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Abstract

Photosynthetic water oxidation proceeds at a pentanuclear Mn,Ca complex bound to amino acid residues in the interior of photosystem II (PSII).
It involves the binding of two water molecules, the removal of four electrons and four protons from the Mn-complex/substrate-water entity, O—-O
bond formation, and dioxygen release. Basic aspects of the reaction cycle of the Mn complex of PSII are discussed: (1) Kok’s classical S-state cycle

Abbreviations: EPR, electron paramagnetic resonance (spectroscopy); E¢, configurational potential of the elementary redox reaction; Ey,, redox potential
(versus normal hydrogen electrode); ET, electron transfer; FTIR, Fourier-transform infrared (spectroscopy); EXAFS, extended X-ray absorption fine-structure; PSII,
photosystem II; P680, primary chlorophyll donor; RIXS, resonant inelastic X-ray scattering; UV/vis, spectroscopy in the ultra-violet and visible range; XANES,
X-ray absorption near-edge structure; XAS, X-ray absorption spectroscopy; Yz, Tyrieo or Tyrie; (species-dependent) of the D1 protein of PSII.
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and the corresponding experimental paradigm; (2) recent observations on the (still) enigmatic Sy state; (3) sequence and characteristics of electron
transfer and proton release; (4) a basic nine-step reaction cycle involving eight steps of alternating deprotonation and oxidation of the Mn-complex
prior to O—O bond formation and dioxygen release; (5) the energetic constraints of water oxidation in PSII and their mechanistic consequences.
In the second part it is considered how the suggested nine-step reaction cycle possibly is realized at the atomic level: (i) studies on synthetic Mn
complexes suggest that deprotonation of p-hydroxo bridges or formation of new p-oxo bridges could facilitate successive oxidation steps without
prohibitive potential increase. (ii) Current structural models of the PSII Mn complex derived from X-ray absorption spectroscopy and/or protein
crystallography are discussed. (iii) Structural and oxidation-state changes of the Mn complex are related to the basic nine-step reaction cycle. (iv)
As a framework for mechanistic models at the atomic level, we propose that water is oxidized only after the accumulation of four bases which

function as proton acceptors in the dioxygen formation step.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Manganese complex; Catalytic cycle; Oxygen evolution; Photosynthesis; Water oxidation; X-ray absorption spectroscopy

1. Introduction

Driven by the absorption of four photons, plants and
cyanobacteria oxidize water, thereby producing the atmospheric
dioxygen [1-8]. Water oxidation by photosystem II (PSII) is
of fundamental importance for atmosphere (O, production)
and biosphere (primary biomass formation). Development of
biotechnological and biomimetic approaches for light-driven
Hj-production from water could contribute to the worldwide
endeavor of moving from fossil fuels to hydrogen-based fuel
technologies [9-13]. In this realm, elucidation of the mech-
anism of photosynthetic water oxidation by PSII is of prime
interest—including the light-driven assembly of the Mn4Ca
complex [14-16], light adaptation, photodestruction, photopro-
tection, and repair mechanisms [17-22].

The catalyst of water splitting is a pentanuclear Mn4Ca com-
plex (in the following denoted as Mn complex) bound to the
proteins of photosystem II (PSII); it functions in concord with a
nearby tyrosine residue, the Tyr¢o or Tyrye; of the D1 protein (in
the following denoted as Yz) [1-6]. In PSII, light absorption is
followed by electron transfer from the primary chlorophyll donor
(P680) via a specific pheophytin to a firmly bound plastoquinone
(Qa) and subsequently to the secondary quinone acceptor (Qp)
which, when doubly reduced and protonated, can leave its bind-
ing site (Fig. 1). At the donor side of PSII, Yz is oxidized by
P680™ before the Mn complex advances in its water-oxidation
cycle. This catalytic cycle is the central subject of the here
presented review.

The crystallographic models of PSII [23-27] have revealed an
array of numerous cofactors and protein subunits which is both,
awe-inspiring and bewildering. On the basis of results obtained
in the past three decades of photosynthesis research, a distinct
function could be assigned to most of the cofactors resolved in
the crystallographic model. The PSII model presented in 2001 by
Berlin researchers revealed the position of the Mn complex [23].
Barber and coworkers in London presented a first detailed model
of the manganese complex and its ligand environment in 2004
[25]. They could show that the manganese complex includes a
Caion and thus is a pentanuclear Mn4Ca complex, in agreement
with earlier EXAFS results [28-31]. In 2005, at an improved
resolution of 3 A, the Berlin researchers proposed a model [26]
which deviates from the London model [25] with respect to some
of the amino acid residues ligating the metal ions of the Mn com-
plex. In all crystallographic data, the putative chloride cofactor
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Fig. 1. Arrangement of essential cofactors in photosystem II (PSII). The PSII
is embedded in the thylakoid membrane separating the inner-thylakoid lumen
from the stroma. Water oxidation involves proton release into the inner-thylakoid
compartment, which in the main body of the text often is denoted as lumenal
bulk phase.

[32-35] has not been resolved. Presumably the chloride is not
a first-sphere Mn-ligand, at least in the dark-adapted PSII [36].

We note that a definitive structural model of the Mn4Ca com-
plex can not be concluded from the crystallographic data alone,
inter alia because of Mn reduction by X-ray exposure during
data collection [26,37-39], which is coupled to the loss of, e.g.,
Mn-(-O)2-Mn motifs [39] (Section 3.2.1). Results obtained by
XAS [40-46], FTIR [47-51], EPR [52-58], mass spectroscopy
[57,59,60], and computational methods [61-63] eventually may
provide the complementary information needed to construct a
complete atomic-resolution model that includes not only the
metal ion, bridging oxides and ligating residues, but also the
location of water molecules, protons and oxidizing equivalents.
The above and other spectroscopic techniques (see Section 2.3
and, e.g. [64—75]) also may provide insight into the reaction
dynamics, i.e. the structural changes associated with advance-
ment in the reaction cycle.

Further aspects of the crystallographic models of PSII are of
relevance for photosynthetic water oxidation:

(i) The Mn complex is surrounded by a protein matrix which
separates the catalyst from the thylakoid lumen, thereby
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prohibiting an instantaneous equilibration (i.e., in the ps
or ns time domain) of the substrates (2H>O) and products
(4H*, O;) with the aqueous bulk phase. There are, most
likely, paths for proton release and water uptake which con-
nect the lumenal phase to the Mn complex [25,26,76,77].
The deprotonation of the Mn complex and/or proton move-
ments to the lumenal bulk phase seem to be relatively slow
processes (>100 ws, see Sections 2.2 and 2.3) rendering the
Mn complex well "insulated’ with respect to incidental pro-
ton loss or uptake. Consequently the transfer of a proton
to the lumenal bulk phase may either occur before or after
oxidation of the Mn complex by the Yz-radical, but not
simultaneously.

(i1) The imidazole side chain of Y7 is at a distance of about 7 A
to the nearest Mn ion, rendering the abstraction of an H-
atom by Yz** from an Mn-ligated water molecule unlikely.
(This had been proposed in the influential hydrogen-atom
abstraction model of Babcock and coworkers [78,79].) Fur-
thermore, there are no indications for a proton channel
connecting Yz to the aqueous phase [25,26,77]. This obser-
vation in conjunction with biophysical data (see Sections
2.2 and 2.3) suggests that the Yz* formation is not followed
by release of the phenolic proton to the bulk phase and sub-
sequent H-atom abstraction from Mn-bound water. Rather
the imidazole proton may reversibly shift within a ‘rock-
ing’ hydrogen bond towards Hisjgg [80—85] resulting in a
[Yz*-O- - -H-N-Hisj9o]* complex, which in the following
is denoted as Yz**.

The points (i) and (ii) are in agreement with a large body of
biochemical and biophysical results. Thus we assume that (1) the
inner-protein location of the Mn complex prevents direct cou-
pling between the ET to Yz** and proton release to the aqueous
phase and (2) the Yz-residue most likely does not abstract pro-
tons from the substrate water molecules. In the following, Yz is
considered not to be an intrinsic part of the catalytic center which
directly facilitates the elementary chemical steps involved in
O—O bond formation. The term ‘Mn complex’ is used to denote
an entity which comprises the Mn4Ca(u.-O),, core, the ligating
amino-acid residues, ligated water species (H>,O, OH, O), per-
haps the chloride cofactor, and all further water molecules and
amino-acid residues which contribute directly to the elementary
steps in dioxygen formation.

2. Basic reaction cycle
2.1. Kok’s classical reaction cycle

Upon application of a sequence of saturating flashes of visi-
ble light to PSII-containing thylakoid membranes, the observed
flash-number dependence of the O,-formation yield resembles
a damped period-of-four oscillation in which the yield of dioxy-
gen formation is maximal on the third, seventh and eleventh flash
[86]. In 1970, Kok and coworkers explained the flash-number
dependence by their S-state model [87] (for recent review, see
[88]). They concluded: “about the simplest conceivable mech-
anism would be a linear four quantum process in which four

consecutive flashes induce four increasingly oxidized states of
a trapping center (So—.4), each excitation adding one + charge:

hv hv hv hv .
S()—>Sl+—>Szz+—>S33+—>S44+ — So+ 0y

To explain that the yield of the third flash clearly exceeds
that of the fourth flash, Kok and coworkers assumed that the
Si-state is prevalent in dark-adapted samples. The observed
damping in the period-four oscillations of the O»-yield was
explained by 'misses’ resulting from a less-than-unity efficiency
of the photochemical reactions that causes desynchronization
(or scrambling) in the S-state cycling. The Kok model mostly is
depicted in form of a cycle, the so-called Kok cycle or S-state
cycle (Fig. 2). Translation of the term “+ charge” into “oxi-
dizing equivalent” is required, but otherwise most aspects of
Kok’s model have been confirmed. Dioxygen formation indeed
requires the absorption of four light quanta and the successive
accumulation of four oxidizing equivalents by a single ‘trapping
center’, as opposed to (e.g.) the cooperation of several photosys-
tems or catalysts. The states Sg and S are essentially dark-stable,
the states Sp and S3 decay in the seconds and minutes regime
towards the S1-state [89,90], as proposed by Kok [87].

Two aspects of Kok’s model had been mostly hypothetical
in 1970 and are still under debate, namely: (i) None of the
four semi-stable S-states involves partial water oxidation; (ii)
a distinct S4-state is transiently formed in which four oxidiz-
ing equivalents are accumulated by the ‘catalyst’ before water
is oxidized. These points are addressed in Sections 2.2 and 3.2.

The experiments referred to in the following mostly involve
application of saturating single-turnover flashes to PSII samples
and interpretation in terms of Kok’s basic model. Two experi-
mental strategies have been used:

(i) One of the four semistable S-states is (preferentially) pop-
ulated by application of a distinct number of saturating
flashes, then stabilized by freezing in liquid nitrogen (within
<1 s) and characterized in spectroscopic experiments at low

temperatures.
S; s,
3rd \
flash
2nd
flash 02
82 SO

4th
flash
1st
flash
S;

Fig.2. S-state cycle as originally proposed by Kok and coworkers (redrawn from
the inset of Fig. 6 in [87]). The S;-state is prevalent in dark-adapted PSII. Thus
the first saturating flash of light induces the S; — S» transition of the catalyst in
the majority of PSII.
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(i1) The reactions in the four transitions between the semi-stable
S-state, which proceed within the microsecond and millisec-
ond domain, are investigated by application of time-resolved
methods at ‘physiological’ temperatures (mostly 0-35 °C).

