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Abstract

The mechanism by which the Mn-containing oxygen evolving complex (OEC) produces oxygen
from water has been of great interest for over 40 years. This review focuses on how X-ray
spectroscopy has provided important information about the structure of this Mn complex and its
intermediates, or S-states, in the water oxidation cycle. X-ray absorption near-edge structure
spectroscopy and high-resolution Mn K X-ray emission spectroscopy experiments have identified
the oxidation states of the Mn in the OEC in each of the intermediate S-states, while extended X-
ray absorption fine structure experiments have shown that 2.7 A Mn—Mn di-pi-oxo and 3.3 A Mn-
Mn mono-p-oxo motifs are present in the OEC. X-ray spectroscopy has also been used to probe
the two essential cofactors in the OEC, Ca2* and CI~, and has shown that Ca2* is an integral
component of the OEC and is proximal to Mn. In addition, dichroism studies on oriented PS 11
membranes have provided angular information about the Mn—Mn and Mn—Ca vectors. Based on
these X-ray spectroscopy data, refined models for the structure of the OEC and a mechanism for
oxygen evolution by the OEC are presented.
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1. Introduction

The oxidation of H,O to O, by the Mn-containing oxygen evolving complex (OEC) in the
chloroplasts [1], and the reduction of O, to H,O by cytochrome c oxidase in the
mitochondria [2] form the important cycle of dioxygen metabolism that is essential to both
plant and animal life on earth (Eq. 1).

2H,0 = Og+4e”+4HT (1)

Oxygen is relatively abundant in the atmosphere primarily because of its constant
regeneration by photosynthetic water oxidation by the OEC. The OEC of the photosynthetic
apparatus that catalyzes the forward reaction shown in Eq. 1 contains a cluster of four Mn
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atoms (reviewed in [1,3-5]). In addition to Mn, CI~ and Ca?* are essential cofactors that are
required for activity [6,7]. The OEC cycles through a series of five intermediate states, S; (i
=0-4), where i represents the number of oxidizing equivalents stored on the OEC. This
process is driven by the energy of four successive photons absorbed by the pigment Pggq of
the photosystem Il (PS I1) reaction center [8]. The Mn complex in the OEC couples the four-
electron oxidation of water with the one-electron photochemistry occurring at the PS 11
reaction center by acting as the locus of charge accumulation (Fig. 1).

The critical questions related to this water oxidation process are the structure of the Mn
complex and its nuclearity, that is the number of Mn atoms that are directly connected by
bridging ligands, the oxidation state and structural changes in the Mn complex as the OEC
proceeds through the S-state cycle, the structural and functional roles of the essential
cofactors Ca?* and CI~, and the mechanism by which four electrons are removed from two
water molecules by the Mn complex to produce an O, molecule.

Mn X-ray spectroscopy studies provide direct information on the structure of the Mn cluster
and on the oxidation states of the Mn atoms in the Sp, S1, S and Sj states of the OEC. X-ray
absorption spectroscopy (XAS) does not require a long-range order; the structural studies
can be performed on frozen solutions. Several of the intermediate states mentioned above
can be stabilized as frozen solutions. Because of the complexity of the system and the
presence of many pigment and other electron-transfer components (chlorophyills,
cytochromes, quinones), study of the Mn complex by optical and other spectroscopic
methods can be difficult. The specificity of the XAS technique allows us to look at Mn
without interference from the pigment molecules, the protein and membrane matrix, or other
metals like Ca, Mg, Cu and Fe, which are also present in active preparations. X-ray K-edge
spectra and K X-ray emission spectra provide information about oxidation states and the
site symmetry of the Mn complex, and extended X-ray absorption fine structure (EXAFS) at
the K-edge furnishes information about the number, type and distances to neighboring
ligand atoms (reviewed in [9-12]). Few other spectroscopic techniques provide such
specificity for studying the structure of Mn in the OEC.

In this review, we present our view of the structure of the Mn cluster, which is refined based
on new data, and a mechanism for water oxidation that emphasizes the recent results from
our laboratory.

2. Oxidation states of Mn vs. S-states of the OEC

A key question for the understanding of photosynthetic water oxidation is whether the four
oxidizing equivalents are accumulated on the four Mn ions of the OEC, or whether some
ligand-centered oxidations take place before the formation and release of molecular oxygen.
It is crucial to understand this problem, because the Mn redox states form the basis for any
mechanistic proposal for photosynthetic water oxidation.

A promising approach to study the Mn oxidation states in the native S-states is to step
samples through the S-state cycle by the application of saturating single-turnover flashes and
to characterize these samples by X-ray spectroscopy. Roelofs et al. [13] reported X-ray
absorption near-edge structure (XANES) data from samples in the Sy through S3 states
produced under these physiologically relevant conditions. The flash-advanced PS Il samples
prepared from spinach exhibited XANES spectra that showed Mn oxidation from Sy to Sy
and from Sy to S,, but no further oxidation during the S, to Sz transition. These results are
consistent with our earlier studies of samples that were prepared by illumination at low
temperature [14,15] or by chemical treatment by Guiles et al. [16,17].
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Other spectroscopic techniques such as proton relaxation enhancement [18], electron
paramagnetic resonance (EPR) [19-21], UV absorption [22,23] and oxidized tyrosine D

('Y.¥) EPR/spin echo [24] spectroscopies show that, in PS 11, the Sp—S; and S;—S,
transitions are Mn-centered oxidations, and most groups agree that Mn redox states in the S;
state are (l11,, 1V5) which are oxidized to (111, IV3) in the S, state [25]. There is, however,
disagreement as to whether a Mn- or ligand-centered oxidation occurs in the S,—S3
transition [26,27].

To resolve the controversy, we initiated high-resolution Mn K X-ray emission spectroscopy
(XES) studies in collaboration with Prof. Steve Cramer, who has constructed a state-of-the-
art high-resolution emission spectrometer that operates at the Mn Kf fluorescence energy
and has demonstrated the feasibility of determining the oxidation states of Mn [28]. We have
now completed a comprehensive Mn KB XES study in conjunction with XANES, a
repetition of our earlier studies by Roelofs et al. [13], on sets of samples prepared in a
similar manner to address the question of the oxidation states of Mn in the various S-states.

