with Britt and co-
workers,88 were the first to suggest that this tyrosine might
act as the redox-coupled base whose existence had been
previously postulated by Krishtalik (Figure 7). These authors
used several lines of evidence to reach this conclusion. First,
they noted that ENDOR spectroscopy had shown that YZ

was very close to the manganese cluster, at a distance of
less than 5 Å.88 (Later EPR work gave longer distances, see
section 3.3). Second, they noted that EPR spectroscopy
indicated that the hydrogen-bonding environment of YZ is
disordered and complex,269-273 which would be consistent
with the mobility required if YZ were to dispose of its
acquired proton to bulk. (This work was, however, conducted
using OEC-depleted PSII particles, and degradation of the
OEC has been found to affect its environment substan-
tially).84,156,274,275Third, they noted that the O-H bond energy
in the phenolic tyrosine side chain (362 kJ mol-1)276 is similar
to that measured in model manganese compounds. For
instance, the bridging hydroxide ligand has a bond dissocia-
tion energy of 318 kJ mol-1 in MnIIIMnIV(µ-O, µ-OH)salpn2,
where salpn) N,N′-bis(salicylidene)-1,3-propanediamine.277

This correspondence makes it plausible that the YZ
• radical

might remove a hydrogen atom from water or hydroxide that
is coordinated to high-valent manganese.

It is important to stress that the pKa’s of the reduced and
oxidized forms of tyrosine are very different (ca. 10 and-2,
respectively),278 so it is likely that the residue will both gain
a proton upon reduction and lose a proton upon oxidation.
There is, indeed, experimental evidence for this in the case
of YZ, from pH and isotope effects examined by UV/vis and
EPR spectroscopy.270,275,279-281 (Some optical spectroscopic
studies have suggested that reduced YZ exists as a tyro-

Figure 7. The YZ hydrogen-abstraction hypothesis advanced by
Babcock and co-workers.265 Note that this figure makes use of a
“2 + 2” or “dimer-of-dimers” Mn arrangement, but the theory does
not depend on this. Reprinted with permission fromScience(http://
www.aaas.org), ref 265. Copyright 1997 American Association for
the Advancement of Science.
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sinate282ssee, though, ref 211. Nugent and co-workers have
argued that YZ exists as a tyrosinate, for example in ref 283).
A concerted electron/proton-transfer mechanism has been
indicated by a recent thermodynamic analysis in manganese-
depleted PSII.284 It is particularly revealing that the nano-
second H/D kinetic isotope effect of YZ oxidation in the intact
OEC is almost unity,154,157,270,285-287 a result that is consistent
with the presence of a hydrogen-bonding network stabilized
by the complete cluster, which would facilitate proton
movement around YZ.288-292 D1-His190 is widely believed
to be the immediate proton-exchange partner for YZ, on the
basis of experiments conducted on site-directed mu-
tants168,169,280,281,293and, now, on the basis of the PSII
crystallographic structure.52,53 Since YZ may be photo-
oxidized at very low temperatures (5 K), at least in the lower
S-states, it has been suggested that the side chain accepts
and releases its proton via a short hydrogen bond,257,294 as
the analogous tyrosine, YD, is proposed to do in the D2
subunit.295-298 The debate as to whether YZj is really
protonated or not is to some extent semantic; it may be that
the proton, both in the oxidized and in the reduced states of
YZ, is located somewhere between the phenolic oxygen and
its hydrogen-bonding partner. It has been suggested252 and
subsequently discussed39,286 that YZ (or YD or both) might
be linked to its histidine proton acceptor via symmetric “low-
barrier hydrogen bonds”.299 If such a bond existed, it would
imply that the pKa’s of the paired tyrosines and histidines
were the same. The proton-coupled redox chemistry of YZ

and YD is discussed in a recent review.34

Although the precise location of the YZ proton may not
be crucial, the source and destination of the proton are
certainly important. Contrary to the hydrogen-abstraction
hypothesis, during the S-state transition thesameproton
might remain near YZ, moving only the small distance
between YZ and D1-His190 according to the redox state of
YZ. This “proton-rocking” hypothesis has been notably
espoused by Junge, Rappaport, and Renger, along with
their respective co-workers, largely on the basis of time-
resolved optical spectroscopy and proton release measure-
ments.252,275,286,300-302 Additional evidence for this theory
comes from the observation that proton release coupled to
YZ oxidation is found (albeit in Mn-depleted protein) to be
pH-independent below pH 5, whereas the pKa of YZ

+• is
-2.300 According to the proton-rocking hypothesis, oxidation
and reduction of YZ exerts a variable electrostatic effect on
the OEC through the constrained movement of this proton.
This hypothesis has been more recently adopted to explain
results obtained from EPR spectroscopy,285,303-305 with
Petrouleas and co-workers describing YZ as an electron
abstractor (when it oxidizes the OEC) and proton repeller
(when it is itself oxidized by P680

+).303Styring and co-workers
have also published detailed models of the reactions of
YZ in different S-states and protonation states of the
OEC,92,247,248,257,306-308 paying particular attention to the pH-
dependent redox equilibria between the states SnYZ

• and
Sn+1YZ.

5. Proposed Mechanisms of Oxygen Evolution

5.1. Historical Overview
There have been many proposals for the mechanism of

water oxidation over the years. The first substantial efforts
came in the late 1970s (see, for instance, ref 309), although
these were hampered by the scanty experimental data

available at the time (reviewed in refs 58 and 310). The 1980s
saw the first structural proposals for oxygen evolution from
the OEC.205,311 These made use of advances in inorganic
model chemistry312 and postulated that the O-O bond of
dioxygen formed between two manganese-bridgingµ-oxide
ions. This reaction was suggested to occur either in an
adamantane-like Mn4O6 cluster205 or in a cubane-like Mn4O4

cluster,311 both structures being formed late in the S-state
cycle. Reviews of the state of opinion in this period may be
found in refs 80, 298, and 313-316. A selection of more
recent reviews and proposals are to be found in refs 20, 39-
41, 78, 79, 83, 131, 134, 162, 211, 265, 278, 283, 315, and
317-326. Because there are so many mechanistic proposals,
it is impossible to examine or even to mention them all. We
have chosen a few of the more prominent hypotheses that
we think demonstrate important topics in the field.

5.2. Some Current Proposals for Water Oxidation
Categorized by the Method of O −O Bond
Formation
5.2.1. Coupling Reactions Involving an Oxyl Radical

As noted in section 4.2, there is some XANES evidence
that the S2 f S3 transition involves the oxidation of a species
other than a manganese ion. This observation has inspired a
number of mechanistic proposals in which the S3 state of
the OEC comprises an oxyl radical, which goes on to react
with another oxygen atom in the S4 state to produce
dioxygen.