2.2. The S4-state of the Kok cycle

The experimental methods for time-resolved X-ray absorp-
tion studies on the Mn complex of PSII have been established in
a series of experiments [91-94]. On this basis, we investigated
the Mn complex in its reaction cycle by time-resolved X-ray
absorption measurements and detected formation of a distinct,
kinetically resolvable intermediate in the Sz — Sy transition,
which is formed within about 200 ps after Y7**-formation and
prior to dioxygen formation [95,96] (Fig. 3). We tentatively
assigned the reaction intermediate to the S4-state of Kok [95]
(see Fig. 4). The characteristics of this S4-state, which are
described in full detail elsewhere [95,96], are briefly summa-
rized in the following (see also Fig. 3).

(1) The S4-formation involves neither manganese oxidation nor
reduction; Mn!Y-oxo or MnY-oxo species are not formed
[95,96]. (Formation of an oxyl radical in the here discussed
S4-state, i.e. Mn-O¢ instead of Mn =0, is not excluded by
the time-resolved X-ray data itself, but also seems unlikely.)
The absence of Mn reduction excludes that Yz** facili-
tates the shift towards a bound peroxide by electrostatic
interactions, as it had been proposed in [80,98,99].

(2) In agreement with the time-resolved XAS data [95,96],
time-resolved EPR studies [100-102] indicate that S4-
formation does not involve electron transfer from the Mn
complex to the Yz-radical (formed in <1 s after light
absorption). Thus, at this stage three of the four oxidiz-
ing equivalents have been accumulated by the Mn complex
itself whereas the fourth is located on the Yy radical.

(3) Central event in S4-formation seems to be a deprotonation
at the Mn complex induced by Yz**. The proton is released
into the aqueous phase thereby changing the charge of the
Mn complex, as was proposed by Rappaport, Lavergne
and coworkers on the basis of electrochromic bandshift
measurements [103]. This deprotonation is an essential pre-
requisite for electron transfer from the Mn complex to the
Yz** and thus for O—O bond formation. The proton move-
ment to the lumen is a multi-step process where the Yz**
first may induce — by long-range electrostatic interaction
— the fast release of peripheral protons [104,105], then the
movement of the *defect’ to the Mn complex, and eventually
the crucial deprotonation at the Mn complex. The identity
of the deprotonating group is unknown (see Section 3.2.7);
Argszs7 of the CP43 protein represents a plausible candidate
[6,106,107].

Deprotonation of the Mn complex may be caused by both,
an electrostatic ‘through-space’ influence of the positive charge
residing on the nearby Yz** as well as by ‘through-bond’
effects. The distance to the Mn complex implies a sizable elec-
trostatic effect on the pK value of the deprotonating group

®) s,

~200 us
0.1eV 2

D1-Tyr161 i

Fig. 3. S4-formation in the S3 = Sy transition. (A) Energetic scheme and (B)
mechanistic proposal. (A) Studies of the recombination fluorescence emit-
ted by the chlorophyll antenna of PSII reveal that the Gibbs free energy of
S4-formation is pH-dependent and exhibits a H/D kinetic isotope effect (not
shown). Its temperature dependence indicates that Ss4-formation is entropi-
cally driven (AG=—0.1eV or —10kJ/mol at pH 6.4 and 25°C, AH=+0.1¢V,
—TAS=—-0.2¢eV). A deprotonation close to the Mn complex and finally
‘dilution’ of the proton in the bulk-phase water provides the most plausible
explanation of these observations. (B) Absorption of a photon is followed by
Y7z oxidation within less than 1 ws, a process coupled to a proton-shift within
the hydrogen bond to the His190 of the D1 protein. The positive charge stem-
ming from Yz oxidation promotes, with a halftime of about 200 s, proton shifts
and deprotonation of the CP43-Arg 357. This assignment of the deprotonating
group is tentative; direct deprotonation of substrate water also is conceivable.
The proton may move towards the lumenal surface along the proton path first sug-
gested in [25]. The deprotonation at the Mn complex lowers its redox potential.
Thereby the subsequent electron transfer to Yz** is facilitated, which kinetically
is indistinguishable from Mn reduction and O, formation (identical halftimes
of ~1.1 ms) (figure from [95]).

(through-space). A potentially even stronger effect could be pK-
shifts mediated by covalent and hydrogen bonds (through-bond).
Assuming that upon Yz oxidation the phenoxyl proton shifts in a
hydrogen bond towards N-His1gg, through-bond effects may be
transferred by a further (bifurcated) hydrogen bond from the phe-
noxyl proton to a water species ligated to the calcium of the Mn
complex [108]. After formation of [Yz*-O---H-N-Hisjgg]",
also other nearby residues could play a role in mediation of a
pK-shift, for example the putative Mn-ligand Glujgg, which is
linked to Hisjgp by a peptide bond.
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Fig. 4. Extended S-state cycle [95] and its relation to electron and proton removal in the individual S-state transitions (redrawn from [97]). A complete cycle requires
sequential absorption of four photons which can be provided in form of four ns-Laser flashes. Each flash results in formation of Yz** within less than 1 ws; the
subsequent processes at the PSII donor side are summarized in the shown scheme. Dark adaptation results in formation of the Si-state in the majority of PSII so that
the first flash induces the S| — S, transition. For each state it is indicated whether it is dark-stable and able to oxidize or reduce Yp/Yp®. For each transition it is
indicated whether an electron is transferred from the Mn complex to the oxidized Yz, whether a proton is released from the Mn complex or its ligand environment,
and whether or not the rate constant is sensitive to pH and HoO/D,0 exchange. The indicated halftimes of the S-transitions refer to the values determined in [95].
Concluding comments on the individual S-state transitions are underlined. For further details and references, see main body of the text.

In the S4-state described above, four oxidizing equivalents
have been accumulated by an oxygen-evolving complex which
includes the Yz-residue, whereas in the preceding S-state tran-
sitions the oxidizing equivalents are accumulated by the metal
complex itself (excluding Yz). As opposed to the preceding
S; — Si41 transitions, the S4-state is formed by a mere deproto-
nation event. This difference renders naming of the intermediate
state as S4 debatable as extensively discussed elsewhere ([96]
and Supporting Online Text of [95]). The observation of a dis-
tinct, kinetically resolvable intermediate likely associated with
proton release points to a potentially problematic aspect of Kok’s
reaction cycle: the exclusive focus on the accumulation of four
oxidizing equivalents by electron transfer and the neglect of
the equally essential role of the ‘removal’ of four protons (see
section 2.4).

2.3. Kinetic characteristics of the S-state transitions

Each light flash causes formation of Yz**, which sub-
sequently accepts an electron from the MnyCa-complex.
Application of a sequence of saturating flashes of visible light,
facilitates determination of the rate constants of the transitions
S1 — S; (first flash), S; — S3 (second flash), S3=>S4 — Sy
(third flash), and So — S (fourth flash) by time-resolved spec-
troscopy, namely EPR [100,101], UV/vis [99,105,109-114], and
recently XAS [94,96]. Proton release has been investigated using
electrodes or pH-sensitive dyes [105,115-117]. Electrochromic

shifts of UV/vis absorption bands (Stark effect) of PSII pig-
ments have provided insights into changes of the net charge of
the PSII manganese complex [103,118-122]. The thus obtained
experimental results are crucial for construction and evaluation
of mechanistic models and summarized in the following.

2.3.1. First flash, S; — S> transition

Starting in the dark-stable S;-state, the first photon induces
Mn oxidation in the S; — S, transition. Initially it was found
that this transition is not associated with the release of a proton
[123-125]. Later non-integer and pH-dependent proton release
has been explained by electrostatically triggered pK-shifts of
peripheral bases [105,115-117,126,127]. Electrochromic stud-
ies suggest that, irrespective of pH, no charge compensating
deprotonation occurs at the MnsCa-complex [103,118,128,129].
The activation energy is low (~15 kJ/mol) in H,O and D, O [99]
(12kJ/molin [130]) and the S| — S; transition can proceed even
at cryogenic temperatures [131-133]. Its rate constant is pH-
independent and the kinetic isotope effect is small (kp/ky < 1.3)
[99]. The listed properties suggest that the S; — S transition
involves electron transfer from the MngyCa-complex to Yz°**,
but no deprotonation of these donor-side redox factors.

2.3.2. Second flash, S — S3 transition

For the S, — S3 transition as initiated by absorption of
the second photon, the pH-independent release of one proton
as well as the electrochromism data on charge accumulation
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suggest release of exactly one proton from the Mn complex
[105,115-117,134]. The rate constant is pH-dependent and the
kinetic isotope effect is more sizable (temperature-dependent
kp/ky-ratio of 1.4-2.) than in the S; — S; transition suggest-
ing that the S, — S3 transition is ‘kinetically steered’ by proton
movements [99]. The activation energy is clearly greater than
in the S; — S transition (35 kJ/mol in H>,O and 45 kJ/mol in
D,0 [99,130]) and the transition is inhibited at low temper-
atures [131,132]. With respect to its kinetic characteristics the
S, — S3 transition may resemble the recently described S3 — Sy
transition which has been assigned to proton release from the
Mn complex [95,96]. We have proposed [88,97] that in the
S» — Sj transition, after formation of the Yz radical and before
Mn oxidation, a proton is removed from the Mn complex or
its immediate ligand environment; the proton release may be
rate-limiting (i.e. slower than the subsequent ET step) and thus
determines the experimentally accessed kinetic properties of the
S» — S3 transition (see Section 2.4).

2.3.3. Third flash, S3 — S4 — Sy — So transition

Absorption of the third photon initiates the sequence of events
leading to dioxygen formation and release; our current view on
these events is described in the following. Prior to dioxygen
formation the S4-intermediate is formed within ~200 s, most
likely by proton release as discussed above (Fig. 3). Inhibition of
this proton release step may explain the drop in the yield of the
Sz — So transition at low pH [135]. The subsequent electron
transfer from the Mn complex to Yz** (S4 — S transition)
is assumed to be the rate-limiting step in dioxygen formation
(t1/2 of about 1.2 ms); it is followed by the rapid onset of water
oxidation and Mn reduction. The millisecond rate constantis pH-
independent and exhibits a minor (kp/kg =~1.4 [99]) or even
negligible (kp/ky < 1.2 in [136]) kinetic isotope effect. In this
respect it resembles the rate constant of the electron transfer in
the S; — S transition, but the activation energy of the millisec-
ond transition is clearly greater [99,130,137], which is possibly
explainable by a greater reorganization energy due to more sub-
stantial structural changes of the manganese complex of PSII.
Time-resolved proton release measurements suggest that a pro-
ton is released from the Mn complex in the millisecond time
domain [99,105,104]. Interestingly, in D, O [99] or at pH-values
around pH 6.3 [104] the proton release seems to be delayed with
respect to the Mn-reduction and dioxygen formation.