Because the actual S-state composition is of critical importance to the interpretation of the
results, we characterized the samples by EPR spectroscopy, using the S, multiline EPR
signal (MLS) as a direct measure for the S, state population in our samples. It is essential to
obtain high concentrations of PS Il in the various S-states to obtain EPR, XANES and Kj
XES data with a good signal-to-noise ratio. A Nd-YAG laser system (Spectra-Physics PRO
230-10, 800 mJ/pulse at 532 nm, 9 ns pulse width) was used to illuminate PS Il samples
from both sides simultaneously. Because the pulse widths of the laser are narrow compared
to those of a flash lamp, double hits become negligible. The damping of the oscillation
pattern is decreased, thus making it possible to derive an unique set of spectra by
deconvolution. When the system becomes scrambled by frequent misses and double hits, the
deconvoluted spectra are not unique. Also, the laser setup has allowed us to double the
sample concentration used in earlier studies [13]. The relative S-state populations in samples
given 0, 1, 2, 3, 4, 5 or 6 flashes were determined from fitting the flash-induced EPR
multiline signal oscillation pattern to the Kok model, which describes S-state dephasing as a
function of flash number, for each of the samples used in the X-ray spectroscopy
experiments.

2.1. Mn XANES

The Mn K-edge spectra of samples given 0, 1, 2, or 3 flashes are combined with EPR
information to calculate the pure S-state edge spectra. The shifts in inflection point energy
positions and changes in shape are determined by second derivatives of the K-edge spectra.
In addition to the shift in edge position, the Sp—S; (2.1 eV) and S;—S, (1.1 eV) transitions
are accompanied by characteristic changes in the shape of the edge, also indicative of Mn
oxidation [25]. The edge position shifts very little (0.3 eV) for the So,—Sg transition, and the
edge shape shows only minor changes [29,30]. These recent results con- firm our earlier
data by Roelofs et al. [13].

2.2. Mn KB X-ray emission spectroscopy

High-resolution Mn Kf X-ray emission spectroscopy has been performed on samples
prepared by using 0, 1, 2, or 3 high-power laser flashes. In this technique, the energy of the
Mn K@ emission (3p—1s) is measured with a high-resolution dispersive spectrometer [31].
The shape and energy of the KB 3 emission reflect the oxidation state(s) of the emitting Mn
atom(s). The emission occurs from a 3p level that is mainly influenced by the number of
unpaired 3d electrons and is less sensitive to the symmetry and bonding than the K-edge
absorption (see below), which involves transitions to the 4p level [10]. The spin of the
unpaired 3d valence electrons can be either parallel (Kp’) or antiparallel (KB 3) to the hole
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in the 3p level. The splitting between the KB’ and KB 3 peaks becomes smaller for higher
oxidation states because fewer 3d electrons interact with the 3p hole. Thus, in contrast to the
inflection points of the XANES edges, the K1 3 peaks shift to lower energy with higher
oxidation states (Fig. 2).

Using a first-moment analysis, the position of the main KB, 3 peak has been calculated for
each S-state. Based on the shifts, or lack thereof, of the first moments, we concluded that
Mn is not oxidized during the S,— S5 transition. Our results show a shift in energy between
the Sg and S state spectra and between the S; and S state, however, there is very little
change between the S, and Sj states.

We have used two independent X-ray spectroscopic techniques, KB XES and XANES
spectroscopy, along with EPR, to examine the Mn redox states in PS Il. Fig. 3 summarizes
the oscillation patterns of the XANES spectra inflection point energies (A) and of the first
moments from the K 3 spectra (B). Both patterns show large shifts between the 0-flash and
1-flash samples, which reflect the Mn-centered oxidation during the S;—S, transition. A
much smaller shift occurs between 1-flash and 2-flash samples, which is inconsistent with a
Mn-centered oxidation during the S,—S3 transition. Second derivatives of the S-state
XANES spectra and Kp difference spectra confirm this conclusion. We conclude that no
direct Mn oxidation is involved in the S,—S3 transition. The proposed Mn oxidation state
assignments are as follows: Sq (11, 1, 1V, IV) or (111, 111, 11, 1V); S (1, HE 1V, 1V); Sy
(1 1V, 1V, 1V); S (L TV, 1V, TV) and are summarized in Fig. 1 (J. Messinger, J.H.
Robblee, U. Bergmann, personal communication).

Support for this conclusion has come from XANES and K XES studies of two-model
compounds in which Mn oxidation occurs without ligand rearrangement or replacement. Of
particular interest are the complexes [Mn"''-O-Mn'""]L, (L =N,N-bis-(2-pyridylmethyl)-N'-
salicylidene-1,2-diaminoethane), poised in the Mn!!'/Mn!"l, Mn!"/Mn!Y and Mn!'V/Mn!V
states, and [Mn'"-0,—Mn!V]L, (L =bipy), poised in the Mn!"l/Mn!V and Mn!V/Mn!V states,
by low-temperature preparative scale electrolysis [32]. The data show the expected shift in
the K-edge and K XES first moments when Mn is oxidized from (l11,) to (111,1V) and to
(IV>) (H. Visser, personal communication). The KB XES first-moment shifts of this set of
complexes have been compared to the first-moment shift for the S;—S transition, taking
into account the fact that the models oxidize one Mn out of two in each step, while PS 11
oxidizes maximally one Mn out of four. This comparison shows that the first-moment shift
in the model complexes, where Mn(l11) is oxidized to Mn(1V), is comparable to that seen
during the S;—S, transition in PS Il. Most interestingly, the difference spectra for the (l11,)
to (H1,1V) or (111,1V) to (1) transition in the mono-p-oxo bridged complex, or the (111,1V)
to (1) transition in the di-p-oxo bridged complex, are almost identical. This provides
conclusive evidence that Kj X-ray emission spectra are less sensitive to structural changes
and are predominantly determined by oxidation states of Mn, as indicated above. Thus we
conclude that the lack of a change in the KB X-ray emission spectrum for the S,—S3
transition is firm evidence for lack of Mn oxidation.