Yachandra and Co-workers.Yachandra and co-workers
have proposed48,83,236that the oxidations in both the S2 f S3

and S3 f S4 transitions are centered on manganese-bound
oxygen atoms, rather than on the manganese ions themselves.
The resulting radicals are then suggested to couple together,
forming the O-O bond of dioxygen (Figure 8). If both of
the oxyl radicals are manganese-bridgingµ-oxos, this implies
a µ-η2:η2-peroxo intermediate.83,236 This reaction has a
precedent in dimeric copper chemistry, where under some
circumstances there is a finely balanced equilibrium between
the bis(µ-oxo)dicopper(III) and the (µ-η2:η2-peroxo)di-
copper(II) form (Figure 9).327-329

The oxidation of a manganese-bridging oxide in the S2 f
S3 transition is compatible with the increase in the average
Mn-Mn distance seen by EXAFS,145 as well as with the
view that XANES data do not support a manganese-centered
oxidation in this step.223 The second oxyl radical, formed in
the S3 f S4 transition, has been suggested to be a bridging,
terminal, or exogenous oxygen.48,330The shortening of what
seems to be a 2.85 Å Mn‚‚‚Mn distance in the S0 state to a
2.7 Å distance in S1143,331inspired the suggestion that aµ-oxo
bridge is deprotonated in the S0 f S1 step.236,332

The proposal of Yachandra and co-workers was originally
incorporated into the then-prevailing 2+ 2 “dimer-of-
dimers” structural model of the manganese cluster, which
was mostly based on EXAFS measurements.135,333 This
structure was later found to be incompatible with55Mn
ENDOR results,64 which indicated instead a 3+ 1 arrange-
ment of Mn ions (see section 3.3). The proposal that bridging
oxyl radicals couple to form dioxygen is, however, compat-
ible with more recent structural proposals, as shown in Figure
8.48 These are consistent with both EXAFS and pulsed EPR
data and can incorporate calcium into the OEC.131,330,332

Messinger and Co-workers. Messinger has recently
formulated a detailed mechanistic cycle334 using a slight
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modification of the 3.5 Å resolution crystallographic model
of the OEC.53 Although a “nucleophilic attack” mechanism
(see section 5.2.3) was seriously considered, the author
ultimately favored a radical mechanism, in which the O-O
bond is formed by the radical coupling of a terminal O atom
(bound to Mn(4)) with aµ3-oxide ligand of the cuboidal
cluster (see Figure 10).

A major advantage of this scheme is that it provides a
clear rationale for the shortening of a Mn‚‚‚Mn distance from
2.85 to 2.7 Å in the S0 f S1 transition29 by proposing in
this step the deprotonation of a Mn-bridgingµ-oxo ligand
in the cuboidal cluster. The surprising mass spectrometric
finding that the substrate water molecule with the slower
rate of exchange with bulk water (kex) is associated with
calcium85 is explained by including this water as aµ3-

bridging oxide ligand between calcium, Mn(2), and Mn(3).
Furthermore, this substrateµ3-oxide is somewhat discon-
nected from Mn(4) by modifying the crystallographic model
of Ferreira et al.,53 linking Mn(4) to the cuboidal cluster not
via the substrate oxide but by aµ2-oxo bridge to Mn(3). This
was done to accommodate a second mass spectrometric
finding, that the slower-exchanging substrate water increases
its kex roughly 100-fold in the S1 f S2 transition, that is,
upon the oxidation of Mn(4). It was furthermore found
necessary to suggest a change in the hydrogen bonding of
this substrate oxygen (the formation of a new hydrogen bond
with the other substrate water) in order to comprehend the
increasein kex upon manganese oxidation.

Siegbahn and Co-workers.Siegbahn and co-workers
have used density functional calculations to examine the
mechanism of water splitting. Previous results from this
group suggested the likelihood of oxyl radical formation in
the S3 or S4 state.322 They have applied their methods most
recently to the 3.5 Å resolution crystallographic structure of
the OEC.208,335Their results indicate that a structural change
is required in order to attain the S3 state, a change suggested
to be induced by the oxidation of Mn(4) (see Figure 5) and
the associated deprotonation of a water ligand of Mn(3) in
the S2 f S3 transition. Calculations indicate that this newly
formed hydroxide now ligates Mn(4), forming a newµ-oxo
bridge between the two manganese atoms. This result is in
agreement with the EXAFS experiments of Dau and co-
workers134 (see below), which were interpreted by the authors
to indicate the formation of a new 2.7 Å Mn‚‚‚Mn distance
in this step. It is suggested that this bridging hydroxyl
provides one of the dioxygen oxygen atoms, the other coming
from external water.322,335 However, analysis of this final
O-O bond-forming step has not been completed.

Dau and Co-workers. Dau and co-workers134 have
suggested that the O-O bond is formed by the reaction of
a hydroxyl radical with a terminal oxyl radical species in
the S4 state (Figure 11A). An important feature of this model
is that the Mn-µ-oxide moieties act as redox-active bases
in the water-splitting reaction, a role previously suggested
by Messinger, Wydrzynski, and co-workers.336 They are
suggested to abstract hydrogen atoms from the substrate
water molecules late in the S-state cycle, with the manganese
ion accepting an electron and theµ-oxide accepting a proton.
The first such hydrogen abstraction, from an exogenous water
molecule, gives a hydrogen-bonded hydroxyl radical. After
this has reacted with a terminal oxyl ligand to form a
manganese-bound peroxo intermediate, another Mn-µ-
oxide moiety abstracts a hydrogen atom to induce dioxygen
loss.

The authors account for their EXAFS data in all four
accessible S-states134,144,193,337by proposing the following:
(a) the deprotonation of aµ-oxide ligand in the S0 f S1

step, resulting in the shortening of this Mn‚‚‚Mn distance
from 2.85 to 2.7 Å and (b) the formation of a newµ-oxide
bridge in the S2 f S3 transition (Figure 11B). The latter
accounts for the appearance of a new 2.7 Å Mn‚‚‚Mn vector
in the S3 state and is also compatible with the idea that the
S2 f S3 transition involves some structural reorganization
(see section 3.3). Dau and co-workers further hypothesize
that the formation of this newµ-oxo bridge is induced by
the oxidation of a five-coordinate, Jahn-Teller-stabilized
MnIII ion in the S2 state to the MnIV oxidation state in S3.134

Figure 8. Recent mechanistic proposal of Yachandra and co-
workers. Reprinted from ref 48. Copyright 2005 Springer.

Figure 9. Characterized equilibrium between bis(µ-oxo)di-
copper(III) and (µ-η2:η2-peroxo)dicopper(II) from the work of
Tolman and co-workers. Reprinted from ref 329. Copyright 2004
American Chemical Society.
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5.2.2. Coupling of Two Mn-Bridging Oxo Ligands across
the Face of a Cuboidal Cluster

Dismukes and co-workers have advanced the “Jack-in-
the-Box” hypothesis of dioxygen formation, based on the
reactivity of their model tetranuclear Mn4O4 complexes.338

Their proposal is a version of the “double-pivot” mechanism
of Vincent and Christou,311 one of the earliest structural
mechanistic proposals for the operation of the OEC (Figure
12). The cuboidal cluster is proposed to convert upon
oxidation to a Mn4O2 “butterfly” core arrangement, losing
two oxygen atoms in the form of dioxygen.