2.3.4. Fourth flash, So — S transition

The fourth photon closes the described cycle by promot-
ing the So— S; transition. Mutually not fully consistent,
pH-dependent proton stoichiometries have been reported
[105,115-117]. More recently Schlodder and Witt detected a
pH-independent release of a single proton by microelectrode
measurements on PSII core complexes of the cyanobacterium
Synechococcus elongatus [115]. From electrochromic measure-
ments it is clear that no charge is accumulated in the So — S
transition [118,128,129]. We conclude that the So — S; transi-
tion likely involves oxidation of the Mn complex as well as a
charge-compensating deprotonation of or close to the Mn com-
plex. As is the case for the electron transfer to the Yz radical in

the S; — S, transition, the rate constant seems to be essentially
pH-independent and, in comparison to the S, — S3 transition,
insensitive to HoO/D,0 exchange; its activation energy is rel-
atively low [99,130]. Thus the properties of the Sg — S rate
constant suggest an electron transfer which is not limited by pro-
ton movements, whereas the proton release data points towards
a charge compensating deprotonation. In conclusion, the exper-
imental results on the So — S; transition of the Mn complex
can be rationalized by assuming a rate-limiting ET followed by
a deprotonation step and proton release into the lumenal bulk
phase.

2.3.5. High- and low-potential S-states

Several lines of evidence suggest that the S-states differ in
their equilibrium redox potential. Whereas the S-state is stable
in the dark and the Sp-state lifetime may reach several hours,
the lifetime of the states S, and Sj3 is in the range of tens of
seconds [89,90]. Slow oxidation of the Sq-state towards the Si-
state by the Yp-radical is possible [138], whereas in the S;- and
S3-state the Mn complex can oxidize Yp resulting in Yp* for-
mation [139,140]. Thermoluminescence data suggests a clearly
more positive potential for reduction by charge recombination
of the states S, and S3 (as compared to Sg and S1), whereas the
S3 — S» and Sy — S; reduction potentials may differ by only
15mV [73,133,140-143]. In [39] we proposed to use the rate
of X-ray photoreduction as an indicator of the redox potential
(or the ‘electrophilicity’) of the metal complex. At 20K and at
room temperature, the X-ray photoreduction rate is similar and
two to three times higher in the states S, and S3 as in the states
So and S; (within the uncertainty limit of the data) suggesting
a more positive redox potential in the semi-stable states S, and
S3, on the one hand, than in the states Sg and S{, on the other
hand (Table 1). Also further experimental observations may be
related to the presence of two high-potential (S, and S3) and
two low-potential (Sg and S1) states of the Mn complex, e.g. the
susceptibility of the Mn complex to UV irradiation [144]).

In conclusion, comparing the four semi-stable S-states of the
Mn complex we find that the states Sp and Sy, on the one hand,
and the states S; and S3, on the other hand, differ with respect
to several properties which are presumably related to the equi-
librium redox potential of the Mn complex. The listed evidence
points towards a more positive potential in the states S, and S3
than in the states Sg and Sj.

Some aspects of the heterogeneity in the properties of the
individual S-state transition are schematically summarized in
Fig. 4.

2.4. Cycle of alternate H /e~ removal from the Mn complex

In 1970, Kok and coworkers have described the accumula-
tion of four oxidizing equivalents at the donor side of PSII by
means of their seminal S-state model [87] (Section 2.1). Only the
S4-state formation, i.e. the accumulation of a fourth oxidizing
equivalent prior to the onset of water oxidation, defied exper-
imental verification. In 1970, Kok could not specify the entity
which accumulates the oxidizing equivalents because neither
the role of the Mn complex nor of the Yz-residue had been
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Table 1
S-state dependence of X-ray photoreduction at 20 K and room temperature (RT)

279

Tffash Predominant S-state X-ray reduction X-ray reduction Structural change upon one-electron reduction at 20 K
before irradiation rate at 20K (r.u.) rate at RT (r.u.)

0 Si 1.0 1.0 S1 — Sp*: loss of Mn—(u.-O),—Mn motif

1 S 22 2.8 S2 — S;*: no bridging-mode change

2 S3 2.0 3.3 Sz — So*: loss of Mn—(pu-O)2,—Mn motif(s)

3 So (~50%) 1.4 1.8 So — S_1*: unknown

The given photoreduction rates have been reported in the Supporting Online Material of [145]; the given values are not corrected for misses so that after three flashes
only about 50% of the PSII is in the Sp-state. The photoreduction rates are normalized to the S;-state rate, the estimated uncertainty in these numbers is on the order
of +25%. The suggested structural changes are described in [39] or represent unpublished results.

established. Today the accumulator is considered to be either
(i) an entity consisting of the Mn complex plus Yz or (ii) the
Mn complex alone. These two options render unclear whether
the S4-intermediate described in Section 2.2 is (in the case of
option i) or is not (option ii) the Sy state of Kok. In an attempt
to deal with this ambiguity, we have involved an S4 and an S}
state [95] (Fig. 4). In both of these the Mn complex/Yz entity has
accumulated four oxidizing equivalents (and both differ from the
S3-state likely by a chemical change involving proton release),
but in the S4 state the fourth oxidizing equivalent is located on
the Yz-residue (Yz**) whereas in the S); state it has moved to the
Mn complex itself. This extension of Kok’s classical cycle may
appropriately describe the results we have reported elsewhere
[95,96], but overall is insufficient for explaining a larger body
of experimental observations.

The mechanistic discussion of the energetics and kinetics of
photosynthetic water oxidation may profit by an extension of
Kok’s cycle towards a basic model which addresses not only
the accumulation of four oxidizing equivalents explicitly, but
also the removal of four protons from the Mn complex [88,97].
The extended reaction cycle shown in Fig. 5 is not exceedingly
complex. This is because the results reviewed above (Section
2.3) point towards a simple principle which underlies the reac-
tion cycle shown in Fig. 5: protons and electrons are removed
strictly alternately from the Mn complex. Here ‘removal’ of
a proton means deprotonation of the Mn complex — including
the Mn-ligand environment but excluding Yz — and transfer of
this proton to the lumenal bulk phase whereas electron-removal
denotes oxidation of the Mn complex by electron transfer to
the previously formed Y7 radical. The four proton-release steps
and the four oxidation steps result in a total of eight steps that
precede dioxygen formation [88,97].

Previously we have denoted the involved nine intermediate
states of the Mn complex in the scheme of Fig. 5 as I-states,
where Iy denotes the Mn complex immediately after dioxygen
release and Ig the Mn complex after removal of four electrons and
four protons and immediately before the O—O bond formation
[88,96,97]. However, we found that — after decades of S-state
studies — the I-state nomenclature is mnemonically problematic
and may not be easily acceptable to researchers in the field.
Therefore, here a nomenclature is used where the nine I-states
are replaced by nine S-states (Fig. 5), namely: So* (Ip), So"
(1), S1* (2), S1™ 3), S2* (1), S2" (Is), S3™ (Ig), S3" (I7),
and S4* (Ig). In this modified S-state terminology, the subscript
indicates the number of oxidizing equivalents accumulated by

the Mn complex (excluding Y7z) and the superscript indicates
the relative charge which is either positive (+) or neutral (n).
The charge decreases in each proton release step and increases
by Mn-complex oxidation by ET to Yz**. In the extended S-
state cycle of Fig. 5, the Mn complex is assumed to be neutral in
the classical states Sg and S| (now Sp" and S;™), but positively
charged in the classical Sy and S3 (now S;* and S3*). For a
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Fig. 5. Cycle of alternating removal of protons and electrons from the Mn
complex [97]. Electrons and protons are removed from a Mn complex which
comprises the MnsCa(p-O), core, the protein environment and bound water
molecules; Yz is considered to be not an intrinsic part of the Mn complex. The
nine intermediate states of the Mn complex are denoted as S;*"-states where
the subscript gives the number of accumulated oxidizing equivalents and the
superscript indicates the relative charge (positive (+) or neutral (n) relative to
the dark-stable S;-state). Four S-states are stable for tens of seconds: S (fully
dark-stable), Sp*, S3*, and So". The special semi-stable character of these S-
states is emphasized by an enclosing rectangle; they correspond to the classical
S-states, namely S, S», S3, and Sy. Starting in any of these four semi-stable
S-states, a saturating flash of visible light induces formation of Yz**. For light-
flash application in the Sp* and S3* state, Yz** formation results in release of
a proton from the Mn complex into the aqueous phase; only subsequently an
electron is transferred from the Mn complex to Yz**. The shown reaction cycle
has been presented previously [88,96,97] using a nomenclature where the nine
states from So* to S4* were numbered consecutively and denoted as Iy, I, . . ., Ig.
The proposed regular sequence of alternating deprotonation and oxidation steps
straightforwardly explains the irregular properties of the individual transitions
of the S-state cycle shown in Fig. 4.
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schematic representation of the relation between redox-potential
and S;*"-state, see [88].

The regular sequence of electron and proton removal steps
qualitatively can explain the intricate properties of the individual
S-state transitions (compare Figs. 4 and 5), as briefly outlined
in the following (see also [88]) and detailed with respect to the
realization at the atomic level in Section 3.

(D In the Sop— S; transition, oxidation of the Mn com-
plex by Yz°* (So" — S1*, Em~1V) causes a shift in
the pK value of an intrinsic base, e.g. a w-OH group
[40,145,146], and thus is followed by the release of a
proton (S;* — S™ + H*). By this deprotonation the redox
potential of the Mn complex is lowered so that the next
oxidation again can proceed at ~1 V.

(II) The S; — S, transition exclusively involves oxidation of
the Mn complex (S;" — S,%) so that (i) a positive charge
is acquired by the complex (S>™) and (ii) the Ey, for the
next oxidation by Yz** would be too high (>1.1 V).

(IIT) Subsequent Yz** formation causes a shift of pK values at
the nearby Mn complex such that one proton is released
(St — Sp™ + HY). Thereby the Ep, value is lowered sig-
nificantly so that the ET step can proceed (S," — S3%).

(IV) Subsequent Yz** formation causes a shift of pK values at
the nearby Mn complex such that one proton is released
(S3* — S3™ + H*). Thereby the Ey, value is lowered signif-
icantly so that the ET step can proceed (S3" — S4*). This
ET step is kinetically not separable from Mn reduction
and dioxygen formation in the S4™ — Sp* transition. Cou-
pled dioxygen formation and Mn reduction (S4* — So*),
binding of a new set of substrate-water molecules, and reor-
ganisation of the Mn complex are followed by the release
of a fourth proton (Sop* — So" + H*) thereby reverting the
charge accumulation of the S; — S transition.

By assuming alternating removal of protons and electrons
from the Mn complex the properties of the classical S-state
transitions are straightforwardly rationalized, as the reader may
confirm by a step-by-step comparison of Figs. 5 and 4.

The simplicity of the underlying principle (of strictly alter-
nate proton and electron removal) should not obscure that the
events following Yz°** formation depend on the state of the
Mn complex in a rather intricate way. For a detailed discus-
sion of the remarkable dual role of Yz**, see [88]. Briefly,
in the Sy — S; and S; — S5 transition, Yz** formation is fol-
lowed by electron transfer (Yz** as an electron acceptor). In the
transitions S» — Sz and S3 — S4 — Sg, Yz** formation causes
proton release from the Mn complex—mediated by electrostatic
through-space or through-bond influences on pK values (Yz**
as an electrostatic promoter). This proton release precedes the
ET to Yz** as suggested by the experimental results on the
transition S3 — Sy transition (see Section 2.2) and predicted
by the reaction cycle of Fig. 5 for the S, — S3 transition. The
switch to a proton-first ET results from the lack of a deproto-
nation in the S; — S transition. Why specifically the S| — S,
transition lacks an associated deprotonation, remains an open
question.