The critical issue is the distribution of the oxidizing equivalents in the S3 state. In our
interpretation, the oxidizing equivalent in the S state is stored not on Mn, but elsewhere,
probably on a ligand or protein residue. We propose that it is stored on the bridging oxo
ligand (vide infra) and hypothesize that changes in the Mn K-edge and K X-ray emission
spectra during the S, to Sj transition are small, because the Mn 1s level is not perturbed as
much by ligand oxidation as it is when Mn is oxidized.
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3. Topological structure of the Mn cluster

XAS results that showed the existence of the 2.7-A Mn-Mn distance [33-35] and the
discovery of the MLS from the S, state [19,36] established the multinuclear nature of the
Mn cluster. The interplay between the two methods has played an essential role in our
present understanding of the structure of the Mn complex and the mechanism of water
oxidation.

3.1. Mn EXAFS-based structure

The quantitation of the Fourier peak at 2.7 A in the S; and S, states leads to 1-1.5 Mn-Mn
vectors per Mn in PS Il at that distance [25,37-39]. The 2.7-A Mn-Mn distance is
characteristic of di-p-oxo bridged models, therefore it was proposed that the Mn complex in
the OEC is a structure with minimally two di-p-oxo bridges. This conclusion was based
principally on the observation of the 2.7-A Mn-Mn distance, but it was also supported by
the presence of a short Mn-O distance at about 1.8 A, which is characteristic of bridging
Mn-oxo distances in multinuclear Mn complexes [40].

The Fourier transforms (FTs) from the S; and S, states also exhibit a peak at 3.3 A that
corresponds to at least one Mn—Mn interaction and a Mn-Ca interaction (see below). A Mn-
Mn 3.3 A-distance is characteristic of mono-ji-oxo-bridged Mn complexes; hence, we
proposed that the Mn cluster in the OEC consists of at least one such mono-ji-oxo bridge
between two Mn atoms.

Given that there are four Mn atoms in the OEC, win at least two Mn—Mn di-j.-oxo bridges
and at least one Mn—Mn mono-j1-oxo bridge, it becomes physically impossible not to have a
tetranuclear Mn cluster. By comparison with the structural motifs present in multinuclear
Mn complexes [41,42], we proposed that the Mn cluster in PS Il consists of a pair of di-j-
oxo bridged Mn binuclear clusters linked through a mono-pi-oxo bridge. There are several
topological alternatives for arranging four Mn atoms that satisfy the two requirements listed
above and the details are discussed in DeRose et al. [40]. Fig. 4 shows the various options
that are compatible with EXAFS data and, among those options, A, E, F, G and K are
especially favored.

EPR and ENDOR simulations of the MLS by Britt and coworkers [43] and Kusunoki and
coworkers [44] are in better agreement with E, F or G shown in Fig. 4. Temperature
dependence studies of the g =4.1 S, signal have led A hrling et al. [45] to propose two non-
magnetically interacting Mn dimers like those shown in Fig. 4C.

It is important to emphasize that the spatial arrangement of the four Mn atoms associated
with the water-oxidation complex is not definitively known. Although option A in [40] (Fig.
4A) has been used as a working model [25], the other options E, F, G or K in Fig. 4 are
equally feasible, as we emphasized in DeRose et al. [40]. The mechanism proposed on the
basis of density functional calculations [46] prefers option F in Fig. 4, where the two di-p-
0X0 units are adjacent to each other; a structural arrangement that can more easily explain
the lengthening of both of the two 2.7-A Mn—Mn distances in the S5 state.

3.2. Structural insights from the dichroism of the Mn cluster

PS Il preparations [47,48] are membrane fragments, thus the cofactors are vectorially
arranged. We have taken advantage of this to investigate the angles between the various
Mn—Mn or Mn—Ca(Sr) or Mn-CI(Br) vectors to derive geometrical information about the
Mn cluster, something that is normally not available from XAS studies.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 March 12.
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The dichroism studies have provided crucial information about the symmetry, or the lack of
it, of the Mn complex that, along with the structural information described above, place
constraints on the structural alternatives that are possible. The two Mn—Mn vectors at 2.7 A
are aligned at an average angle of 60+7° to the membrane normal and the 3.3-A Mn-Mn
vector is aligned at ~62° with respect to the membrane normal (vide infra). The pronounced
dichroism of the Mn—Mn vectors provides evidence that the Mn cluster is asymmetric, a
result that unequivocally rules out all highly symmetric structures.

4. Structural role of cofactors of the Mn cluster

4.1. Calcium cofactor

Along with Mn and CI-, Ca2* is an essential cofactor in oxygen evolution [1,6]. Depleting
this cofactor suppresses OEC activity, which can be restored (up to 90%) by replenishing
with Ca2*. Partial reactivation (up to 40%) results from addition of strontium to Ca-depleted
PS Il membranes [49,50] and no other metal ions (except VOZ2*, vanadyl ion [51]) can
restore activity [52-54].

Although Sr2* replenishes the Ca-depleted centers to a similar extent as added Ca?*, the
slower kinetics of the OEC turnover yields an overall lower steady-state rate (40%) at
saturating light intensities [55]. Substitution of Ca2* with Sr2* also alters the EPR multiline
signal (MLS) from the S state, giving narrower hyperfine splitting and different intensity
patterns [50,56-58]. Most researchers addressing the stoichiometry of the Ca2* cofactor in
PS II now conclude that functional water oxidase activity requires one Ca2*, which can be
removed by low-pH/citrate or 1.2 M NaCl wash [52,59-62]. In higher plants, another more
tightly bound Ca2* is associated with the light-harvesting complex (LHC 11) and requires
harsher treatments for its removal [63-65].