As may be seen from Figure 12, both oxygens of the bound
peroxide intermediate are coordinated by three manganese
ions. An early theoretical study of the reactivity of an OEC
model compound using the extended Hu¨ckel method con-
cluded that there was an advantage in coordinating a peroxy
intermediate in O2 evolution (the S4′ state) by three or even
four Mn ions.339 (An alternative, planar geometry for the
tetracoordination of this species was proposed earlier by
Lippard and co-workers).340

There is evidence for this mechanism of dioxygen produc-
tion in the gas phase338 where it is stimulated by the

absorption of low-wavelength UV radiation. Absorption
(even at higher powers) of higher-wavelength radiation did
not have the same effect, pointing to a specific photolytic
reaction rather than to a thermal origin. (Manganese oxide
compounds are known in general to release dioxygen upon
heating; see, for example, ref 341). To strengthen this inter-
pretation, other manganese-oxo complexes treated in the
same way did not produce dioxygen in significant yield.342

Dismukes and co-workers have also used their tetrameric
compounds, in combination with a peroxide oxidant, to
oxidize organic substrates. One proposed mechanism is via
a reactive MnVdO intermediate.343 Such intermediates have
been characterized in UV-treated Mn-porphyrins.344,345

In solution, proton-coupledreduction of the inorganic
Mn4O4 complex has been found to induce the loss of two
µ-oxo bridges as water and to form the Mn4O2 “butterfly”
product. This is the reverse of a hypothesized hydration
reaction, constitutingoxidatiVe formation of the cuboidal
cluster, which might then further react oxidatively as it does
in the gas phase (see above).346 Indeed it is on the basis of
these reductive experiments in solution that the gas-phase
photolyzed product has been assigned, because it has not

Figure 10. Recent mechanistic proposal of Messinger, based in part upon the crystallographic model of Ferreira et al.53 Reprinted with
permission of the PCCP Owner Societies from ref 334. Copyright 2004 Royal Society of Chemistry.
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itself been isolated or characterized. The proton-coupled
reductions of the tetrameric complexes have been extensively
analyzed.347,348 A particularly interesting result is that the
O-H bond at theµ3 corner oxide in the Mn4IV,IV,III,III complex
is considerably stronger than the tyrosine phenol O-H
bond,348 arguing against the likelihood of hydrogen atom
abstraction from this position in the OEC by YZ.

5.2.3. Attack of a Terminally Bound Water or Hydroxide
upon a Terminal MnVdO

Precedents in Model Chemistry.Naruta and co-workers
have characterized a dinuclear MnV porphyrin complex that
oxidizes water to dioxygen, potentially catalytically (see
Figure 13).349

Oxomanganese(V) porphyrin complexes have been char-
acterized previously (see, for examples, refs 344 and 345)
and can perform organic oxidations.350-352 More stable non-
porphyrin MnV oxo compounds are also known,353-356 which
may be activated as oxidants by tuning the electron-donating
properties of the Mn ligands.357 A dimeric Mn2

III,IV compound
that evolves dioxygen upon chemical oxidation has been
postulated to act via a terminal MnVdO intermediate.358,359

The longest-studied catalyst of water oxidation to dioxygen
is the Ru2 dimer family,360,361which also appears to operate
via a terminal RuVdO species.362,363 The first to suggest a
comparable “nucleophilic attack” mechanism of O-O bond
formation in the OEC were Messinger, Wydrzynski, and co-
workers.336

Figure 11. Mechanistic proposal of Dau and co-workers. Part A deals with the O-O bond-forming reaction (S3 f [S4] f S0), while part
B assigns OEC structures, based on EXAFS measurements, throughout the S-state cycle. Part A reprinted with permission from ref 134.
Copyright 2001 Elsevier. Part B reprinted from ref 144. Copyright 2005 American Chemical Society.
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Mn-OH as Attacking Group: Separation of Oxidizing
Power from Substrate Waters.Wydrzynski and co-workers
have advanced a theory of water splitting in the OEC on the
basis of their measurements of the rates of exchange (kex) of
ligand waters in various S-states. These results may be
summarized as follows. They have found, first, that at least
one substrate water molecule is bound throughout the
catalytic cycle, and the other at least by S2.364 Each has a
distinctly different kex up to and including the S3 state,
presumably indicating chemically different coordination and,
therefore, that O-O bond formation is delayed until the S4

state (or, perhaps, the S3YZ
• state, see below). Second, these

waters (in whatever protonation state) are able to exchange
with bulk water on the second time scale up to the S3 state.
Although measurements of manganeseµ-oxo ligand ex-
change rates were not available, Wydrzynski and co-workers
proposed, on the basis of comparison with some other
metal-oxo complexes, that these OEC exchange rates are
too fast to be consistent with manganese-µ-oxo exchange.365

They conclude from this that the two substrate waters are

bound as terminal ligands to manganese. Third, principally
because of anincreasein the slowerkex on going from S1
f S2, which they take to be incompatible with the oxidation
of a substrate-water-binding manganese, Wydrzynski and co-
workers suggest that the substrate-water-binding manganese
ions are separate from those manganese ions that are oxidized
in the first three S-state transitions (Figure 14).365 This is
reminiscent of a much earlier proposal by Wydrzynski,366

as well as a contemporary proposal by Pace and co-
workers.367,368

Renger and co-workers have proposed that the O-O bond
is formed in a bound peroxide redox isomer of S3, which
dominates in the S3YZ

• state.39,40In fact, in our nomenclature,
this corresponds to an equilibrium between the S3YZ

• and
S3′YZ

• states. This proposal accounts for the very quick
release of O2 upon oxidation of the OEC by YZ•,301,369leading
in this proposal not to a distinct S4 state but directly to S0(O2).
A longer lag phase has been reported in the S3YZ

• f S0YZ

step, however,370 which might more easily accommodate the
formation of a discrete S4 intermediate.

Ca-OH or Ca-OH2 as Attacking Group. Pecoraro and
co-workers (see Figure 15),78 as well as ourselves,79,81 have
postulated a specific role for calcium in ligating one of the
substrate waters. This ligated water79 or hydroxide78 forms

Figure 12. Mechanistic proposal of Christou and co-workers.
Dismukes and co-workers also favor a Mn4 cuboid/butterfly cycle,
with O-O presumably formed across the face of the cuboidal form
of the OEC. Reprinted with permission from ref 311. Copyright
1987 Elsevier.

Figure 13. Linked Mn porphyrin complex of Naruta and co-
workers, oxidizable to the MnV, MnV state with subsequent loss of
dioxygen. Reprinted with permission from ref 349. Copyright 2004
John Wiley and Sons.

Figure 14. Mechanistic proposal of Wydrzynski and co-workers,
based on time-resolved mass-spectrometric measurements tracking
18O. Reprinted from ref 440. Copyright 2000 American Chemical
Society.
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the O-O bond of O2 by attacking the oxygen of a terminal
MnVdO species in the S4 state (Figure 15).