In the extended S-state cycle four deprotonation and four
electron transfer reactions precede dioxygen formation, which
can be described by the following equations:

SoT < So" +HT (bulk) ()
So"+Yz e Sit+Yy 2
Sit < S"+HT (bulk) 3)
SI"+ Yzt o St +Yy (€]
ot [+YZ2*t] < S2" [+YZz* 1] + HY (bulk) 6)
" +Y o S3t+Yy (6)
S3T[+YZz*t] < S3"[+YZz*t] + HY (bulk) (7
S3"+ Yz < SatT+Y2 (8)
S4™ + 2H0pext <> So™ + 02,/ ©

The symbol S;*/" refers to the Mn complex and its relevant
ligand environment, including the two bound substrate-water
molecules.

In Eq. (9), we refer to the binding of the substrate water for
the next turnover of the reaction cycle. Thus the O, molecule
indicated on the right side of Eq. (9) is not formed by oxidation
of the water indicated on the left side of Eq. (9). Because it is
not known definitively where in the reaction sequence the two
substrate water molecules bind, the inclusion of water binding in
Eq. (9) is speculative. Inclusion in Eq. (9) implies that the corre-
sponding binding energy can promote the dioxygen-formation
and detachment step, a hypothetical but plausible conjecture.
We also note that the reaction described by Eq. (9) may involve
several ‘internal’ reaction intermediates, i.e. transiently formed
conformations of the Mn complex, including the substrate-water
atoms, e.g. the peroxidic state suggested by experiments at ele-
vated O, pressure [147,148].

The Egs. (1)—(8) refer to alternating ET and proton release
steps. The energetics of each step is describable either by a
pK value of the deprotonating group of the Mn complex (Egs.
(1), (3), (5) and (7)) or a difference in Gibbs free energy (AG)
which can be related to the redox-potential difference between
the respective Yz/Yz** and S;"/S;;1* couples (Egs. (2), (4),
(6) and (8)). Due to the spatial separation of the Mn complex
from the lumenal bulk phase, the ET steps are kinetically sepa-
rated from the proton release. However, it is not excluded that
in the four redox reactions, electron transfer is directly coupled
to proton movements within the Mn-complex entity. Specifi-
cally the ET in the S; — S3 transition (Eq. (6)) may involve
such a concerted electron-proton transfer. The rate constant of
this transition exhibits a kinetic isotope effect which is greater
than in any other S-state transition, but presumably too small
(kn,0/ kp,0 < 2) for arate-limiting contribution of nuclear tun-
neling by the proton [149-152]. Proton movement within a
strong hydrogen bond which is kinetically limited by the reor-
ganisation of heavier atoms might explain the relatively weak
H/D isotope effect. Further studies are required to clarify this
important point. Irrespective of how the ET is coupled to inter-
nal reorganisation of the Mn complex, redox potentials (or at
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least AG-values) can be assigned to the ET reactions of Egs.
(2), (4), (6), and (8).

With the possible exception of the S4*-state, which could
resemble a transition state, all intermediates of the reaction cycle
are proposed to be real intermediates which are either semi-
stable (So", S1™, S»*, S37) or formed transiently (So*, S;*, S,
S3™). These eight states of the Mn complex may represent a use-
ful framework for theoretical studies on the four ET reactions
and the four proton-release steps. Experimental results on the
transient formation of the S3"-state (i.e. the S4-state in [95])
have been reported [95,96,103,153,154]. Experimental charac-
terization of the transiently formed states S>", So*, and S * likely
is particularly challenging, but is required in order to leave the
realm of the hypothetical.

2.5. Energetic constraints of PSII water oxidation

The equilibrium electrode potential, Ey,, of the reaction:

2H,0(aq) < Oa(2) + 4H'(aq) + 4e~ (1.229V)  (10)

at pH 0 is ~1.23 V (against NHE), at room temperature and in
the presence of 100kPa gaseous dioxygen. At atmospheric Oy
partial pressure of 21 kPa the value is lower by 1/4 of 0.04 V
resulting in an E?n of 1.22 V. At this potential the rates of water
oxidation and dioxygen reduction are equal; for net water oxi-
dation, an overpotential is required (E > Ep,).

The value of Ey;, depends on pH according to (at ~300 K):

En=~122V —-0.06VpH an

because the reverse reaction, i.e. dioxygen reduction, is favored
by higher proton concentrations. Alternatively the decrease in
Eyy, at higher pH can be understood as an entropic contribution
to the equilibrium potential which relates to the ‘dilution’ of
protons in the aqueous medium. In PSII, the maximal (lumenal)
proton concentration for residual dioxygen formation may cor-
respond to a pH of 4.2 [155] and thus to an equilibrium potential
of ~0.97 V. (For results on the inhibition of the individual S-state
transitions at low pH, see Ref. [135].)

The potential of the primary oxidant, P680*, recently has
been estimated to be close to 1.25V [65,156] and thus is more
positive than previously thought (for a discussion, see [156]).
The uncertainty range in this value is unclear, but presumably
below £0.05 V [65]; in the following estimates, the uncertainty
range of this and other literature values is not considered. The
potential of Yz** is S-state dependent and changes with time
[84,157-159], presumably explainable by changes in the Ep,
of Yz** which relate to inner-protein proton movements and
release. After the third flash, e.g., the Yz** potential at ~10 s
may be 1.21V [65,158] and it drops further by ~0.09V in
the S3* — S3" transition [95,154] to a value of ~1.12V. In
the S| — S, and Sg — S| transitions, on the one hand the Y-
potential at 10 s is less positive than 1.21V [65,157-159],
on the other hand the subsequent potential-drop due to pro-
ton movements is clearly smaller than 0.09 V. Thus we estimate
that in all S-state transitions the Yz**/Y,° potential for oxida-
tion of the Mn complex is not significantly higher than 1.1 V.

Assuming a free-energy loss associated with oxidation of the
Mn complex of at least 0.05V [160], we arrive at an estimate
of ~1.05V for the potential of the Mn complex when it is oxi-
dized by Yz**. Comparison of the Ep, of the electrode reaction
(4 %097V at pH 4.2) and the oxidizing power supplied by
oxidation of the Mn complex (4 x 1.05 V) indicates that pho-
tosynthetic water oxidation by the Mn complex is energetically
highly efficient.

The above equilibrium considerations tend to obscure an
aspect discussed by Krishtalik already in the eighties, namely
the role of proton release in the energetics of PSII water oxida-
tion [161-164]. Krishtalik considered the following situation:
In the elementary step of water oxidation, four oxidants facili-
tate the four-electron oxidation of water which is coupled to the
transfer of 4 protons (from the two substrate water) to 4 water
molecules (formation of four H3O" ions). Furthermore dioxy-
gen is formed at the active site. Since the proton and dioxygen
release are necessarily delayed with respect to the elementary
steps of water oxidation, the starting point for the reversal of the
elementary reaction are four H3O* and one O, molecule which
are in the active site and close to the catalyst. Thus, the mid-
point potential for the elementary step is not given by Eq. (11),
but requires a correction for the drastically increased proton and
dioxygen concentrations. Thereby the configurational potential,
E., of Krishtalik is obtained:

E.=EY + AE(O; /) + AEMH"T )

12
E.=123V4+007V+0.10V=1.40V. (12

This means that the potential of the four oxidants in the elemen-
tary step would need to exceed 1.4 V. Recent experiments on
O, formation at elevated pressure lead to the suggestion that the
entropy gain due to dioxygen release (0.07 V) might contribute
to the driving force of the elementary reactions [147,148] so that
the relevant configurational potential possibly rather is 1.33 V
than 1.4 V. In any event, E, is clearly greater than the oxida-
tion potential of the Mn complex (Ey ~1.05V in the ET to
Yz*H).

On a first glance, Krishtalik’s considerations seem to point
to a paradox. On the one hand the entropy gain due to pro-
ton dilution is required to match the tight energetic constraints
of photosynthetic water oxidation, on the other hand it cannot
promote the elementary reaction of dioxygen formation itself.
This paradox can be resolved only by taking into account proton
release from the catalytic center (i.e. the Mn complex including
bound substrate-water molecules) already in the steps of the
reaction cycle which precede dioxygen formation [161-164]. In
these either a substrate-water molecule or another group of the
catalytic center is deprotonated. In the first case, protons from
the substrate water are already released prior to dioxygen for-
mation. In the latter case, the bases formed by proton release
could serve as proton acceptors in the dioxygen-formation step
thereby contributing to the driving force of this elementary reac-
tion. In both cases, the binding energy of the proton released
from the Mn complex represents a favorable contribution to the
energetic demands of the elementary dioxygen-formation step.
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Its magnitude can be estimated according to (at ~300 K):

H+ RT
AEjng = (PKbase — PKH,0) 11’1(10)7
~ (pPKbase +1.74)0.06eV (13)

where AEg[iner is the binding energy of the proton to the base
created in reactions (1), (3), (5), or (7) minus the binding energy
of a proton to a single bulk-water molecule.

Assessment of the energetic constraints of water oxidation is
facilitated by the nine-step reaction sequence discussed above.
The oxidation of the Mn complex described by Egs. (2), (4),
(6), and (8) likely proceeds at a potential of ~1.05 V. Because
water oxidation may proceed down to pH-values of ~4.2, albeit
at minimal rates, the maximal pK of the deprotonation reactions
described by Eqgs. (1), (3), (5), and (7) may be close to 4.5.
According to Eq. (13), this corresponds to a gain in potential
for the elementary reaction of dioxygen formation of ~0.37V
per base. Thus, by reactions (1)—(8) a driving force for the
dioxygen-formation step of about 4 x 1.42V is created. Taking
into account that, as opposed to Krishtalik’s original analy-
sis, dioxygen release may contribute to the energetics of the
elementary steps (thus, E. = 1.33 V), the value of 1.42V is suf-
ficiently high to render water oxidation energetically feasible,
however only by a narrow margin. The small driving-force sur-
plus requires that exactly four protons are set free from the Mn
complex before onset of the elementary reaction step(s) of O=0
bond formation. We note that proton release from a base close
to the Mn complex, but too distant to contribute directly to the
elementary reactions, would be insufficient.

The above considerations are not flawed by the potential-
lowering effect of the deprotonation [165] or the complex
relation between protonation state and redox potential in gen-
eral. This becomes obvious by considering the free-energy losses
after light-induced formation of Yz** which are approximately
given by (for one pair of electron/proton removal steps; e, ele-
mentary charge):

[AGioss| = e(Em(YZ.+/YZ) - Em(Si+1+/S,»"))
+ (PH — pKpase)0.06 eV, (14)

where pKpyee refers either to bound substrate water or to a
base that later accepts a substrate proton in the O,-formation
step. Consideration of the respective free-energy losses results
in conclusions on the energetic constraints of water oxidation
which are identical to the ones described in the preceding two
paragraphs, as the reader may verify by application of Eq. (14).

We conclude that energetic considerations on photosynthetic
water oxidation need to account explicitly for the essential
contribution of proton-release steps. Extension of Kok’s cycle
to a nine-step reaction cycle (Fig. 5, Egs. (1)—(9)) facilitates
incorporation of the proton-release contributions into ener-
getic considerations in a reasonably simple, straightforward
way.

In summary, the given energetic constraints of water oxida-
tion by the Mn complex of PSII suggest: (i) for each of the
four oxidations, the Ey, of the Mn complex is close to 1.05V in
the actual ET step. (ii) Not only four oxidation steps, but also

four interlaced deprotonation steps precede dioxygen formation.
These are likely characterized by pK-values around 4.5.

The deprotonation reactions may not only be an energetic
requirement with respect to the dioxygen formation step itself,
but also be pivotal in facilitating four successive oxidations of
the Mn complex at about the same potential, as outlined in the
following.

