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Abstract

Water oxidation to dioxygen in photosynthesis is catalyzed by a Mn,Ca cluster with O bridging in
Photosystem II (PS II) of plants, algae and cyanobacteria. A variety of spectroscopic methods have been
applied to analyzing the participation of the complex. X-ray spectroscopy is particularly useful because it
is element-specific, and because it can reveal important structural features of the complex with high
accuracy and identify the participation of Mn in the redox chemistry. Following a brief history of the
application of X-ray spectroscopy to PS II, an overview of newer results will be presented and a description

of the present state of our knowledge based on this approach.
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1. Introduction

1.1 X-ray absorption spectroscopy (XAS)

During the past 30 years X-ray spectroscopy has made major contributions to a wide
variety of biochemical research and especially research on photosynthetic oxygen
evolution. X-ray absorption spectroscopy (XAS) of the oxygen evolving complex (OEC),
especially the earlier work, has been reviewed in some detail [1-6]. XAS as a method of
characterizing the chemical nature and environment of atoms in molecules is particularly
valuable because of its element specificity, and synchrotron sources provide a range of X-
ray energies that are applicable to most elements in the periodic table — in particular,
those present in redox-active metallo-enzymes. The choice of the energy of the X-rays
used, in most cases, determines the specific element being probed. This is quite by
contrast with other methods such as optical or UV absorption, fluorescence, magnetic

susceptibility, electrochemistry, etc. which have been applied to biological redox



systems. The results from infrared and Raman spectroscopy can be related to specific
elements through isotopic substitution, but the analysis of such spectra for metal clusters
is complicated when the structure is not known.

X-ray absorption near-edge spectra provide detailed information about the oxidation
state and coordination environment of the metal atoms (Figure 1). The k-edge absorption
edge energy increases with increasing oxidation state. A dominant contribution comes
from 1s -> np transitions, where np represents the lowest unoccupied p orbital of the
absorbing atom. This transition, with Al = 1, is quantum mechanically allowed and is
typically intense. Together with the allowed transitions to higher-energy unoccupied p
orbitals, this results in a peak in the X-ray absorption for a given element just beyond the
absorption edge, which is usually identified as the inflection point of the rising
absorption. For transition metals with partially occupied d orbitals, additional insights
can be gained by examination of pre-edge features that result from 1s to (n-1)d
transitions. These are relatively weak in intensity (Al = 2; hence, formally forbidden), but
they can be detected because they occur at energies slightly less than that of the main
absorption edge.

Extended X-ray absorption fine structure (EXAFS) occurs at energies sufficiently
above the absorption edge that the excited core (e.g. K-shell) electron is released from the
atom (Fig. 1). The wave nature of the departing electron results in interference owing to
scattering off nearby atoms, which in turn is reflected by a modulation pattern in the X-
ray absorption above the ionization energy. Fourier transform (FT) of the modulation
provides distance information describing the vector(s) between the absorbing atom and
atoms to which it is bound — typically within a range limit of 4-5 A. Using the latest
techniques, these vector lengths (distances) can be determined to a precision better than
0.1 A [7] and much more precisely than by conventional X-ray crystallography, for
example. For oriented single crystals or ordered membranes the interatomic vector
orientations can be deduced from dichroism measurements. These techniques are
especially useful for determining the structures of multi-nuclear metal clusters, such as
the Mn,Ca cluster associated with water oxidation in the photosynthetic oxygen-evolving
complex (OEC). Quite small changes in geometry/structure associated with transitions
between the S-states can be readily detected. Another useful approach has been to do

complementary EXAFS measurements, looking for example at both Mn K-edge and Ca



K-edge signals for the OEC cluster, or doing a Sr -> Ca replacement and measuring at
the Sr K-edge. Itis more challenging to analyze the multiple Mn-Mn interactions in the
cluster, because the absorptions are additive and overlap significantly.

Metal complexes as models with known structures have been essential in order to
understand the XAS of metalloproteins . Inorganic chemists have synthesized molecules,
determined their structure by X-ray diffraction and characterized the oxidation state using
optical absorption, EPR or magnetic susceptibility [8]. Bi-, tri, and tetra-nuclear Mn
complexes have been particularly valuable for interpreting the XAS of the OEC.
Synthetic complexes also provide a basis for evaluating the influence of the coordination
environment (coordination charge) on the absorption edge energy [9,10]. Changes in the
coordination environment may be expected for the OEC Mn cluster as substrate water is
bound, then deprotonated, and finally the O-O bond is formed prior to O, release.
Separating the Mn oxidation-state changes from changes in the coordination/structure
presents a significant challenge.