There is debate about the environment of the Ca2* cofactor binding site and its function.
Several investigations have involved substitution of various metals into this binding site,
followed by EXAFS studies on the Mn cluster. One set of experiments using EXAFS on Sr-
reactivated PS Il membranes was interpreted to indicate a 3.4-3.5-A distance between the
Ca (Sr) and the Mn cluster [66]. This conclusion was based on the observation of increased
amplitude in the FT peak at 3.3 A upon replacement of Ca2* with Sr2*, which is a heavier
atom and thus a better X-ray scatterer. This close link is also supported by FTIR
spectroscopic work [67] that is consistent with a carboxylate bridge between Mn and Ca.
Analysis of EXAFS spectra from purified PS II membrane preparations by MacLachlan et
al. also support the proximity of Ca to Mn [38]. Ca%*-depletion by NaCl-washing of PS I
membranes removed the 16- and 23-kDa extrinsic proteins [68] and led to a reduced
amplitude for this Fourier transform peak [69]. Because of the lower X-ray scattering ability
of sodium, this result was interpreted as possible Na* substitution for Ca2* [69].

However, another Mn EXAFS study [70] did not detect any changes in the Fourier peak at
3.3 A when Ca was replaced with Sr2* or Dy3* in PS Il reaction center complexes lacking
the 16- and 23-kDa extrinsic polypeptides. These authors found no evidence of an EXAFS-
detectable Mn—Ca interaction at about 3.3 A and proposed that Ca?* was located at a
distance beyond 4 A from the Mn cluster, coordinated by a ligated water molecule to a di-j.-
oxo oxygen bridge. More support came from EPR-based experiments involving Mn2*
substitution in Ca-depleted (inactive) PS 1l membranes, which indicated that the Mn2*-
occupied Ca%* binding site was outside the first coordination region of the catalytic cluster
(beyond 4 A) [71].

4.1.1. Strontium-reconstituted OEC—Given this uncertain situation, and to further test
whether a Ca binding site is close to the Mn cluster, we decided to embark on a different
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approach: to use strontium EXAFS methods to probe from the Sr cofactor point-of-view for
nearby Mn within 4 A. This is the reverse of the previously described Mn EXAFS studies
that concentrated on the Mn cluster [66,70], and probed for nearby Ca2* or Sr2* neighbors.
Several factors favor Sr2* as the better cofactor for this XAS study. The X-ray energies
involved (16 keV for the K-edge) are more penetrating and not significantly attenuated by
air. The higher X-ray absorption cross-section and fluorescence yield of Sr relative to Ca
also make the experiment practicable.

We substituted Sr2* for Ca2* and probed from the Sr2* point of view for any nearby Mn.
The EXAFS of Sr-PS I probes the local environment around the Sr2* cofactor to detect any
nearby Mn. We focused on the functional Sr2* by removing non-essential, loosely bound
Sr2* in the protein environment. For comparison, an inactive sample was prepared by
treating the intact PS 11 with hydroxylamine to disrupt the Mn cluster and to produce non-
functional enzyme. Sr EXAFS results indicate major differences in phase and amplitude
between the functional (intact) and non-functional (NH,OH-treated) samples. In intact
samples, the FT of the Sr EXAFS shows a peak that is missing in inactive samples. This
Fourier Peak 11 is best simulated by two Mn neighbors at a distance of 3.5 A. Thus, with X-
ray absorption studies on Sr-reconstituted PS 11, we confirm the proximity of Ca2* (Sr2*)
cofactor to the Mn cluster and show that the active site is a Mn—Ca heteronuclear cluster
[72].

As an extension of this approach, polarized Sr EXAFS studies on oriented Sr2*-reactivated
PS Il show that this Fourier peak Il is highly dichroic: within the range of angles 6, between
the PS Il membrane normal and the X-ray electric field vector, that were examined, the
magnitude of peak 11 was largest at 10° and smallest at 80°. The dichroism pattern is best fit
by an average angle between the Mn-Sr (and therefore Mn—Ca) vectors and the membrane
normal of ~23° to the membrane normal [29,73,74].

The results further bolster the contention that Ca2* (Sr2*) is proximal to the Mn cluster and
allows us to refine the working model of the OEC in PS II. These measurements place
constraints on the kinds of structures that are possible for the Mn cluster and aid in
narrowing the options available.

4.1.2. Calcium-depleted OEC—The structural consequences of Ca2* depletion of PS I
by treatment at pH 3.0 in the presence of citrate has been determined by Mn XAS. XANES
of Ca2*-depleted samples in the three modified S-states (referred to here as S'-states) reveals
that there is Mn oxidation on the S’ to Sy’ transition, although no evidence of Mn oxidation
was found for the S,’ to S5’ transition. These results are in keeping with results from EPR
studies where it has been found that the species oxidized to give the S3’ broad radical signal
[75] found in CaZ*-depleted PS Il is tyrosine Y, [76-78]. EXAFS measurements of Ca2*-
depleted samples in the S1/, Sy/, and S3’ states reveals that the Fourier peak due to scatterers
at~3.3 A from Mn is strongly diminished, consistent with our previous assignment of a Ca2*
scattering contribution at this distance [79]. However, even after Ca2* depletion, there is still
significant amplitude in the third peak, further supporting our conclusion from earlier studies
that the third peak in native samples is comprised of both Mn and Ca scattering. The Mn-
Mn contributions making up the second Fourier peak at ~2.7 A are largely undisturbed by
Ca?*-depletion.