3. Realization at the atomic level
3.1. Constancy of redox potential

The mostly oxidation-state independent redox potential of the
Mn complex in the ET to the Y7z radical is remarkable. If the four
Mn ions were electronically isolated, we might observe (e.g.)
four essentially independent Mn!! - Mn'V' oxidations at the
same redox potential. However, not only that four isolated Mn
ions are an unlikely water oxidant, the short Mn—Mn distances
found by EXAFS [37,46,145,166—171] as well as the analysis
of EPR results [52,172-177] are highly suggestive that the four
Mn ions are strongly coupled, most likely via bridging oxygen
atoms. Consequently, any oxidation of one Mn ion is predicted
to increase the oxidation potential for the next single-electron
oxidation of the complex significantly as summarized for sets of
mono-w-oxo and di-w-oxo bridged Mnj-complexes in [178,179]
(increase in Ey, by 0.5 to>1.0 V), and exemplified also by the first
oxidation step in Fig. 6 [180]. In PSII, a comparable potential
increase would prevent subsequent oxidation steps of the Mn
complex.

Fig. 6 does not only illustrate the ‘redox-potential problem’
[165], but also a possible solution: the formation of an additional
p-oxo bridge between Mn ions effectively prevents the poten-
tial increase (for details see [180]). We note that the formation
of new p-oxo bridges in response to Mn oxidation (see, e.g.
[181-185]) likely involves (de)protonation events, but quantita-
tive information on this point is rare (e.g. relevant pK-values).
Also the potential-lowering effect of p-oxo bridge formation
by deprotonation of already existing p.-hydroxo bridges is well
established [183,186—191]. In the binuclear Mn complex stud-
ied by [192], the potential increase upon Mn oxidation is limited
to only 0.15 V by the deprotonation of a terminally coordinated
water molecule. However, in PSII even such a minor poten-
tial increase would prohibit oxidation of the Mn complex by
Yzt

The transformation of a w-OH bridge to a u-O bridge may
counteract a potential increase as illustrated in Fig. 7 (typical
values for pK-changes upon oxidation from [191]). The first
Mn-oxidation on A — B results in a redox-potential increase
by 0.5-1.2'V for B — E, the second purely oxidizing transition.
Deprotonation of the p-OH bridge (B — C), however, leads to a
decrease in the potential for the second oxidation step (C — D)
by more than 0.5 V. Thus, if the first oxidation step is coupled to
(or followed by) a -OH deprotonation (amounting to a transi-
tion from A to C), the second oxidizing transition (C — D) will
proceed at about the same potential as the first one.

Further model-chemistry studies are required to obtain
quantitative information how the almost complete constancy
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Fig. 6. Schematic representation of the structural and oxidation state changes
upon sequential electrochemical or photochemical oxidation of two dinuclear
Mn complexes with different N/O ratios in the primary ligand spheres of the Mn
ions (modified from [180]). The approximate redox potentials of the respective
transitions are indicated.

of the redox potential, as it seemingly is realized in PSII,
can be achieved. It would be of special interest (e.g.) to
determine whether deprotonation of a terminally coordi-
nated water could be sufficient to ensure essentially complete
compensation of the potential increase resulting from Mn
oxidation.
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Fig. 7. Illustration of the relation between pK of w-O bridge and midpoint
potentials for a di-p.-oxo bridged Mn;-unit. The vertical transitions refer to oxi-
dation/reduction; the horizontal transitions to deprotonation/protonation. The
B-C-D-E transitions constitute a thermodynamic cycle meaning that the dif-
ference in the pK-values corresponds to the difference in the involved midpoint
potentials (AEy ~ 60 mV ApK) (modified from [165]).

In summary, any pure oxidation of the MnsCa complex
of PSII which proceeds without associated chemical change
is predicted to cause an increase in the potential to a level
that is prohibitively positive. The formation of unprotonated
p-oxo bridges either by deprotonation of a w-OH bridge
or by the formation of an additional w-O bridge represent
chemical changes that may counteract efficiently the potential
increase.

3.2. Structure and oxidation states of the Mn complex in its
S-state cycle

3.2.1. Modifications by X-ray exposure

Crucial information on the structure of the Mn complex of
PSII comes from two techniques which nowadays both rely
on the use of intense synchrotron radiation, namely X-ray
absorption spectroscopy (XAS) [43,44,193,194] and protein
crystallography by X-ray diffraction (XRD). The use of high
doses of ionizing radiation renders radiation-induced mod-
ifications of the Mn complex — also discussed as X-ray
photoreduction (of the high-valent Mn ions) or simply radiation
damage — an important concern. Specifically the significance
of (all) the crystallographic results on the structure of the Mn
complex [23-27] can only be judged by taking into account the
influence of radiation-induced modifications, which have been
investigated by X-ray absorption spectroscopy (XAS) at the Mn
K-edge [37-39].
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Fig. 8. Photoreduction at 10 K of the Mn-complex in its S;-state (measured at
a high-flux beamline). Decrease of the Mn K-edge energy derived from 90 suc-
cessive XAS scans of 30s duration each. A biphasic simulation yielded time
constants of ~1 and ~100 min for the fast and slow decay phase, respectively.
Note that the amplitude of the initial, fast decay of the K-edge energy corre-
sponds to a one-electron reduction of the Mn complex. The slow phase of X-ray
photoreduction eventually leads to a state where all four Mn ions have been
reduced to the Mn(II) level (modified from [39]).

The X-ray absorption spectrum comprises the XANES
(X-ray absorption near-edge structure, the edge-region of
the spectrum) and EXAFS (extended X-ray absorption fine-
structure) regions [194,195]. The information content of the
XANES and EXAFS with focus on the PSII manganese com-
plex is reviewed in [42]; see [37] for a discussion of pitfalls in
the EXAFS analysis and [145] for a comprehensive presenta-
tion of data on all four semi-stable S-states. For further reviews
of XAS results on the Mn complex of PSII manganese, see
[40,41,44,45,196-199].

Even at cryogenic temperatures (e.g. 20K) and relatively
low flux (~10° photons mm~2s~1), X-ray photoreduction of
the Mn complex has been observed [168,200]. In crystallo-
graphic diffraction experiments on PSII, often 103-107 times
higher doses are used. In [37], we have concluded that the struc-
tural information obtained by protein crystallography refers to
a situation where the Mn ions are almost completely reduced
to the Mn!-level, a process which is coupled to the loss of di-
p-oxo bridges. In [38], X-ray photoreduction was investigated
at various temperatures by XAS on PSII crystals. The S-state
dependence of the photoreduction rate at 20 K and room tem-
perature has been reported in [145] (see also Table 1). Recently
flux- and temperature dependence have been studied in detail and
discussed with respect to the underlying physical mechanisms
[39].

At low temperatures the Mn photoreduction is pronouncedly
biphasic (Fig. 8). The rapid phase accounts for reduction by one
equivalent; the subsequent photoreduction is, at 20 K, by a factor
of hundred slower [39]. (We note that in [38] the fast one-electron
reduction has not been resolved.) EXAFS analysis suggests that,
for PSII initially in its Si-state, the rapid photoreduction phase
is associated with the loss of a di-p-oxo motif presumably cou-
pled to the appearance of a longer Mn—Mn distance (asterisks
in Fig. 9) [39].
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Fig. 9. Fourier-transformed EXAFS spectra collected after various X-ray
exposure times (at 7< 20 K). The top spectrum (0 min) corresponds to the Mn-
complex in its Sj-state. In all other spectra, the PSII sample had been exposed
to X-ray irradiation for the indicated period (modified from [39]).

The rapid X-ray photoreduction by about one reducing equiv-
alent is observed in all S-states, however the rate and the
associated structural changes are S-state dependent (Table 1).
As opposed to the S| — Sp* transition, the Sp — S;* transition
is not associated with the loss of a di-w-oxo bridge (unpub-
lished results), in accord with the suggested absence of structural
changes upon oxidation of the Mn complex in the light-induced
S1 — S, transition. Starting in the S3-state, the one-electron
reduction is as fast as in the S,-state, but is coupled to particu-
larly pronounced structural changes which may even amount to
the loss of more than one di-p.-oxo motif (unpublished results).
Consequently, EXAFS spectra collected on PSII samples in the
S5 state are especially susceptible to radiation-induced modifi-
cations.

The cystallographically determined electron densities corre-
spond to a situation where mostly Mn'! is present [37-39]. The
Mn-Mn or Mn—Ca distance are no longer detectable by EXAFS
because either these distances exceed ~3.5 A or the distance het-
erogeneity is so pronounced that all shorter Mn—Mn and Mn—Ca
distances become EXAFS-invisible. The EXAFS data does not
allow for any statement whether the positions of the ligating
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amino acids are affected by reduction of the Mn ions. At an
advanced state of X-ray damage, large-scale structural changes
affect the size of the unit cell of protein crystals and eventually
result in a loss of diffraction reflexes [201,202]. We note that the
X-ray photoreduction of the Mn complex clearly precedes these
drastic effects. For assessment of the reliability of the crystallo-
graphic data on the Mn-ligand environment, it will be crucial to
determine to what extent — at cryogenic temperatures, but in the
“energized situation’ created by X-ray exposure — the Mn reduc-
tion can initiate distinct movements of the ligating amino-acid
residues.

In conclusion, the crystallographic data refers to an all-Mn!!
complex rapidly formed also at low temperatures by X-ray irra-
diation. The resolution of electron density assignable to ligating
amino acids suggests that the described Mn photoreduction does
not result in a highly disordered situation, with the possible
exception of the environment of the Mn ion closest to Asp 170
[26]. Complete avoidance of X-ray photoreduction in the course
of the crystallographic data collection represents an enormous
difficulty as it would require a decrease in dose by several orders
of magnitude.

3.2.2. Structure in the dark-stable S;-state

Mostly on the basis of EXAFS results, the group of Klein
et al. suggested the presence of two di-p-oxo bridged Mn
dimers (2x Mn-Mn distances of 2.7 A) which are connected
by a mono-p-oxo, bis-carboxylato bridge (Mn—-Mn distance
of 3.3A) such that a C-shaped structure resulted [167]. This
“dimer-of-dimers model” was used in formulation of numer-
ous mechanistic models. For example, in the hydrogen-atom
abstraction model [78,79] the O-O bond is formed between two
oxo groups coordinated to the outer Mn ions, which were cal-
culated on the basis of the dimer-of-dimers model and polarized
EXAFS data [204] to be at an appropriate distance. Extensive
simulations of EPR spectra led to the suggestion of a modifi-
cation towards a trimer—monomer (or dangler) model [52,175].
Also the crystallographic results [23-26] are difficult to recon-
cile with a C-shaped dimer-of-dimers model, though specific
isomers of the dimer-of-dimers model might be compatible
[44,204].

In 2004, Barber and coworker presented a crystallographic
model involving a Mn3Ca(u3-O)4 cubane with the fourth Mn
ion connected by a bridging oxide to the cubane [25]. This model
has been used as a starting point for DFT calculations [106] and
mechanistic considerations [6,105,106,205]. However, without
modifications the model of Barber and coworkers is difficult to
reconcile with the EXAFS results [37,46]. Quantum chemical
studies of Batista and coworkers suggest moderate modifica-
tions of the model proposed by Barber and coworkers; the
resulting structure may be compatible also with EXAFS results
[61,206].