Hendry and Wydrzynski have provided direct evidence
from 18O-exchange mass spectrometry measurements85 that
calcium is involved in binding one of the substrate waters.
Upon calcium depletion and reconstitution of the OEC with
strontium, thekex value of theslower-exchangingsubstrate
water increased by around 3-4-fold, while that of the faster-
exchanging substrate water was unchanged. The authors of
the study noted that one could interpret this result by
assuming that calcium (or strontium) ligates the slow-
exchanging substrate water, whereas the faster-exchanging
water is bound only to manganese.85 It is important to note
that thekex of the slower-exchanging water was found to be
around 108 times slower than thekex value ofg108 s-1 found
for [Ca(H2O)6]2+ by acoustic methods.443 Hendry and
Wydrzynski accounted for this discrepancy by hypothesizing
that the calcium-bound, slow-exchanging water is bound in
one of two ways: either as a bridging ligand between Ca2+

and one of the Mn ions or by forming a hydrogen bond to
a bridging oxygen atom of a Mn2(µ-O)2 unit.85 Hendry and
Wydrzynski quantified their analysis by applying the Eyring
relation to the pKa’s of the two hydrated ions, [Ca(H2O)6]2+

or [Sr(H2O)6]2+. This is because both the hydration enthalpies
and the pKa’s of hydrated divalent metal ions are proportional
to Z2/r, whereZ is the charge of the cation andr is the length
of the M-O bond.371 (Intuitively, we recognize that more
acidic hydrated cations, with largeZ2/r values, have stronger
M-O bonds, which means that they exhibit lowkex values.)
If we assume that the entropies of hydration are similar, one
can write log(k′/k) ≈ ∆(∆Ghydration) ≈ ∆pKa. The 3-4-fold
difference betweenkex

Ca and kex
Sr matches the 0.51372 differ-

ence between the pKa’s of [Ca(H2O)6]2+ and [Sr(H2O)6]2+

(log 3.2) 0.51). This correlation was surprising, because it
implies that Ca2+ binds the slow-exchanging water while the
fast-exchanging water is presumably bound to Mn3+ or

Mn4+.85 As noted above, Hendry and Wydrzynski hypoth-
esized that the slow-exchanging substrate water is associated
with both calcium and manganese.85 However, quantum
mechanical calculations indicate that calcium’s real electro-
static charge in the OEC is likely to be higher than that of
the manganese ions, making possible the terminal ligation
of the slow-exchanging substrate water to calcium.188 Ad-
ditionally, on the basis of manganese model-compound
studies, a metal-bridging water is likely to exchange with
bulk very much more slowly than eitherkex observed in the
OEC.373 Finally, we must consider not only the intrinsic
substitution kinetics of the metal ions in the OEC but also
the ease with which water can access each of the metal ions.
Both the 3.0 Å and the 3.5 Å resolution crystal structures
show that the start of the proton-exit channel (D1-Asp61) is
close to Mn(4) and far from Ca2+.52,53 This channel is
probably full of water, serving as the conduit for water
exchange.189 If Mn(4) binds substrate water, then one would
expect this water to move in and out of the protein more
rapidly than the calcium-bound water, other things being
equal. It is possible that the variation of the slow-exchanging
substrate water’skex with S-state (notably a 100-fold increase
on going from S1 to S2) is due to changes in hydrogen-
bonding connections around the OEC that permit or block
water movement to calcium.

Evidence that calcium has a mechanistic role also comes
from work in which a variety of mono-, di-, and trivalent
metal ions were substituted into the calcium site.374 Results
are consistent with a size-selective binding site, preferentially
binding those di- and trivalent ions that are similar in size
to calcium. Strikingly, however, only Sr2+ is found to restore
oxygen-evolving activity to a significant extent.68,374-376 We
conclude that it is the similarity in the pKa of the calcium
and strontium metal-aqua complexes that accounts for
strontium’s restorative ability.374 Cd2+, although very similar
to Ca2+ in ionic radius,276 forms a hexaqua ion with a pKa

almost four units lower than that of Ca2+ 372 and does not
restore oxygen evolution. This has been interpreted to mean
that metal-boundwater, rather than hydroxide, is the active
species in nucleophilic attack of the proposed MnVdO
species.79 EXAFS spectroscopy has shown that replacing
calcium with either Sr2+ or Dy3+ has little effect on the
structure of the OEC.82,138Based on the observation that the
binding of di- and trivalent cations to the OEC is equivalently
dependent on their ionic radii, it was concluded that Dy3+

might bind as a divalent Dy3+-OH unit, with a net charge
of +2.374 These results also indicate that Ca2+ binds water,
giving the moiety an overall charge of+2, rather than
hydroxide, which would give a charge of+1. This conclusion
is again consistent with the reaction of a calcium-bound water
in the O-O bond-forming step.

6. Discussion of Proposed Mechanisms
Such is the size and complexity of the literature on PSII

that it is possible to find some experimental support for all
of the above ideas. Having said that, we feel that there are
some key features that must be included in a useful model
and, likewise, some data that definitely weigh against some
of the proposals. For instance, models that invoke the
incorporation of one or both of the substrate waters as metal-
bridging oxo units are disadvantaged by the relatively fast
rates of substrate/bulk water exchange measured by time-
resolved mass spectrometry.365 Recent results from our
laboratory,373 as well as examination of other high-valent

Figure 15. Mechanistic proposal of Pecoraro and co-workers,
incorporating a dimer-of-dimers Mn structure along with the YZ
hydrogen abstraction hypothesis. The O-O bond is formed by the
attack of a calcium-bound hydroxide upon a MndO group.
Reprinted with permission from ref 78. Copyright 1998 IUPAC.
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metal-oxo complexes,365 indicate that rates ofµ-oxo ligand
exchange within the OEC, in any of the S-states, would be
several orders of magnitude slower than the observed rates
of substrate water exchange. This indicates that the substrate
waters are incorporated into the OEC as terminal ligands,
not asµ-oxo ligands, up through the S3 state.

The two mechanistic elements that we feel are particularly
important to address are these: the role of calcium in the
OEC and the movement of protons away from the OEC. The
fact that several metals can replace calcium in the OEC
structurally72,74-76,82,137,375,377-380 but that optimal catalytic
activity depends principally on the metal’s acid/base proper-
ties374 seems to us highly significant. The most recent
crystallographic models of the OEC52,53 are consistent with
the reaction of a calcium-bound terminal water with a
terminal oxo group on the dangler Mn(4) ion189,381and thus
with the proposals of Pecoraro and co-workers78 and
ourselves.79 Oxygen atoms bound to metal ions separated
by 4.6 Å (ref 52) or 3.9 Å (ref 53) may come close enough
together to react in the S4 state. As mentioned above (section
5.2.3), the binding of a substrate water to calcium is also
supported by18O mass spectrometry.85 It should be noted,
though, that the crystal structure is not of a sufficiently high
resolution to identify water molecules, and their locations
must be inferred from simple coordination chemistry53,382or,
better, from computational modeling.188,189,381

On the subject of proton transfer, it is important to note
that coupled proton and electron transfers appear to be
particularly important in the S2 f S3 and the S3 f [S4] f
S0 transitions. It is these transitions, in the latter half of the
catalytic cycle, that operate with the lowest driving ener-
gies30,383and are, therefore, most in need of thermodynamic
assistance obtained from strong proton binding.263 This is
corroborated by the fact that in PSII-enriched membranes,
only the S2 f S3 and the S3 f [S4] f S0 transitions are
blocked at high pH, with apparent pKa’s of deactivation of
9.4 and 8.0, respectively.248 It is hypothesized that this
deactivation is associated with a decrease in the reduction
potential of YZ so that it is unable to oxidize the OEC in the
higher S-states.248 (T. elongatuscore complexes reveal no
such high-pH block in their S2 f S3 and S3 f [S4] f S0

transitions, an observation that may correspond with the
lower reduction potentials of the OEC in the S2 and S3 states
in T. elongatusPSII than in spinach PSII).249 Furthermore,
as previously discussed in section 4.3, ET between the OEC
and P680