4.2. Chloride cofactor

The results of steady-state kinetic experiments have been interpreted to indicate a halide
binding site on the Mn cluster [80]. Despite a multitude of spectroscopic studies, direct
structural evidence for such a site has not yet been reported.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 March 12.
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There is one functional CI~ per PS Il unit [81], but it is unclear whether chloride is a ligand
to one of the Mn atoms in any of the five S-states. Steady-state kinetic studies indicate the
presence of a halide binding site on the Mn complex [7,81,82], and activity is inhibited by
some compounds which compete with the CI™ binding site, such as fluoride [82] and
primary amines [82—84]. Ono et al. [85] have shown that CI™-depleted PS Il particles in the
S, state do not have the usual MLS but rather have a signal at g =4.1, signifying that an
alternative Sy state is formed. A similar EPR signal is observed on treatment with F~. It was
found that when the OEC is in this alternative state, it can no longer advance to higher S-
states. However, the EPR multiline signal is restored following illumination and subsequent
addition of ClI~. Recent studies indicate that the presence of the CI™ is necessary only for the
S, to Sz and Sz to Sp transitions of the OEC, while the earlier steps of the cycle can proceed
in its absence [86,87]. These studies indicate that ClI™ is closely associated with the structure
of the OEC and the mechanism of oxygen evolution, but its detailed role is as yet unclear.

F~ perturbation of the Mn—Mn distances by treatment with F~ is one of the most direct data
available that implies halide as a ligand of Mn. XAS studies of F™-inhibited samples show
that one of the two 2.7-A Mn-Mn distances is increased to ~2.8 A, which is suggestive of F~
binding to the Mn cluster [88].

Our XAS results from isotropic samples in the S3 state have shown that there is considerable
change in the Mn—Mn distances as the system advances from the S, to the S3 state [89,90].
The two 2.7- A Mn—Mn distances in the S, state increase to ~2.8 and 2.9-3.0 A in the S3
state. With the aim of determining the relative orientation of the 2.8 and 2.9-3.0- A Mn—Mn
vectors, we initiated XAS studies of oriented S3 state samples. The results show that the two
Mn-Mn vectors are dichroic. Interestingly, perhaps because of the lengthening of the Mn—
Mn vectors, a new Fourier peak is observed between the first and second Fourier peaks.
Comparing this FT with that of a Mn binuclear complex with one CI™ as a terminal ligand to
a Mn atom shows that the peak corresponding to Cl backscattering in the model complex is
found at approximately the same apparent distance as the new Fourier peak in the PS 11
samples [91]. In other model compounds, the amplitude of this peak increases as the ratio of
Cl/Mn increases and the peak is absent when CI™ is not present as a ligand. In the S3 state
sample, this peak does not fit to lower Z atoms such as C, N, or O. The fit is significantly
better for Cl backscattering at ~2.2 A. The fits for the model compound are very similar. The
difference in amplitude of this Fourier peak between the Sz sample and the model is
probably due to the difference in the number of CI~ backscatterers/Mn in the model and in
PS II. It is likely that in PS 11 the ratio is only one CI™ per four Mn as compared to one CI~
per two Mn in the model compound. Dichroism studies on seven different S state samples
show that the Fourier peak is larger at the 10° orientation compared to the 80° orientation,
which suggests that the Mn—Cl vector is more parallel to the membrane normal.

model of the Mn/Ca/Cl heteronuclear cluster

The Mn EXAFS data clearly establish an asymmetric tetranuclear Mn cluster that can
accommodate two 2.7- A Mn—Mn vectors and one 3.3- A Mn—Mn vector. The dichroism
that is present in the Mn EXAFS data shows that the two Mn—Mn vectors at 2.7 A are
aligned at average angle of 60+7° to the membrane normal. The Sr EXAFS data and data
from Ca-depleted preparations place Ca2* at a distance of 3.4 A from 1-2 Mn atoms.
Cheniae and coworkers have shown that Ca?* is a prerequisite for the assembly of the Mn
cluster [65]. There is good evidence as described above for the inclusion of CI™ as a ligand,
at least in the S3 state. There is also evidence for the presence of at least one histidine
residue as a ligand of Mn [92]. Finally, the lack of multiple scattering features [93] in the
Mn and Sr EXAFS spectra indicate that the OEC does not contain a collinear (¢>150°)
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arrangement of three Mn atoms (or two Mn atoms and one Ca atom). It also excludes linear
Mn-O-Mn and Mn-O-Ca moieties. A proposed model is shown in Fig. 5 [72].

Additional structural constraints have become available from the recently completed
oriented Sr XAS experiments. The dichroism data from the Sr XAS experiments can be
combined with the dichroism data from peak 111 in the Mn EXAFS data to calculate the
dichroism of the 3.3- A Mn—Mn vector. This peak 111, which contains equal numbers of Mn—
Mn (3.3 A) and Mn—Ca (3.4 A) contributions, is dichroic, with an average angle of 43+10°
with respect to the membrane normal [94]. Moreover, the 43+10° estimate is a cos2¢-
weighted average of the orientations of the Mn—Mn (3.3 A) and the Mn—Ca vectors [95-97].
Thus, having independent knowledge from Sr EXAFS experiments that the Mn—Ca
dichroism is ~23° means that the 3.3 A Mn—Mn vector is aligned at ~62° with respect to the
membrane normal. Therefore, all three Mn—Mn vectors lie at the same angle (~28°) with
respect to the membrane plane. The vectors are not restricted to being collinear, because
each of these vectors can lie anywhere on a cone with a defined angle with respect to the
membrane normal.

Because significant angular information about Mn—Mn and Mn—Ca vectors is now available,
the model shown in Fig. 5 and other topological models shown in Fig. 4 can be refined to
include the presence of Ca%* and take into account the new dichroism data. We have chosen
to modify two options from Fig. 4: option A, where the two di-pi-oxo binuclear units are
connected by a mono-i-oxo bridge, and option F, where the two di-p-oxo motifs are formed
using a common Mn atom and the mono-pi-oxo motif is placed at the end of the trinuclear
unit.

One possible modification for option A from Fig. 4 is the structure shown in Fig. 5;
however, this arrangement, with the Ca2* at the open end of the complex, places the Ca—Mn
and 3.3-A Mn-Mn vectors roughly parallel, which is inconsistent with the current dichroism
data for these vectors. Placing the Ca2* at the closed end of the complex resolves this
discrepancy, and the angle between the two di-p-0xo vectors can now be adjusted.