Recently, XAS data was collected in a pioneering experi-
ment on single crystals of PSII [46], thereby providing further
constraints for structural models of the Mn complex which
complement earlier results obtained by XAS on isotropi-
cal [40,42,170,171,197,199,207] and uni-directionally oriented
PSII samples [37,40,168,203,208,209]. The symmetry proper-

ties of the PSII crystals render interpretation of the single-crystal
EXAFS in terms of structural models challenging. From the
P21212; crystal-symmetry and the non-crystallographic, local
C2 symmetry result eight orientations of each vector connecting,
e.g., two distinct Mn ions. Therefore unique structural informa-
tion cannot be deduced directly from the single-crystal EXAFS
data. Comparison of the single-crystal EXAFS, crystallographic
and other results with an extended set of hypothetical structures
has lead Yano et al. to a stimulating novel hypothesis on structure
and orientation of the MnyCa(p-O), core of the Mn complex;
at this stage, a definitive assignment of the ligating amino-acid
residues has not been possible [46].

Fig. 10. Tentative model of the Mn complex in its Si-state. The ligation of the
metal ions by amino acid residues is in accord with the crystallographic model
of [26]. The w-oxo bridging between metal ions was chosen such that the final
model (i) matched the EXAFS results obtained on isotropic and uni-directionally
oriented PSII samples and (ii) could account in a straightforward way for struc-
tural changes in the S-state cycle. Molecular mechanics modeling was employed
where a standard force-field had been complemented by reasonable constraints
for the Mn-ligand distances and Mn-Mn distances. Starting with the coordi-
nates of [26], minimization of the potential energy was carried out by allowing
for changes in the coordinates of atoms within a narrow range around Mnl,
Mn2, and Mn3, but within a clearly extended range around Mn4, to account
for the putative influence of radiation-induced modifications on Mn4 and its
ligand environment. In the shown model, Mn1 and Mn2 are close to the original
coordinates of [26]; Mn3 is moderately shifted, but the positions of Mn4 and
the Aspi7o deviate clearly from the initial model [26]. The So — S transition is
supposed to involve deprotonation of the p.;-oxo bridge between Mn3 and Mn4.
Up to the Sy-state, the hydroxide bridging between Mn2 and Ca is only loosely
ligated to Mn1 (Mn1-O distance >2.4 A). In the Sp — Sj3 transition, the five-
coordinated Mnl1 is oxidized and transformed into a six-coordinated Mn!V, a
process associated with deprotonation and proton release. In the thereby formed
S3-state complex, a MnzCa(-O)4 cubane is present. The model implies that the
substrate-water molecules bind at or close Mn4 because (i) only Mn 4 is coor-
dinatively not fully saturated by p-oxo and amino-acid ligands and (ii) there is
sufficient space around Mn4 to account for several water molecules. For further
details, see [210].
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Further structural models need to be discussed and evaluated
in the light of all available experimental (and theoreti-
cal) evidence, in order to advance towards a definitive
and complete (with respect to the Mn-ligands) atomic-
resolution model. A tentative model [210], which involves
a structural motif not considered in [46], is shown in
Fig. 10.

3.2.3. Oxidation-state assignment in the S;-state

In 1981, Dismukes and Siderer described a multiline EPR sig-
nal present only in the S;-state of the Mn complex which exhibits
striking similarities to the 16-line signal of binnuclear Mn, LIV -
complexes [211]. Today it is commonly believed that either a
tetranuclear Mng WMLV o M TLIVIVIV: complex gives rise
to this multiline EPR signal [52,53,173]. Arguments in favor of
the low-valence oxidation-state combination (IILIILIIL,IV) have
been presented [53,212], but the evidence in favor of the high-
valence combination (IILIV,IV,IV) seems to be clearly stronger.
Allinvolved XAS groups have concluded that the XANES spec-
tra essentially exclude oxidation states of MnyTHILILIL apq
MnyMEILILIV 4y the S1 and S, state, respectively [40,197,213]
(Figs. 11 and 12). Also recent computational analyses of EPR
data favors the high-valence state [52,173]. Oxidation of the
Mn complex by electron removal from a delocalized orbital has
been proposed [214], but interpretation of the data obtained by
the promising new RIXS method is still in its infancy. It is com-
monly believed that the S; — S; transition involves oxidation
of a distinct Mn ion from the Mn!"! to the Mn!V level. Thus in
the S1-state the oxidation-state combination of the four Mn ions
likely is IILILIV,IV.

3.2.4. The Sp — S; transition

In the So— S; transition, one-electron Mn oxidation is
suggested by the observed X-ray edge shift [40,44,215-218]
(Fig. 11). Assuming localized valence states, there are the alter-
native options of either Mn'I= 1 or Mn™"=>1V oxidation. In [216]
we suggested that a shoulder in the edge spectra could point
towards the presence of Mn!! in the Sp-state, because simi-
lar shoulders were observed in PSII preparations contaminated
by spurious Mn!'. In the meantime a better understanding of
the factors that determine the shape of X-ray edge spectra has
been obtained [44]. By ab-initio XANES simulation we recently
found that, for axially Jahn—Teller elongated Mn-ligand dis-
tances of the Mn™ jon, a Mn™ 1V transition can account in
a more straightforward way for the observed So-S; difference
spectrum than a Mn"~ 1! transition [44,219-221]. The presence
of one Mn'! ion in the So-state complex also had been concluded
from the width of the Sp-state EPR signal [222,223]. However,
in a more recent EPR analysis evidence was presented that Mn!!
is not present [173]. In conclusion, the balance of evidence is
leaning towards a MnyIWILILIY: complex in the S¢ state, but
definitive proof is still lacking.

For investigation of the Sq state, EXAFS spectra were col-
lected at 20K after illumination with three Laser-flashes at
room temperature and subsequent freezing in liquid nitrogen
(flash-and-freeze approach) [40,145]. In another set of experi-
ments, the flash-illumination was directly combined with XAS
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Fig. 11. Mn K-edge spectra of the Mn complex for all four semi-stable S-states
(modified from [145]). (A) Data collected at 20 K; (B) comparison of difference
spectra collected at room temperature and 20 K. In all S-state transitions the
position of the X-ray edge overall shifts to higher energies, but a uniform edge-
shift is not observed. In the rising part of the X-ray edge, the shift of the X-ray
edgein the Sp — Sj transition is particularly pronounced (bottom grey line in A),
whereas towards the maximum of the X-ray edge no shift towards higher energies
is observed (top grey line in A). At the half-height off the normalized spectra, all
oxidizing S-state transitions results in approximately the same edge-shift. The
grey oval (in A) highlights the especially pronounced absorption decrease in the
S, — S; transition observed below 6550 eV, which relates to disappearance of
a shoulder present in the S; state spectrum. In (A), the grey arrow highlights
a remarkable absorption increase at ~6559 eV which is associated with the
Sy, — S3 transition; the same absorption increase is marked in the difference
spectrum in B by an unfilled arrow.

at room temperature using either a rapid-scan or a timescan
approach [93,94]. Furthermore, XAS data was collected at 20 K
on Sp-state samples prepared by a protocol involving Laser-
flash illumination and an external reductant [146]. Consistently
it is found that, in comparison to the Si-state, the Fourier-
transformed EXAFS spectra are characterized by a reduced
magnitude of the first and, especially, the second Fourier peak
(Fig. 13). The first-peak magnitude increases with increasingly
homogenous Mn-ligand distances. It is maximal in the S3-state,
where minimal distance heterogeneity is explainable by four
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Fig. 12. Comparison of the Mn K-edge energies of the four S-states with those
of Mn oxides [44] and of two binuclear Mn compounds in different oxidation
states [180]. The edge energies have been determined by the “integral method”
described in [44]. For the high-valence scenario (solid diamonds), the edge
energies of the S-states are compatible with the oxidation-state dependence of
the edge energy observed in the reference compounds. For the low-valence
attribution to the S-states of PSII (open diamonds), significant deviations are
observed, rendering the low-valence option unlikely.

hexa-coordianted Mn ion with identical oxidation state (Mn'Y)
[40,145]. In the Sp-state, the first-peak magnitude is minimal
suggesting a maximal distance heterogeneity. This is explainable
by the presence of several Mn'!! ions in a Jahn-Teller distorted
geometry.

From simulation of the EXAFS oscillations it is proposed
that, in comparison to the S state, the low second-peak magni-
tude in the Sy state (Fig. 13) is explainable by the presence of
a ~2.8 A Mn—Mn vector in the Sy state which is transformed
to a ~2.7 A Mn-Mn vector in the Sy — S; transition [40,145].
The transition from a Mn"Y (u-O)(u-OH)-Mn!! to a Mn!V-(j-
O)z-MnIV motif could explain the distance decrease from 2.7 to
2.8 A straightforwardly [224], but also more complex structural
changes might be involved.

3.2.5. The S; — S, transition

The X-ray edge shift by at least 0.7V to higher ener-
gies [45,145,215,216,218,225] (Figs. 11 and 12) leads to the
supposition of a one-electron oxidation of manganese in the
S1 — S, transition, most likely from the M, IHILIVIV 46 the
MnyIHVIVIV Jevel (see Section 3.2.3). This transition most
likely is not associated with deprotonation of the Mn complex
(Section 2.3.1) pointing towards mere Mn oxidation without
any associated chemical change. This conjecture is supported
by the EXAFS analysis which does not provide any indications
for changes in the bridging between Mn ions, as opposed to
all other transitions between semi-stable S-states. In conclu-
sion, the available experimental results consistently suggests that
the S| — S» transition is exceptional as it is the only transition
between semi-stable S-states which does not involve chemical
changes and proton release.

FT magnitude [a.u.]

Reduced Distance [A]

Fig. 13. Fourier-transformed EXAFS spectra of the Mn complex in the four
semi-stable S-states (at 20 K). Solid lines represent simulations of the experi-
mental spectra (dotted lines). The second Fourier peak originates from Mn—Mn
vectors of ~2.7 A length assignable to Mn—(j.-O),~Mn motifs. The arrow indi-
cates the increase (in the S3-state) or decrease (in the Sy state) in the magnitude
of the second Fourier peak relative to the level in the S; and S, state (grey line)
(modified from [145]).

3.2.6. The Sy — S3 transition

This transition between semi-stable S-states requires a more
extended discussion because several principal aspects are still
under debate.

3.2.6.1. Mn versus ligand oxidation. Whereas for the So — S
and S; — S; transitions, oxidation of a Mn ion is generally
assumed, the localization of the oxidizing equivalent created in
the So — Sj transition is still debated. The following alternatives
have been discussed (for details see [40,42]): (i) Mn-centered
oxidation, most likely a Mn""=1V oxidation; (ii) radical for-
mation by oxidation of a ligating amino-acid residue, e.g. a
histidine [226]; (iii) formation of an oxygen radical (O® or
OH?®) on a direct Mn-ligand, possibly being a partially oxi-
dized water molecule in bridging position between Mn ions
[41,196,197]; (iv) delocalization of the oxidation equivalent
(delocalized valence orbital and spin densities; delocalized ver-
sus trapped valencies).

A delocalized valence orbital has been suggested [214], but
would be untypical for Mn"™V_oxo complexes and presently
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is not strongly supported by experimental results. The for-
mation of a histidine radical had been proposed (option ii),
mostly on the basis of an EPR signal detected in Ca-depleted
PSII [226], but in subsequent studies an alternative expla-
nation of the experimental observations has been suggested
[227].