+ is markedly slower in the S-state transitions beyond
S2 than in the early steps,40,251,252and these steps have greater
activation and reorganization energies than the previous
steps.156,253,254We remind the reader that it is the S2 f S3

step that is blocked by the absence of calcium72-74,87-89 or
chloride,89,96,105,107,108as well as by the presence of fluo-
ride104,109,112,147,148and acetate89,149-153 inhibitors. The sensitiv-
ity of this step to these inhibitory treatments may be related
to the transition’s peculiar dependence on PCET. There is
evidence that calcium84,92and chloride109 are involved in the
maintenance of a hydrogen-bonded network around the OEC
and that their removal disturbs proton transfer. Acetate, the
best-studied of the inhibitors, binds competitively with
chloride101 and, by presenting a methyl group in place of
chloride, presumably disrupts the native hydrogen-bonding
environment.

These considerations have made it important to understand
the precise mechanism of proton transfer away from the OEC
during turnover. Both Pecoraro78 and ourselves79 adopted the

idea of tyrosine Z as a hydrogen atom abstractor,88,265-267 at
least in some of the S-state transitions. The recent X-ray
crystal structures52,53 show the phenolic oxygen of YZ to be
5 Å away from calcium, the closest cluster atom, and 8 Å
away from the furthest manganese atoms, distances that are
consistent with recent EPR measurements.163-166 Although
this distance between the cluster and YZ is too long for a
Mn-coordinated water to lose its protons directly to YZ, it
would still be possible to envisage proton transfer through
an intermediary water or hydroxide.384 However, the crystal
structure also indicates that there is a proton-exit pathway
of acid/base amino acid residues (within a mostly hydro-
phobic region), which leads away from the OEC cluster to
the lumenal surface at roughly 90° to the cluster‚‚‚YZ vector.
YZ is shown to be within hydrogen-bonding distance of D1-
His190, as predicted,168,169,280,281,293but neither residue is
connected to this proton-exit pathway. While it is possible
that future, better-resolved structures will show that YZ is,
after all, connected to the proton exit channel (perhaps by
D1-Gln165), the balance of evidence has significantly shifted
away from the idea that YZ acts as a catalytic base. What
species, then, does extract protons from the OEC/water
complex?

7. Development of a Structure-Based Mechanism
of Water Splitting

7.1. Proposed Identity of the Redox-Coupled
Catalytic Base

Both the 3.5 Å resolution53 and the 3.0 Å resolution52

X-ray crystal structures show that the side chain of an
arginine residue, CP43-Arg357, approaches close to the
proposed “active face” of the OEC cluster, between Ca2+

and the dangler Mn(4). Both structures show that the distance
between the closest nitrogen of the arginine side chain and
Mn(4) is about 5 Å. Molecular-mechanics calculations, based
on the 3.5 Å resolution crystallographic structure, show that
the guanidinium side chain plausibly makes several hydrogen-
bonding contacts with the water or hydroxide ligands or both
of Ca2+, Mn(4), and Mn(3).189 In this way, it is linked to the
two proposed substrate water ligands, one of which is bound
to Ca2+ and the other to Mn(4). Through the latter linkage,
as well as perhaps through the Mn(4)-ligating D1-Asp170
residue, CP43-Arg357 is linked to D1-Asp61, which is the
start of the proton-exit channel identified crystallographi-
cally.53 The 3.0 Å resolution crystal structure52 confirms that
D1-Asp61 lies less than 5 Å away from Mn(4), on the other
side of the cluster from YZ. Additionally, FTIR spectroscopic
experiments (using15N-labeling) have been tentatively
interpreted in terms of S-state dependent arginine vibrational
frequencies,175 an interpretation consistent with the close
proximity of arginine(s) to the OEC.

The highly conserved385 and functionally important386

CP430-Arg357, therefore, appears to be uniquely well
positioned to abstract protons from the proposed substrate
waters of the OEC and to deliver them to the proton-exit
pathway. We have recently proposed that CP43-Arg357
indeed acts as the catalytic base in the S2 f S3 and S3 f
[S4] f S0 transitions of the OEC.382 Instead of YZ itself
abstracting protons from the water/OEC complex, we suggest
that, in the later S-states, oxidation of YZ decreases the pKa

of CP43-Arg357 so that its guanidinium side chain depro-
tonates to bulk. This electrostatic effect is achieved by the
confinement of positive charge at the YZ/D1-His190 pair,
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rather than the loss of the phenolic proton to bulk (see
following paragraph). Subsequent oxidation of the OEC is
accompanied by reduction of YZ and concomitant neutraliza-
tion of the positive charge on the YZ/D1-His190 pair. This
neutralization causes the pKa of the CP43-Arg357 side chain
to rise to its previous value, and it accepts a proton from the
Mn(4)-bound substrate water as Mn(4) is oxidized, causing
the pKa of its bound water to fall. In other words, we propose
that bifurcated PCEToccurs, in which the electron passes
to YZ (before going on to P680

+) and the proton passes to
CP43-Arg357 (before going out to bulk). (The possibility
of such a bifurcated mechanism has previously been noted
by Renger).40 CP43-Arg357 plays the role of a redox-coupled
base in the reaction, whose presence was predicted by
Krishtalik on thermodynamic grounds.263 The residual oxy-
gen evolution of the CP43-R357S mutant examined by
Knoepfle et al.386 may be explained by postulating that some
other nearby residues or even CP43-Ser357 itself may
inefficiently accept protons from the Mn(4)-bound substrate
water as its pKa falls. We also note that the relative inactivity
of the CP43-R357S mutant may be due to inefficient
assembly of the OEC rather than any hypothesized catalytic
role of the arginine residue.

It will be appreciated that this proposal for the action of
arginine as a redox-active base in water splitting goes hand-
in-hand with the “proton-rocking” hypothesis of Junge,
Rappaport, and Renger (see section 4.5). It is compatible
with the observation by Lavergne and co-workers that, at
least in the S3 f [S4] f S0 transition, a rapid (30µs) phase
of electrochromism (presumed to correlate with proton
movement in the region of the OEC) is associated with a
lag phase of electron transfer.238,301,387(No such lag phase
has been reported in the S2 f S3 transition). In other words,
it appears that a proton is lost from the vicinity of the OEC
before the manganese center is oxidized. That has previously
been interpreted as the change of the pKa of a nearby group
(we suggest CP43-Arg357) from above 9 to a value of 6.300

More recently, Dau, Haumann, and co-workers have used
time-resolved XAS to establish that there is a kinetically
resolvable form of the OEC, produced by illumination of
the S3 state, which does not involve oxidation of the
manganese cluster.29 The temperature dependence of the free
energy change associated with this intermediate’s formation
reveals that the process is largely entropically driven. This
is consistent with the movement of a proton from a tightly
bound situation to a more weakly bound situation, and the
authors of this work tentatively identify this process with
the deprotonation of the CP43-Arg357 side chain into bulk
solution.29

A key part of our proposal is that this bifurcated PCET
mechanism is only activated after the attainment of the S2

state, because it is only then that a positive charge develops
on the OEC. It is the combination of the positive charge on
the OEC, continuously present in the S2, S3, and S4 states,
and the transient positive charge on the oxidized YZ/D1-
His190 pair that is responsible for the deprotonation of CP43-
Arg357 and, thus, its momentary activation as a catalytic
base. Figure 16 shows the relative pKa values that we propose
for CP43-Arg357 and the Mn-bound substrate water/
hydroxide throughout the S-state cycle, while Figure 17
shows our proposal for OEC oxidation before and after
attainment of the S2 state.