Fig. 6A,B shows two possibilities for this configuration of Mn and Ca atoms. These
placements are reconcilable with the dichroism results from the 2.7-A Mn-Mn, 3.3-A Mn-
Mn, and 3.4-A Mn—Ca vectors. In addition, CaZ* can be incorporated into option F from Fig.
4, which has two adjacent di-pi-oxo bridged Mn—Mn moieties which are linked to another
Mn atom via a mono-j1-oxo bridge. CaZ* forms an open cubane with two Mn atoms forming
the other two corners. This arrangement of Ca and Mn atoms is preferred by density
functional theory simulations and simulations of EPR and ENDOR data from the OEC
[44,46]; a variant of this structure has been proposed by Siegbahn [46].

All three refined models shown in Fig. 6 were constructed preserving the structural motifs
proposed by us earlier [40] and are variations of the original model [25,72]. In each of the
models in Fig. 6, the Ca2* atom is not in a plane defined by either of the di-j-oxo bridges,
thus eliminating multiple scattering effects in the EXAFS. Both of these proposed models
are consistent with the current Sr and Mn XAS data; however, we have not yet tested the
compatibility of our XAS data with all possible topological models, including those
proposed by Kusunoki and coworkers (option G in Fig. 4 [40]) [44].

6. Structural changes of the Mn cluster in the S-states

The changes in Mn—-Mn distances occurring during the S; to S, and S transitions within the
context of the model in option A in Fig. 4 are shown in Fig. 7. However, we emphasize that
the changes in Mn—Mn distances can be illustrated as well using the other topologically
viable alternatives described above.
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6.1. S; to S, state transition (g=4.1 or MLS S, state)

The first step in the scheme is the conversion of the dark stable S, state to the S, state that is
characterized by the MLS. Little change is observed in the fitting parameters for Fourier
peaks Il and 111 when the Mn cluster undergoes this transition. This step involves a Mn-
centered oxidation, demonstrated by the appearance of the MLS during this transition and by
our Mn K-edge and Mn KB XES studies [13,19,30,36]. Fourier peak I, corresponding to the
averaged Mn—Mn distance in each di-j1-oxo dimanganese unit, is best fit to ~2.7 A for both
the S1 and S, states [40]. EXAFS studies on oriented PS 11 in the S; and S states show that
there is heterogeneity in the 2.7- A vectors, which suggests that these two binuclear species
are not completely equivalent [94,95].

The inequivalence of the two di-p-oxo-bridged Mn units becomes more evident in the Sy
state that is prepared by illumination at 130 K and characterized by the g=4.1 EPR signal
[98]. Similar results were obtained with NHs-treated and annealed S, state samples [97] and
in F~-treated samples [88]. In these modified S, states, one of the Mn—Mn distances
increases to ~2.85 A, whereas there is very little change in the other 2.7 A or the 3.3- A Mn-
Mn distance. With the degeneracy of the 2.7 A lifted we were able, by studying the
dichroism of the Fourier peak, to assign the relative orientation of the 2.7- and 2.85- A
vectors [97]. The scheme in Fig. 7 shows that there are paths from the MLS S, state that
lead to two states: the Sp-g=4.1 state inhibited by NH3/F~ or the Sy-oxidized tyrosine residue

('Y?) states; neither of these states can proceed to the physiologically relevant Ss state.
These states are depicted in Fig. 7 as branching away from the normal pathway leading to
the Sj state by photon absorption. However, the S,-g=4.1 state generated by 820-nm
illumination at 130 K [99] can proceed to an Sz state [100].

The NH3-treated and F~-treated samples cannot advance beyond the modified S, state

(S2Ystate). Itis likely that F~ or NH3 prevents the structural changes or oxidation of the
oxo-bridge involved in the formation of the S3 state that are necessary for proceeding
beyond the S3 state. The modification of the MLS spectra upon addition of NH3 [101] and
ESEEM studies using 14NH3 and 1°NH3 demonstrated that NH3 becomes a ligand of Mn
[102]. The asymmetry parameter derived from ESEEM results is compatible with an amido
group as a bridging ligand, either between two Mn atoms or between a Mn and a Ca atom
[102].

6.2. S, to S3 state transition (S3' or native Sj state)

Significant changes are observed in the Mn—Mn distances in the S3 state compared to the Sy
and the S, states. The two 2.7-A Mn-Mn distances that characterize the di-ji-oxo centers in
the S; and S, states are lengthened to ~2.8 and 3.0 A in the S state, respectively (Fig. 7).
These changes in Mn—Mn distances are interpreted as consequences of the onset of substrate
water oxidation in the S3 state. Mn-centered oxidation is evident during the S;—S; and
S1—Sy, transitions. During the So—Ss transition, we propose that the changes in Mn—Mn
distances are the result of ligand or water oxidation, leading to the formation of an oxyl
radical intermediate at a bridging or terminal position. The reaction of the oxyl radical with
OH™, H,0, or an oxo group during the subsequent S-state conversion then forms the O-O
bond [90]. We propose that substrate/water oxidation occurring at this transition provides
the trigger for the formation of the O-O bond; the critical step in the water oxidation
reaction.

The results from isotropic S3 samples are supported by polarized EXAFS studies on oriented
PS Il in the native S3 state. The data confirm that the two di-j.-oxo-bridged Mn-Mn dimer
units are not equivalent. Fourier peak 11 of Sz is dichroic and is readily resolved to Mn—Mn
distances of ~2.8 A and ~3.0 A, each with its own distinct projection on the membrane
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normal [91]. The polarized EXAFS data are different from those observed in the S, state
which showed two Mn—Mn distances at ~2.7 A [94,97].

The other unproductive state generated from the S,-MLS state is denoted in Fig. 7 as the

S2 Y state (referred to as the Sg’ state below) generated in Ca-depleted samples. The Ca-
depleted samples are inactive in O, evolution, while a broad g=2 EPR signal has been
observed in the S5’ state of such samples [75]. In such samples, the g=2 broadened EPR

signal has been confirmed to arise from Y?, [76,77,103], and it is proposed that the signal is
broadened by interaction with the spin on the Mn cluster [104].