Today mostly the options (i) and (iii) are discussed. Their
discrimination is of importance with respect to the general mech-
anism of photosynthetic water oxidation. Mn-centered oxidation
on all S-state transitions would support the original hypothesis
of Kok that the onset of water oxidation is delayed until four oxi-
dizing equivalent have been accumulated by the ‘catalyst’ [87],
whereas oxidation of an oxygen ligand could indicate partial
water oxidation at an earlier stage in the reaction cycle.

From computational chemistry the formal Mn oxidation state
of Mn in multinuclear complexes is not closely related to the
Mulliken charge of the Mn ion; however, a good correlation
with the spin-population on the respective Mn ion is observed
[61,228]. Thus, in contrast to other transition metal ions, the
assumption of localized, integer oxidation states is not unreason-
able for Mn complexes. An often useful criterion for a distinct
Mn oxidation state is (i) the Mn-ligand bond length which,
for unchanged coordination number, decreases with increasing
oxidation state (bond-valence rules, see [229-231]), as well as
(ii) the presence of a Jahn—Teller distortion in the Mn"-state.
The correlation between oxidation state and bond length also
is related to the empirically observed shift of the X-ray edge
position to higher energies upon oxidation of manganese (see
Fig. 12). For a more comprehensive discussion, see [42].

To study Mn oxidation state changes, XANES spec-
tra were collected at the Mn K-edge. The changes in the
edge spectra (Fig. 11) have been interpreted as evidence
either for [145,215,216] or against [217,218] manganese-
centered oxidation in the S; — S3 transition. Comparison
of the S3-S; difference spectra presented in [218] (absence
of Mn-centered oxidation concluded) and [145] (Mn oxi-
dation proposed) reveals only minor differences in the
data itself. Why does the interpretation differ so pro-
nouncedly?

In all S-state transitions, the X-ray edge does not shift uni-
formly to higher energies but also changes its shape, especially
in the So — S3 transition. Therefore the edge-shift depends on
the method used for quantification of X-ray edge positions. The
inflection-point energy (IPE, determined as the zero-crossing
energy of the second derivative) as used in [217,218] is par-
ticularly shape-sensitive and may be generally inappropriate
in investigations on multinuclear metal centers with localized
valencies; for a detailed account, see [42]. The “integral method”
described in [42] seems to be more appropriate, however cast-
ing the complex XANES changes into a single number remains
critical.

First steps to interpret changes in the XANES spectra
upon advancement in the S-state cycle in terms of changes in
the electronic and geometric structure of the metal complex
have lead to the proposal that the S, — S5 transition involves
transformation of five-coordinated Mn'!' into six-coordinated
Mn!VY [42,219,221]. This assumption can explain the observed
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Fig. 14. Qualitative molecular-orbital calculations (A) and XANES simulations
(B) addressing the edge-shape changes in the S; — S3 transitions. (A) Selected
molecular orbitals of six-coordinated and five-coordinated manganese symmet-
rically coordinated by water molecules. Both orbitals are dominated by the Mn
4s contributions. In the six-coodinated complex (of idealized octahedral geome-
try) there is no contribution of the Mn 4p orbital, whereas in the five-coordinated
complex significant p-orbital contributions are present. Consequently the for-
mally dipole-forbidden 1s — 4s transition becomes partially dipole-allowed in
the five-coordinated complex and thus visible in the K-edge spectrum; for
details see [44]. (B) XANES spectra simulated for five- and six-coordinated
Mn(I1I), and for six-coordinated Mn(IV) in idealized ligand geometry. Open cir-
cles: Mn"'(H,0),(OH)3, Mn—O distance of 1.95 A, square-pyramidal geometry.
Solid line: Mn'"(H,0)3(OH)3, Mn-O distance of 2.02 A, octahedral geometry.
Filled circles: Mn'Y (H,0),(OH),, Mn—O distance of 1.90 A, octahedral geom-
etry. The prevailing electronic transitions which dominate in the respective edge
regions are indicated (modified from [219]).
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edge-shape changes qualitatively [42,219] (see Fig. 14) and
quantitatively [220,221] in a straightforward way. Ab-initio
XANES simulations [232] for a numerical model of water oxi-
dation involving (n-O)® formation in the S; — S3 transition
[233,234] (atomic coordinates kindly provided by P.E.M. Sieg-
bahn, Lund), results in S3—S, difference spectra which differ
qualitatively from the experimental results [221]. How a change
from five-coordinated Mn"! to six-coordinated Mn!Y would
affect the spectrum of the kg X-ray fluorescence, which also
has been studied for PSII in various S-states [218], is unknown.
In conclusion, the edge-shifts and shape changes in the S, — S3
transition are compatible with a Mn™Ls — Mn'VLg transition
(option (1)), but are difficult to reconcile with formation of a lig-
and radical (options (ii) and (iii)). We note that, to account for
the XANES changes, the MnHILs ion in the S;-state does not
need to be strictly five-coordinated but could have a sixth ligand
at a distance exceeding 2.4 A.

3.2.6.2. Structure and valence localization at room tempera-
ture. Inter alia to address the question whether potentially con-
flicting results on the S3-state relate to a temperature-dependent
localization of oxidizing equivalents (redox isomerism) or pro-
tonation states, we investigated the Mn complex by XAS at
room temperature [91-94,145] and approached a comparison
to results obtained at 20 K. In a recent especially comprehensive
study [145], for each of the four semistable S-states, XANES and
EXAFS spectra were collected at 20 K as well as at room temper-
ature and jointly evaluated with focus on the structural changes
in the S-state cycle (Fig. 15). Any oxidation-state and structural
modifications by X-ray irradiation were excluded by strictly lim-
iting the maximal dose, as documented for each S-state in the
supporting online material of [145].

No indications for temperature-dependent equilibria were
obtained [145]. The XANES spectra measured at room tem-
perature and 20K are virtually identical (Fig. 11). The 20K
and room-temperature EXAFS spectra differ in the magnitude
of the EXAFS oscillations at higher energies, but only because
thermally activated (vibrational) motions increase the distance
spread at room temperature (increased Debye—Waller parameter
o). Otherwise, essentially identical structural parameters were
determined by simulation of EXAFS spectra collected at room
temperature (RT) and at 20 K, for each semi-stable S-state [145].

3.2.6.3. Structural changes. Inthe Sy — Ss3 transition, we con-
sistently have observed an increase in the first and second
Fourier-peak in all data sets collected at room temperature and
at 20K [40,92,145] (Fig. 13). Furthermore, the corresponding
increase in the EXAFS oscillations becomes directly visible
in the time courses of the flash-induced changes in the X-
ray absorption when the advancement in the S-state cycle is
measured at room temperature in ‘real time’ [145]. In [235] a
pronounced decrease in the magnitude of the EXAFS oscilla-
tions, and consequently of the first and second Fourier-peak,
has been reported; the reasons for this deviating observation are
still unclear.

The EXAFS simulations indicate that the increase in the
second Fourier peak originates from an increased number of

Fig. 15. Structural changes in the p-oxo core of the Mn complex. For clarity,
only three Mn ions of the Mn4Ca-complex are shown which suffices to illustrate
the putative modifications in the structure of the complex. The Mn—Mn distances
derived from the EXAFS are indicated. The omitted fourth Mn is assumed to be
connected to one of the depicted Mn ions by a di-p.-oxo bridge leading to a further
Mn-Mn vector of ~2.7 A (in all S-states). One Ca ion (not shown) presumably
is connected by two or more bridging oxygen atoms (u.-O, n-OH, n-OHy) to
two or more Mn ions. Alternatively to the depicted Mn-(j2-O)2-Mn-(2-O)-Mn
motif in the S;-complex, a Mn3 (p2-O)(3-O) motif might be present which then
is transformed to a Mn3(2-O)2(3-O) unit in the Sp — S3 transition. Single-
electron oxidation of manganese is assumed to occur on Sop— Sy, S| — S»,
and S, — S3, but only the oxidation state of the five-coordinated Mn'™ (in S,)
which is transformed into a six-coordinated Mn!V (in S3) is indicated. Ligand
deprotonation and rearrangement presumably taking place in the subsequent S-
state transition are emphasized using dotted arrows. In Sz, dotted circles mark
the sites where bridging oxides may act as proton acceptors in S3 = Sy, the
oxygen-evolution transition (from [145]).

Mn-Mn vectors in the distance range from 2.7 to 2.8 A [40,145].
This observation is explainable by formation of an additional
di-p-oxo motif in the S; — S3 transition (Fig. 15) [40,145].

In summary, we propose that in the Sy — S3 transition the
transformation of a five-coordinated Mn!!! to a six-coordinated
Mn!Y is coupled to the formation of an additional p.-oxo bridge.
This process is preceded (or coupled to) a deprotonation, possi-
bly of a terminally coordinated water species which turns into
a bridging oxide or hydroxide. The experimentally determined
exchange rates for the two substrate-water molecules do not
vary strongly when comparing the states S, and Sz [59,236],
suggesting that the formed p-oxo bridge is not derived from a
substrate-water molecule.

3.2.7. Four steps of the S3 — Sy transition

In the S3— Sp transition, clearly dioxygen and likely
two protons are released from the Mn complex (see Section
2.3); at least one and supposedly both of the substrate-water
molecules for the next turnover of the catalytic cycle bind
[54,59,60,236-238]. In Fig. 5 (Eqs. (7)—(9) and (1)), these events
are described by a sequence of four reactions: S3* (the classi-
cal S3) — S3" (S4 in [95]) = S4t — Sp™ — Sp" (the classical
So), where only the S4" may represent a transition-state-like
intermediate.
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3.2.7.1. Deprotonation prior to ET to Yz** (S3* — S3"). Evi-
dence has been presented that the Yz**-formation may induce a
deprotonation of the Mn complex (S3 — S4 in [95], see Section
2.2). There are three mechanistically distinct alternatives for the
identity of the deprotonating group:

(i) A substrate-water molecule is directly deprotonated.

(i) The substrate water is not deprotonated, but a base is cre-
ated by deprotonation of a first-sphere Mn-ligand, e.g. a
w-OH group. In the dioxygen formation reaction itself,
this base could facilitate a coupled electron—proton trans-
fer from substrate water to the core of the Mn complex,
in analogy to the proposed role for the deprotonated .-
oxo bridges formed in the So — S1 and S, — S3 transition
[40,165].

(iii) A nearby group, e.g. the Argss; of the CP43 protein
[106,107], is deprotonated and then accepts a proton in
the subsequent steps of dioxygen formation.

A high-valent S3 state (all-Mn'Y) may be incompatible with
the presence of a protonated oxo-bridge, thereby disfavoring
hydroxo-bridge deprotonation in the S3* — S3" transition. For
substrate water coordinated to the Mn ion closest to Aspg; (Mn4
in Fig. 10), its deprotonation may be disfavored by the relatively
large distance to Yz** (in comparison to Mnl and Mn2); the
through-space and through-bond interactions could be too weak
for hydroxide formation. Be that as it may, presently it is not pos-
sible to exclude — or even disfavor — any of the above alternatives
on solid grounds.

3.2.7.2. Electron-transfer to Yz** (S3" — S4*). This electron-
transfer step is proposed to be facilitated by the potential-
lowering effect of the preceding deprotonation [95,96]. The
sequence of deprotonation and ET may be similar to the
S, — S3 transition, however the energetic constraints differ. In
the S3™ — S4™ transition, the electron transfer does not result in
formation of a semi-stable state so that the ET-step also could be
endergonic. Thus the S47/S3™ redox potential could exceed the
Yz**/Yz potential (~1.1 V) maximally by the activation energy
(in V) of the ms-rate constant of the S3® — S4* — So™ transition
(~0.2eV) [99,130,137,154] resulting in a maximal potential of
~1.3V versus ~1.05V for the other S;11*/S;" couples. If the
S4*/S3" potential is close to 1.3 V, then (a) the potential-lowering
influences of the preceding deprotonation will be relatively small
(favoring the third of the above options for the deprotonation in
S3* — S3") and (b) the S4* state will be particularly strongly
oxidizing.