The arginine side chain normally has a high pKa (above
12)388 so is not typically considered to be active in enzyme

acid/base catalysis. However, three groups of enzymes are
now thought to make use of arginine in this role,389 and two
more have been proposed to do the same. Perhaps the best-
established example is fumarate reductase and, by inference,
succinate dehydrogenase.390-393 In the fumarate reductase
catalytic reaction, hydride-ion donation to the fumarate CdC
bond by a flavin cofactor is accompanied by proton donation
to the same moiety by arginine, achieving a two-electron,
two-proton reduction of fumarate to succinate (Figure 18).
Kinetic and crystallographic data indicate that arginine is
important both as a Lewis acid, in stabilizing the developing
negative charge at the substrate, and as a general acid
catalyst.391 The proposed mechanism of succinate dehydro-
genase is exactly the reverse, with arginine acting as a
catalytic base. The pH of maximum catalytic activity is
around 6,394 very similar to that of PSII.248,395,396Interestingly,
the pKa of the active arginine is not lowered by sequestering
it in a hydrophobic environment. On the contrary, the
enzyme’s active site is near the protein surface and exposed
to water.389,397,398L-Aspartate oxidase is closely related to
fumarate reductase and has been suggested to work simi-
larly,399 also using arginine as a general acid/base cata-
lyst.400,401

Certain polysaccharide lyases (PLs) have also been found
to depend on arginine acid/base catalysis. The PLs in which
arginine catalysis is best established are the pectate lyases
of PL families 1 and 10.402,403The PL-1 pectin lyases also
appear to use arginine as a catalytic base and display
maximum catalytic activity around pH 6.404 The PL-1 and
PL-10 pectate lyases have activity vs pH maxima at 9 or
above,402,403 a pH dependence that is partly related to the
occupancy of a calcium-binding site near the active site.405

This Ca2+ ion has been implicated in lowering the pKa of
the arginine side chain.405 Both pectate lyases and pectin
lyases have active sites that are directly exposed to the
solvent.402,406,407

The third documented example of an arginine active in
acid/base catalysis is in inosine 5′-monophosphate dehydro-

Figure 16. Proposed relative pKa’s of CP43-Arg357 (blue),
substrate water bound to the dangler Mn(4) (red), and the same
water deprotonated to a hydroxide ligand (orange). The pH of the
lumenal bulk solution is indicated by the horizontal dashed line.
pKa changes leading to proton transfers are indicated by solid
arrows. Up to the S1YZ

• state, oscillations in the arginine pKa are
caused by the alternating oxidation and reduction of YZ. Develop-
ment of a positive charge on the OEC cluster in the S2YZ state
leads to a significant decrease of the arginine’s pKa. Progression
to the S2YZ

• state leads to a further decrease, and CP43-Arg357
deprotonates to bulk. Progression to the S3YZ state involves the
oxidation of Mn(4), greatly lowering the pKa of its bound substrate
water. Accompanying reduction of YZ increases the pKa of the
arginine, and it accordingly gains a proton (along a hydrogen bond)
from the acidified Mn(4) water ligand. The same process repeats
in the next two steps, except that here a Mn(4) hydroxide ligand is
deprotonated to an oxo group by CP43-Arg357.
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Figure 17. Comparison of proposed PCET reactions before (left) and after (right) attainment of the S2 state. In the S1 f S2 transition, YZ
•

oxidizes the OEC cluster and reacquires its own proton, previously lost to nearby D1-His190. In the S2 f S3 transition, the YZ• PCET
reaction is the same, but the neutral CP43-Arg357 side chain simultaneously abstracts a proton from the Mn-bound substrate water. This
results in a concerted, bifurcated PCET reaction at the OEC. Reprinted with permission of the PCCP Owner Societies from ref 382. Copyright
2004 Royal Society of Chemistry.
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genase (IMPDH). Here, an arginine side chain is thought to
act in its neutral form as a general base to deprotonate water,
thus activating it as a nucleophile.408,409This enzyme exhibits
maximum activity around pH 8,410 which appears to be equal
to the pKa of the active-site arginine.408 A water channel
connects the buried active site to bulk water.411

An active-site arginine is suspected to be involved in
tyrosine phenol lyase, in the deprotonation of the phenolic
substrate,412-414 as well as in the plant heme peroxidases.
These latter enzymes contain a distal arginine residue at the
active site, which was early proposed to be necessary for
the protonation of the FeIII-peroxy intermediate and con-
sequent formation of compound I.415 Site-directed mutagen-
esis studies have confirmed the importance of the resi-
due.416-418 Although the original, and still popular, suggestion

was that the arginine electrostatically promotes proton
transfer from the distal histidine to the peroxy intermedi-
ate,415,419 it is quite possible that arginine itself acts as the
proton donor,420 as suggested by recent molecular dynamics
calculations.421 The plant peroxidase reaction with H2O2 is
retarded at low pH with an apparent pKa of less than 6,422

even below pH 4 in the case of soybean peroxidase,423 and
the heme is solvent-accessible.424

Finally, an example exists of a suspected acid/base-active
arginine outside the active site of an enzyme: a deprotonated
arginine side chain has been observed, with time-resolved
FTIR spectroscopy, in the proton-exit pathway of bacterio-
rhodopsin.425 This interpretation is controversial, however.426

Notably, in most of the above examples the acid/base
arginine is either part of an active site that is directly exposed
to water, as in fumarate reductase, polysaccharide lyase, and
the plant peroxidases, or is involved with a proton-transfer
channel, as in IMPDH and bacteriorhodopsin. Only in
tyrosine phenol lyase can the suspected acid/base-active
arginine be said to reside in a locally hydrophobic environ-
ment. Thus, a more common structural motif in these proteins
is the location of arginine in a markedly hydrophilic site,
adjacent to waters and other polar amino acid residues.389

This is surprising, because common sense would suggest that
the pKa of an arginine might be best lowered by protecting
the side chain from high-dielectric water (see, for example,
ref 427). Electrostatic calculations support this idea.428 It
appears that there are a variety of other strategies for pKa-
reduction at work,389 perhaps including, in the case of pectate
lyase, the presence of a nearby Ca2+ ion (as in PSII).
However, in the case of PSII, we suggest that there is at
work an electrostatic effect more potent than the proximity
of one anionically ligated dication. We propose that the
development of an uncompensated positive charge on the
OEC (in the S1 f S2 transition) substantially lowers the pKa

of CP43-Arg357 and that it is lowered even further when a
transient positive charge is shared between YZ

• (ca. 7 Å
away) and D1-His190 (ca. 9 Å away). This hypothesis is
strengthened by recent theoretical work by Knapp and co-
workers, using the linearized Poisson-Boltzmann method
along with Monte Carlo sampling of protonation states. They
found that the protonation state of CP43-Arg357 in their
model is sensitive both to the oxidation state of the OEC429,430

and that of YZ,430 exactly as we have proposed.