We recently reported the XAS analysis from calcium- depleted S3’ state samples [79]. The
position of Peak Il in the FT of S5’ state samples was invariant relative to that of the native
S, state sample. The EXAFS fits showed that the 2.7- A Mn—Mn distances did not lengthen
as observed in the native S3 state samples and are essentially unchanged from those of the
native S, state. This finding is surprising because the Mn K-edges from these Ca-depleted
samples showed a behavior similar to the native PS Il in that little or no shift was observed
in the Sy’— S5’ transition. This difference between the native S3 and calcium-depleted Ss’
states indicates that the core di-ji-oxo-bridged structure is probably dissimilar in the native
Ss and the S5’ states, with the structure in the S3’ state resembling the native S, state
structure. It is reasonable to question how the transfer of one electron from the Mn cluster
onto Yz can result in major changes in the Mn—Mn distances, as is observed in the native S3
state. The roles of Yz and the Mn cluster in the process of water oxidation are clearly
delineated by the comparison of the S3 and the S3’ states. Instead of the Mn cluster simply
providing a scaffold for water oxidation, this comparison shows that the structural change in
the Mn cluster initiated by the transfer of an electron from the Mn cluster to Tyr, during the
S,—Sg transition may provide the trigger to the chemistry of the formation of the O-O
bond. The results show that the Mn cluster is involved in a much more intimate manner in
the catalysis than just providing the framework. The implications to the mechanism are
significant (see below).

In Ca2*-depleted systems the tyrosine Y radical is stabilized, and the oxidation of the Mn—
OEC and the concomitant changes in Mn—Mn distances are prevented. In the Sj state, with
Ca?* present, the radical resides on the Mn cluster; however, in the absence of Ca2*, the
radical resides on tyrosine Z. Thus, Ca2* is proposed to play a crucial role in controlling the
redox potential and thus the course of the mechanism of water oxidation.

state transition

A comparison of the EXAFS spectra from the Sg and S; states has been completed [30]. The
most prominent change is the decrease in the amplitude of the 2.7- A feature in the S
sample. This is consistent with the presence of two slightly different Mn—Mn distances
around 2.7 A. The fits show the lengthening of one Mn—Mn distance from 2.72 A (S1) to
about 2.85 A (Sp) and an increase in the average Mn—O/N distance. In contrast, no
reasonable fits with two different Mn—Mn distances were possible for peak Il in the Sy state.

The structural changes on the Sy to Sq transition can be explained by the oxidation of one
Mn(11) to Mn(l111), because this would account for both the lengthening of the Mn—-O/N
bonds and of one Mn—-Mn distance. The EXAFS results point, along with the XANES data,
to Mn(I1,111,1V5) as Mn redox states in Sy,.

7. Structure-based mechanism of water oxidation

We have proposed earlier a model for the S3 state in which an oxyl radical is generated on
one of the ji-oxo-bridges, which results in an increase of one of the Mn—Mn distances to
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~2.95 A (Fig. 7) [4,90]. Consistent with our XANES results is the implication in this
structure that the oxidative equivalent is not stored on the Mn atoms per se during the
S,—S3 transition but is delocalized with significant charge and spin density on the bridging
oxo ligand. Junge and coworkers have proposed a mechanism involving Mn oxidation
during the Sg—S4 and S;—S, transitions, and the oxidation of bound substrate, OH™, to a
hydroxide radical during the S,— S5 transition, with a small admixture of a peroxide
intermediate [105]. For the S3 state, Renger and coworkers have proposed an equilibrium
between bound hydroxide (or water) and peroxide bound between two Mn atoms [106].

Two essential factors are considered to construct possible structural arrangements of the Mn
cluster in the Sz state. First, our Mn K-edge inflection point data better support the
interpretation that there is little or no oxidation of Mn during the S,—Ss transition. These
data are reinforced by our recent Mn KB XES studies of the various S-states [30]. Second,
the Mn—Mn distance in both of the di-j-oxo-bridged units increases from 2.72 A to 2.82 A
and 2.95 A, upon the formation of the S state. These changes imply a significant structural
change in the Mn cluster as it proceeds to the Sz state. It is difficult to rationalize such
changes in Mn—Mn distance as arising purely from Mn oxidation. We propose that substrate/
water oxidation chemistry is occurring at this transition, leading to the significant structural
changes

In addition to oxo-bridging ligands, Mn terminal oxo ligands have also been proposed to be
involved in dioxygen formation [107,108]. It has been proposed that Mn is ligated to
activated O (Mn=0) produced by the abstraction of protons from Mn-bound water by a
nearby tyrosine [77,109,110], and the O-O bond is proposed to form between the oxo
ligands of two adjacent Mn atoms [5]. However, it is difficult to understand how changes in
terminal ligation can generate such a profound change on the Mn—Mn distances in the S3
state as reported here. Replacement of terminal ligands in di-p-oxo-bridged model
compounds has a minimal effect on the Mn—Mn distance of 2.7 A that is characteristic of
such di-pi-oxo bridged Mn compounds [41,42].

The case for the involvement of the bridging oxygen atoms during the So—Sg transition and
in the mechanism of oxygen evolution is many fold. It is easy to rationalize increases in
Mn-Mn distances as being due to changes in the bridging structure.

The disappearance of the multiline signal upon advancement to the S3 state does not
necessarily indicate Mn oxidation during the So—Ss transition; the lack of a multiline signal
is also consistent with the formation of a radical on a bridging oxygen atom, which changes
the spin state of the Mn complex. Parallel-mode EPR studies by Kawamori and coworkers
have shown the presence of EPR resonances at g=12 and 8 that are best simulated by an S=1
excited spin state species in the S3 state [111]. A similar signal from the S3 state has recently
been reported by loannidis and Petrouleas [112]. These signals are consistent with the
coupling of the S=1/2 spin of the Mn complex in the S, state with the S=1/2 radical
introduced in the S state.