Application of standard rules-of-thumb for biological elec-
tron transfer [239] suggests for a donor-acceptor distance of
less than 7 A (Yz to nearest Mn ion) and an activation energy
of only ~0.2¢eV that the ET rate constant should be several
orders of magnitude greater than the experimentally determined
value of ~0.7ms™L. (Noteworthy, also the ET rates in the tran-
sitions So" — S1* and S;" — S,* are surprisingly low.) This
discrepancy is not easily explainable by rate-limitation by a cou-
pled proton-tunneling process because the H/D isotope effect on

the rate is small (<1.4). Protein dynamics involving diffusive
motions between numerous conformational substates [240-243]
or specific, ’conducive’ protein motions [244,245] may facili-
tate a significant reorganization of the Mn complex — including
proton movements — at low activation enthalpy. We note that
such an influence of the protein dynamics could render quan-
tum chemical calculations on the energy profile along putative
reaction paths problematic. Whether the slowed-down ET in
PSII in which Sr replaces Ca relates to protein dynamics or
rather changes in the energetics (redox potentials, pK-values)
is still unclear; the latter may be more likely [102,246]. It
will be important to address these and related questions in the
future.

3.2.7.3. Mn reduction coupled to dioxygen formation
(S4* — Sp*). The chemical changes of the oxidizing S-
state transitions are necessarily reversed in the S3— Sy
transition (assuming that the two substrate water molecules
are already bound in the semi-stable Sp-state). Thus, on the
basis of the results summarized above, we suggest that in the
S4* — Sp* transition, the Mn reduction to the Mp!HILHLIV
level is accompanied by changes in the Mn—Mn bridging
mode, namely (i) a Mna(p-0)2 — Mna(-O)(n-OH) and (ii)
Mn;(-O)2 — Mny(-0); transition, where the latter involves
a Mn!VL¢ — MnLs coordination change (Fig. 15). We feel
that more far-reaching hypotheses on the atomic-level events
in this crucial reaction step cannot be derived directly from
the presently available experimental results. A more general
hypothesis on the basic mechanism of dioxygen formation in
the S4* — So* transition is discussed below (see Section 3.3).

3.2.7.4. Proton release prior to So-formation (Sp* — So").
This proton release may be coupled to the structural reorganiza-
tion that is associated with dioxygen release and the binding of
another set of substrate-water molecules. Three alternatives may
be distinguished: (i) a substrate-water molecule binds to a Mn
or Ca ion and deprotonates, resulting in formation of a bound
hydroxide. (ii) Concomitantly to Mn reduction in the S4* — Sp*
step, a first-sphere ligand (e.g. a p-oxo bridge) became proto-
nated and now deprotonates. (iii) A nearby group (e.g. Asps1,
Argss7, non-substrate water) accepted a proton in the S4™ — Sp™*
transition and now releases the proton into the lumenal bulk
phase. The first option amounts to binding of one substrate
water in form of a hydroxide. It is doubtful whether a hydrox-
ide coordinated to a high-valent Mn ion exchanges as fast as
experimentally observed (exchange in ~500 ms in the Sj3 state
[59,60,237] where, supposedly, four Mn!V ions are present).
Nonetheless, presently none of the above alternatives can be
excluded.

3.3. Acceptor-base hypothesis—an alternative mechanistic
framework

In the light of the considerations and experimental obser-
vations reviewed above, we propose the following framework
model for the mechanism of photosynthetic water oxidation at
the Mn complex of PSII:
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(1) By electron transfer to Yz** and proton release into the

aqueous bulk phase, four electrons and four protons are
alternately removed from the Mn complex as shown in
Fig. 5. The interlaced deprotonation steps facilitate an
almost constant redox potential of the Mn complex in four
successive oxidation steps and simultaneously ensure min-
imal free-energy losses. The latter requires that the four ET
steps proceed at a redox potential close to 1.05V whereas
the deprotonation steps are characterized by a pK close to
4.5. (The pK of the deprotonating group will change in sub-
sequent oxidation steps, but this is not associated with a
loss in the free-energy available for the elementary steps of
dioxygen formation.)

(2) Water is neither partially oxidized nor deprotonated in the
oxidizing S-state transitions. Thus, four oxidizing equiv-
alents as well as four bases are accumulated by the
Mn complex before onset of water deprotonation and
oxidation.

(3) Inthe reaction step(s) of O—O bond formation and dioxygen
release (i.e. S3" — S4* — Sp™), the previously formed bases
accept protons form the substrate-water molecules. Several
or all of the acceptor bases are first-shell ligands of the Mn
complex thereby facilitating a close coupling of the electron
transfer from water to Mn ions (Mn reduction) and of pro-
tons to the Mn-ligands formally amounting to a hydrogen-
atom transfer from water to the core of the Mn complex.

The hypothesis of Kok that four oxidizing equivalents are
accumulated prior to the onset of water oxidation is, in the
above framework model, extended by proposing that also four
bases are accumulated by the catalyst—prior to oxidation and
deprotonation of water.

Already Krishtalik has suggested that one or more bases cre-
ated in the oxidizing S-state transitions could serve as proton
acceptors in the dioxygen-formation step [161-164]. This idea
repeatedly has been invoked in the interpretation of proton-
release data [116,117].

The above framework model represents a working hypoth-
esis which may or may not turn out to be too extreme in
the assumption that all four protons are still bound to the
two substrate-oxygen atoms in the S4* state. Specifically the
S3" — Sy4* and the Sp* — Sp" transitions presumably involve
more extensive structural rearrangements which likely include
internal proton movements and might include deprotonation of
a substrate-water molecule.

With respect to the above point (ii), we note that overall there
is reasonably good evidence for the absence of partial water oxi-
dation prior to formation of the S4-state (S3" in Fig. 5). only for
the S» — S3 transition this question is still debated (see Section
3.2.6). The situation is less clear with respect to water deprotona-
tion; some tentative conclusions can be drawn from the available
experimental results:

(i) Inthe S; — S transition no proton is released from the Mn
complex so that substrate-water deprotonation in this step
is most unlikely (Section 2.3).

(i) The observation of only minor changes in the exchange
rates of both substrate-water molecules in the S, — S3 tran-
sition essentially excludes substrate-water deprotonation in
this step [59,236]. In general, the exchange rates deter-
mined for the PSII manganese complex do not provide
any conclusive evidence that a substrate-water molecule
is deprotonated in any of the transitions from Sy to S3
[59,60,236-238,247,248].

(iii) The So — S transition may results in a deprotonation of a
p-OH bridge (Section 3.2.4); a recent investigation on rel-
evant synthetic model complexes suggests that the water
exchange rates observed for the PSII manganese complex
are incompatible with a substrate-water oxygen forming a
p-oxo bridge between Mn ions (at least up to the S3-state)
[249]. In conjunction these observations suggest that the
formation of an unprotonated p-oxo bridge in the So — S
transition by deprotonation of a p-hydroxo derived from
a substrate-water molecule is unlikely, thereby providing
a circumstantial argument against substrate-water deproto-
nation in the So — S; transition.

We feel that, overall, the available experimental evidence
points towards the absence of substrate-water deprotonation in
any of the transitions from Sy to S3*. At present there is, to
our best knowledge, no experimental observations favoring or
disfavoring deprotonation of substrate-water molecules in the
So™ — Sp" or S35 — S3" transition.

Numerous mechanistic models of dioxygen formation have
been proposed, ranging from basic, empirical models to detailed
atomic-level scenarios. For a summary of 34 earlier models see
[8]; for a recent discussion of selected atomic-level models, see
[6]. In the vast majority of these models, the two water molecules
are partially or fully deprotonated when four oxidizing equiva-
lents have been accumulated in the S4-state, at variance with our
acceptor-base hypothesis. One of the rare examples of a mecha-
nistic model in which substrate-water deprotonation takes place
only after formation of the S3-state recently has been presented
by McEvoy and Brudvig [6,107].

4. Concluding remarks

Photosynthetic water oxidation at the Mn complex of PSII
is still insufficiently, but already now by far better understood
than, e.g., electrochemical water oxidation at electrode sur-
faces. The already reached level and future progress relates to
a crucial methodical advantage in PSII research, namely the
preparation of four semi-stable intermediates (S;", S;", S3* and
So*) by light-flash application. However, taking into account
the complexity of the four-electron/four-proton chemistry, char-
acterization of the four semi-stable states may not suffice for
construction of unambiguous mechanistic models. Employment
of structure-sensitive methods in time-resolved experiments
represents a major challenge, but could facilitate the characteri-
zation of further intermediates of the reaction cycle, specifically
the transiently formed states So*, S»", S3" in Fig. 5. Whether
S4* is resolvable in time-resolved studies is doubtful, but not
a-priori excluded. Furthermore, the preparation and stabiliza-
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tion of these and other reaction intermediates (see [82,250,251]
and refs. therein) at cryogenic temperatures may facilitate their
characterization. Trapping and characterization of additional
intermediates in the S3™ — S4* — Sp* step would be highly
desirable—e.g. the possibly peroxidic intermediate suggested
by experiments at high O, partial pressure [147,148].

What are the next steps?

(1) The here proposed basic sequence of four electron and
four proton removal steps (Fig. ) is, in several points, still
hypothetical and requires further experimental support,
specifically with respect to the not yet detected intermedi-
ates Sp™ and Sp™.

(i1) Identification of the four deprotonation events as either
substrate-water deprotonation or acceptor-base creation
will be essential for establishment of a general framework
for mechanistic models.

(iii) Fully unambiguous identification of the chemical identity
of the acceptor bases represents an essential basis for a
mechanistic model at the atomic level.

(iv) Quantitative determination of energetic parameters (redox
potentials, pK-values, enthalpy change in the dioxgen-
formation step) may, inter alia, provide the criteria needed
for judging quality and relevance of quantum chemical
calculations on the mechanism of dioxygen formation.

(v) Design and detailed functional characterization of syn-
thetic catalysts which mimic distinct aspects of biological
water oxidation will play a crucial role in evaluating
mechanistic hypotheses on the individual steps of the
water-oxidation cycle in PSIIL.

(vi) Structural models of the Mn complex in PSII have been
presented, but these are neither definitive and nor com-
plete (see Section 3.2). Simultaneously or in concert with
(1)—(v), the development of atomic resolution models will
advance, not only for the dark-stable S, but also for other
intermediates in the reaction cycle of Fig. 5. Quantum
chemical calculations are likely to play a crucial role in
the development of complete atomic resolution models. To
leave the realm of speculations, an effort is needed to inter-
face more extensively computational and experimental
approaches. This also needs to involve a critical assess-
ment of the reliability of structural information obtained by
protein crystallography and spectroscopic methods, on the
one hand, and computational methods, on the other hand.
Eventually these efforts should result in a complete pic-
ture of the active-site structure which includes the location
and protonation states of substrate-water molecules and all
nearby groups possibly involved in proton translocation.

(vii) On the basis of (i)—(vi), and specifically on the basis of
complete structural models for the starting state (S3") and
final state (Sp*), unambiguous determination of the reac-
tion path in O-O bond formation may be attainable.
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