Although direct evidence for a role of CP43-Arg357 as
the catalytic base in the OEC is lacking, every element of
our proposal for the role of CP43-Arg357 in PSII has a
precedent, confirmed or suspected, in other systems. The
example of IMPDH shows that neutral arginine may be used
to deprotonate a water molecule, which makes chemical
sense, because a strong base must be necessary to deprotonate
a species with a high pKa. The examples of fumarate
reductase and pectin lyase show that the operation of an acid/
base-active arginine is compatible with maximum catalytic
activity around pH 6, as is seen in PSII. The example of the
plant peroxidases provides a possible precedent for arginine’s
acid/base role specifically in the redox chemistry of oxygen.
Indeed, Renger has recently discussed the parallels between
the environment of water in the OEC and that of the peroxide
intermediate in the heme peroxidases.40 It is more difficult
to find characterized examples of metalloprotein PCET
involving the (de)protonation of a nearby species that is
neither a metal ligand nor itself redox-active. However, such
a bifurcated PCET reaction has been observed recently in a

Figure 18. Proposed mechanism of fumarate reduction in the
respiratory fumarate reductases. Fumarate accepts a hydride ion
from the flavin cofactor and a proton from the nearby (and
conserved) Arg402 residue. Arginine is immediately reprotonated
from bulk via a proton-transfer pathway. Reprinted from ref 390.
Copyright 2000 American Chemical Society.
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site-directed mutant ofAzotobacterVinelandii ferredoxin I,
in which histidine replaces phenylalanine ca. 6 Å away from
the [3Fe-4S] cluster.431 Whereas in the wild-type protein
the [3Fe-4S]+/0 couple is accompanied by direct (de)-
protonation of the cluster, in the mutant the acid/base
chemistry occurs at the histidine imidazole via a through-
space electrostatic effect.431

7.2. Proposed S-State Cycle

We present in Figure 19 our proposed S-state cycle.382 This
is essentially an application of our previous mechanistic
proposal79 to the 3.5 Å resolution X-ray crystal structure of
the OEC,53 with the modified proton-transfer pathway
described above. The details of solvation, metal ligation, and

Figure 19. Proposed structure-based mechanism of water splitting in the OEC. The structure is based upon the crystallographic model of
Ferreira et al.53 with additions and alterations derived from computational modeling.189 Hydrogen bonds (dashed lines) organize proton
transfer in the latter half of the cycle from the Mn-bound substrate water to D1-Asp61 via CP43-Arg357. We have labeled S-states according
to the oxidation state of the hydrated OEC metal-oxo cluster, so that our S3YZ

• state following arginine deprotonation corresponds to the
S4 state of ref 29. Reprinted with permission of the Royal Society of Chemistry on behalf of the European Society for Photobiology and
the European Photochemistry Association from ref 189. Copyright 2005 Royal Society of Chemistry.
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the hydrogen-bonding network around the “active face” of
the cluster are based on molecular mechanics calculations
performed upon the crystallographic structure.189,381Besides
directing the addition of water, hydroxide, and chloride to
the OEC, these calculations indicate two minor changes in
amino acid ligation: the binding of Ca2+ by the D1
carboxylate terminus, and the bridging of Mn(4) and Mn(2)
by D1-Glu333.189,381These ligations are reflections of overall
energetic considerations in the S1 state but are irrelevant to
our mechanistic proposal. Our structural models comprise
seven or eight metal-ligating waters or hydroxides (not all
shown in Figure 19), standing in contradiction to the ca. three
coupled waters detected by deuteron ESEEM experiments
on the S0, S1, and S2 states.119 However, it should be noted
(as in section 3.2.4) that the overall deuteron modulation
depth observed in these experiments is comparable with that
seen in fully hydrated [Mn(D2O)6]2+ ions.432 This qualita-
tively indicates that numerous exchangeable hydrogens,
probably belonging to numerous waters or hydroxides, are
close to the OEC. It is possible that these exchangeable
hydrogens are not from waters directly ligated to the OEC.
If so, then other ligands are required to complete the
coordination of all of the metal ions. These could be supplied
by bridgingµ, η2 carboxylate ligands, as suggested by Loll
et al.,52 in place of some of the terminal carboxylate ligands
in our models. In addition, there could be non-proteinaceous
ligands, such as chloride or possibly carbonate/bicarbonate,
not seen by X-ray crystallography at the current resolution.

The changing redox state of YZ, which is alternately
reduced by the cluster and oxidized by P680

+, is indicated in
Figure 19 alongside the reaction arrows. We have drawn the
S0-3 states in the SnYZ

• state so that the YZ• radical is shown
poised to oxidize the cluster. The transiently stable S4 state
never coexists with the YZ• radical and so is shown in the
S4YZ state. We hypothesize that the two Mn ions on the
bottom face of the cuboidal cluster are not redox-active and
remain in the+4 oxidation state throughout the cycle. Mn(3)
and Mn(4) change their oxidation states as described previ-
ously. We have chosen to show a II, III, IV, IV Mn4

oxidation assignment for S0 in Figure 19 because this
assignment was used in our earlier publications, although,
as explained in section 4.2, a III, III, III, IV assignment is
perhaps more likely. Recent55Mn pulse ENDOR experiments
appear to favor the latter.65 Again, the choice has only an
incidental bearing upon our proposed mechanism (see
below). If it is confirmed that the Mn ion ligated by D1-
Asp170 (Mn(4)) does not change its oxidation state up to
the S3 state, as indicated by the FTIR experiments discussed
in section 3.4,186 then Mn(3) is the next most likely candidate
for substrate water binding and oxidation to a high oxidation
state, being close to Ca on the “active face” of the OEC.
However, as things stand, structural factors make Mn(4) the
more likely ion: its proximity to D1-Asp61, seemingly the
start of the proton-exit channel, provides a direct escape route
for protons. This easy proton loss upon oxidation should
reduce the reduction potential of Mn(4), making this center
the most easily oxidized of all the manganese ions.