Siegbahn and Crabtree have proposed a mechanism on the basis of quantum chemical
studies where they have tried to reconcile the various biophysical data [113]. Spin state
considerations led them to propose a Mn—O oxyl intermediate in the S3 state, with radical
character on the terminal oxygen ligand, with the formation of the O-O bond proposed to
occur between the oxyl radical and an outer-sphere water molecule. Recent calculations by
Siegbahn produced an energy minimum for the formation of the oxyl radical on the bridging
O atom [46]. The Siegbahn and Crabtree mechanism involves only one Mn in the oxidation
process and involves a radical species in the S state as proposed by our group.
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We propose that the O—Mn-0 angle in one of the di-p-oxo-bridged Mn—Mn moieties
decreases in the S3 state and as a consequence draws the two bridging oxo ligands closer for
the imminent formation of an O-O bond before O, release. Consequently, the distance
between the two Mn atoms lengthens. We previously proposed that in the S, state a dioxyl
radical is produced which spontaneously converts to a peroxo species with the formation of
an O-0 bond (Fig. 8) [4]. This proposal is inspired from the study of a synthetic inorganic
di-p-oxo-bridged di-Cu compound, that has been shown to convert into an isomer with the
formation of an O-O bond between the two bridged oxygens [114]. Alternatively, the
formation of the oxyl radical on one dimer in the Sz state and its reaction with OH™ or H,O
either on the other Mn dimer or in the outer sphere during the subsequent S-state conversion
can lead to the formation of the O-O bond (Fig. 8). The results by Messinger and coworkers
support the presence of two non-equivalent exchangeable sites in the S3 state as required by
this proposal [108,115].

Our proposed mechanism avoids the formation of the O—O bond until the most oxidized
state (Sy) is reached. This precludes the formation and release of peroxide or other oxidation
products of water in the earlier S-states, thus preventing the system from *short circuiting’
and avoiding the risk of damaging the polypeptides of PS II.
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Abbreviations

EPR electron paramagnetic resonance
EXAFS extended X-ray absorption fine structure
FT Fourier transform

MLS multiline EPR signal

OEC oxygen evolving complex

PSII photosystem |1

yox oxidized tyrosine D

D

oxidized tyrosine residue

XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy
KB XES KB X-ray emission spectroscopy
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Fig. 1.
The S-state scheme for oxygen evolution. Proposed Mn oxidation states and corresponding
EPR signals are shown for each S-state in the Kok cycle.
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Fig. 2.

KB X-ray emission spectra of Mn oxides (adapted from Bergmann et al. [28]). The Kj
spectra consist of two main features: the K’ peak at ~6475 eV and the KB, 3 peak at ~6490
eV. The separation of these two features is due to the exchange interaction of the unpaired
3d electrons with the 3p hole, which is formed as a final state after the core hole is filled by
a 3p—1s fluorescence transition. The spin of the unpaired 3d valence electrons can be either
parallel (KB’) or antiparallel (KB, 3) to the hole in the 3p level. The splitting between the K’
and Kp 3 peaks becomes smaller for higher oxidation states because fewer 3d electrons
interact with the 3p hole. Thus, in contrast to the inflection points of the XANES edges, the
KBy 3 peaks shift to lower energy with higher oxidation states, as is seen above with the Mn

oxides. The magnitude of the Kp; 3 peak first-moment shift for Mn}* 05 — Mn'V O, is
roughly a factor of four larger than the first-moment shift for the S;—S, transition, where
only one Mn out of four is being oxidized.
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Fig. 3.

Oscillation patterns from XANES and KB XES flash (nF) experiments. (A) Oscillation of
XANES inflection point energies (1.P.E.) of OF to 6F samples. (B) Oscillation of first
moments (<E>) of Kf spectra from OF to 3F samples (4F to 6F were not collected). XANES
and KB X-ray emission spectra shift in opposite directions in response to Mn oxidation (see
text for details).
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Possible core structures for the active site of the OEC in PS Il. Adapted from DeRose et al.

[40]. Only Mn and bridging O are shown.
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Fig. 5.

Proposed model for the active site of the OEC in PS Il from the work of Cinco et al. [72].
The model incorporates the finding from the isotropic Sr-substituted PS I1 studies: Sr2* (and
therefore Ca2*) is intimately linked to the Mn cluster at a distance of ~3.4-3.5 A. This
linkage requires single-atom (oxygen) bridging that can derive from acidic protein residues
(aspartate or glutamate), hydroxide, or water. Depicted is one of several possible
configurations consistent with the findings of the isotropic Sr EXAFS studies.
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Fig. 6.

Refined models for the active site of the OEC in PS Il. These models incorporate the recent
finding from oriented Sr-substituted PS Il studies that the Sr—Mn vectors lie at an average
angle of ~23° with respect to the membrane normal; thus, the refined angle for the 3.3 A
Mn—Mn vector is ~62°. The distance between the two Mn atoms on either end of the
complex in model A can be somewhat shortened by using a different oxygen ligand atom
from the inner Mn to form the di-pi-oxo binuclear unit on the right side. This is shown in
model B. Model C is a variation on a model originally proposed by Siegbahn [46]. The
position of the Mn on the end of the mono-ji-oxo bridge can be varied by rotation about the
inner Mn—O mono-p-o0xo bond.
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Fig. 7.
Summary of the changes in Mn—Mn distances in the native Sq, native Sy, modified S,

Sy’ (S2Y7), and native Sj states of PS 11 as determined by XAS. Reprinted from Liang et al.
[90]. Copyright 2000 American Chemical Society
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Scheme showing two different paths by which an oxyl radical formed in the Sy state may
form an O-0 bond in the transient S, state before release of dioxygen. One path involves the
formation of an O-O bond between the two oxo groups of one binuclear unit. The other path
for the formation of the O—O bond is the reaction of the oxyl radical formed with OH™ or
H,O0 that is a ligand of Mn or in the outer sphere of the Mn cluster. The Mn—Mn distances in
the transient S, state are unknown at present. Reprinted from Liang et al. [90]. Copyright

2000 American Chemical Society
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