If we take the III, III, III, IV assignment for S0, then
calculations indicate that the S0 f S1 transition involves the
oxidation of Mn(2) from the+3 to the+4 formal oxidation
state.188 At the same time, a proton is lost from a Mn(3)-
ligating water through hydrogen-bonded waters via D1-
Asp61.188 The hydrogen-bonded connection between these
two species is short enough that the PCET reaction is able

to occur in the absence of a normal hydrogen-bonded
network around the rest of the OEC (a situation perhaps
characteristic of Cl- depletion or acetate inhibition) and even
in the absence of a normally constructed cluster (Ca2+

depletion). The second oxidation of the cluster, to reach the
S2YZ state, involves ET only, so the cluster develops a
positive charge. This reaction occurs particularly easily
because it involves no proton transfer at all. Oxidation of
YZ to reach the S2YZ

• state is swiftly followed by depro-
tonation of CP43-Arg357, activating it as a catalytic base
and allowing concerted, bifurcated ETPT to take place in
the next two cluster oxidations. In both the S2 f S3 and the
S3 f S4 steps, YZ accepts an electron from Mn(4), while
neutral arginine abstracts a proton from the metal’s bound
substrate water. This water is held in a precise orientation
within the hydrogen-bond network by the calcium-bound
chloride ion. Metal-bound chloride and bromide are both
hydrogen-bond acceptors with similar properties, whereas
fluoride is markedly different in this respect,433,434 tallying
perhaps with its inhibitory effect in the OEC. It is worth
noting that the oxidation of the substrate-water-binding
manganese in the S2 f S3 transition is broadly compatible
with the observation by Wydrzynski and co-workers that this
step retards the exchange with bulk of the fast-exchanging
substrate water 3-fold,435 if one assigns the fast-exchanging
water to the Mn(4)-bound water and the slow-exchanging
water to the calcium-bound water.85 Although the S2 f S3

transition has been shown by EXAFS to involve significant
changes in the structure of the OEC,144,145 we are not
sufficiently confident of the nature of this rearrangement to
include it in our figure. However, following Dau and co-
workers,144 we might hypothesize that a newµ-oxo bridge
is formed between Mn(3) and Mn(4) in the S2 f S3 step,
creating a new 2.7-2.8 Å Mn‚‚‚Mn distance. This might be
prompted by the oxidation of Mn(4) from the Jahn-Teller
stabilized, five-coordinate MnIII state to the six-coordinate
MnIV oxidation state.144

By the S3 f S4 step, the dangler Mn(4) is in the form of
MnVdO. The subsequent S4 f S4′ transition is the crucial
O-O bond-forming step and involves the attack by a
calcium-bound water ligand upon the electrophilic MnVdO
oxo group. The nearby D1-Gln165 residue may play a role
in this reaction by accepting a hydrogen bond from the
calcium-bound substrate water as it nucleophilically attacks
the MnVdO group. If it does play such a role, it appears
that it is not absolutely required, since the D1-Q165A mutant
has been found to be photoautotrophic.167 A peroxo inter-
mediate is formed at Mn(4), which is concomitantly reduced
from MnV to MnIII . The arginine side chain remains pro-
tonated, because YZ stays reduced until the formation of S0

and so does not exert any electrostatic effect on CP43-
Arg357. We assume therefore that the proton that is lost in
the spontaneous S4 f S4′ step moves to bulk without the
intercession of any specific base. Finally, the unstable MnIII -
bound peroxo intermediate S4′ decays to produce dioxygen,
and the OEC is reset to the S0 state. If Mn(4) in this step is
reduced all the way to weakly acidic MnII, it is plausible
that the proton lost from the peroxo intermediate simply
moves to the Mn(4) hydroxo ligand next to D1-Asp61,
reforming the metal’s nonsubstrate water ligand.

8. Tests of Mechanistic Hypotheses
The water-splitting chemistry of PSII is complicated, and

there is much work to be done to discover which of the
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proposed mechanisms described in this review lies closest
to the truth. Structural studies hold the greatest promise in
this regard. Oriented EXAFS measurements, crystallography
performed under conditions that minimize radiation damage,
and computational modeling ought to yield an unambiguous
structure of the OEC in the not-too-distant future. A second
question concerns the location of oxidizing power within the
OEC and how this relates to the locations of amino acid and
other ligands (particularly substrate water ligands). For
instance, is it really the dangler Mn that accumulates most
of the oxidizing power, as we suggest? Having established
more precisely the coordination environment of the OEC in
a well-defined oxidation state, it should be possible to assign
changes in spectroscopic signals more reliably to alterations
in the oxidation state and coordination environment of a
particular metal atom. Magnetic resonance, X-ray, Raman,
and IR spectroscopies all have a part to play in this effort,
as well as high-level computational modeling. Evidence
arguing against the oxidation of the dangler manganese
comes from the FTIR spectroscopic experiments of Debus
and co-workers, who find that the vibrational frequencies
of D1-Asp170 (a ligand of Mn(4) in both the 3.5 Å53 and
the 3.0 Å52 resolution structures) are unaffected by changes
in S-state up to the S3 state.186 FTIR spectroscopy also
indicates that the C-terminal carboxyl of D1-Ala344 does
not ligate Ca2+,177,178whereas both the 3.5 Å and the 3.0 Å
resolution structures imply that it might. Furthermore, if the
carboxyl terminus does not ligate calcium, it is not clear what
does: D1-Glu189, assigned as the most likely calcium ligand
in the 3.0 Å resolution structure, has been found in mutational
studies probably not to play this role.436 Resolving these
contradictions will be important in future efforts to determine
both the structure and mechanism of the OEC. Finally, it is
crucial to elucidate the movements of protons around the
OEC as the S-state cycle progresses. Which species are
involved in accepting protons from the catalytic water? This
question is tied to the issue of charge distribution in and
around the OEC. It seems to be increasingly likely that the
development of positive charge at YZ/D1-His190 is linked
to the expulsion of a proton from the vicinity of the OEC,
at least in the S3 f S4 f S0 transition.29,301 Careful
spectroscopic studies should help to establish whether this
proton is really coming from CP43-Arg357, activating it as
a catalytic base as we suggest, or whether this role is played
by other species such as manganese ligand oxides.134

9. Conclusions
To understand the water-splitting chemistry of PSII,

researchers have sought insights from a great number of
different sorts of experiments, which have been directed both
at the protein and at model metal complexes. Such is the
complexity of the process that it continues to evade satisfac-
tory description, although substantial progress has been made.
Ever more sophisticated spectroscopic techniques (notably
EPR, FTIR, and XAS, as well as time-resolved mass
spectrometry) have been deployed against the OEC, yielding
for the first time detailed information in a variety of S-states.
The recent crystallographic studies have made it possible to
propose and to test more detailed mechanistic proposals than
have previously been tenable. Higher resolution and more
definitive crystal structures of the OEC, obtained in different
stages of the catalytic cycle, are eagerly awaited, along with
further spectroscopic, biochemical and computational studies.
The development of increasingly active and well-character-

ized model complexes will complement these investigations,
as well as advancing efforts directed toward the development
of artificial water-splitting photocatalysts.

10. List of Abbreviations
ENDOR electron-nuclear double resonance
EPR electron paramagnetic resonance
ESEEM electron spin-echo envelope modulation
ET electron transfer
EXAFS extended X-ray absorption fine structure
FTIR Fourier transform infrared
IMPDH inosine 5′-monophosphate dehydrogenase
OEC oxygen-evolving complex of photosystem II
P680 primary electron donor of photosystem II
PCET proton-coupled electron transfer
PL polysaccharide lyase
PSII photosystem II
QA quinone A of photosystem II
QB quinone B of photosystem II
SHE standard hydrogen electrode
UV/vis ultraviolet/visible
XAS X-ray absorption spectroscopy
XANES X-ray absorption near-edge structure
YZ tyrosine Z of photosystem II
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