XAS theory has been developed to an extent that it can be applied to complicated
molecules of known structure. It is less straightforward to apply it to the OEC, where
reliable and high-resolution models of the metal cluster and its molecular environment
are not yet precisely defined. The basic XAS equation allows us to interpret EXAFS
spectra to considerable advantage. Using available developed software like FEFF8 [11],
X-ray spectral properties to be expected from specified cluster geometries can be
calculated and compared with experimental measurements. Density functional theory
can be applied to issues like the stability of a proposed cluster arrangement or the

likelihood of postulated reaction paths.

1.2 XAS of Photosystem II (PS II)

1.2.1 XANES of PS 11

The pioneering work of Melvin P. Klein and his associates introduced the use of
X-ray fluorescence excitation spectra as a way of increasing sensitivity to small
concentrations of metals that typically characterize biological materials [12]. Using this

approach they demonstrated that Mn could be detected in a leaf by XAS. In the first



EXAFS investigation of active chloroplasts from which excess Mn**(aq) had been
removed, comparison with synthetic models demonstrated that the di-u-oxo bridged di-
manganese structure motif is an important component of the OEC cluster [13]. In a
companion paper describing studies of Mn XANES spectra of chloroplasts, it was
concluded that the Mn atoms in the OEC are heterogeneous in their oxidation state and
that the average oxidation state is higher than that of Mn**(aq) [14]. Subsequent studies
showed that illumination of initially dark-adapted chloroplasts showed an easily
detectable increase in the Mn K-edge energy, which was interpreted as reflecting a higher
average oxidation state of Mn in the S, than in the S, state [15,16]. In another
investigation at the same time, a partial conversion to the S; state provided evidence that
no additional oxidation of Mn occurred during the S, -> S; transition [17]. As we shall
see, this conclusion subsequently proved to be controversial. An Sj-like state (S,”) was
produced by chemical reduction of S,, and the Mn K-edge of the S, -state reflected a
more reduced Mn cluster than in S, [18-20]. Thus, already nearly 20 years ago a picture
had emerged to provide a basis for understanding important aspects of the Mn cluster
structure and function. Subsequent refinements of X-ray methodology and using
preparations having greater purity of the S-states have served to solidify and refine these

initial conclusions [21-23].

1.2.2 EXAFS of PS1I

The advance of structural insights using EXAFS proceeded more slowly. The
superposition of contributions from 4 Mn atoms per OEC greatly complicates the analysis
of the EXAFS data. Mn EXAFS of PS II exhibits three principal features in the Fourier
Transform, designated Peaks I, II and IIT (Fig. 1, right). Peak I arises from nearest
neighbor atoms (O and N) to Mn that are at distances in the range 1.8 - 2.1 A. Typically
the coordination environments of the 4 Mn atoms should collectively include more than
twenty such vectors. At present all that can be concluded is that there are at least two
classes of contributions to Peak I: short (1.8 A) vectors resulting from bridging atoms and
longer (2.1 10\) vectors reflecting terminal ligand atoms [24]. Peak II reflects
contributions from Mn interacting with other Mn atoms at a distance approx. 2.8 A. It

was recognized early that this peak reflects contributions from di-u-oxo bridged Mn-Mn
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vectors. Although initial measurements did not resolve Peak II further because of rather

large uncertainties owing to noise in the data, [18,25] subsequent refinements in
technology and better preparations of both S, and S, provided Mn EXAFS that were
distinctly different from those of S, or S, [20,26]. The most recent results show
substructure that reflects the heterogeneity in the contributions to Peak II also in the S,
and S, states [7,27]. Peak III corresponding to vectors in the range 3.3 — 3.5 A is typically
smaller than the first two. Refinements, such as measuring EXAFS above the K-edge
energy of Ca, or of Sr (replacing Ca), have resulted in the identification of contributions

to Peak III from both Mn-Mn (at 3.3 10\) and Mn-Ca or Mn-Sr at 3.4 to 4.0 A [27-29].

1.2.3 The Mn,Ca cluster of the oxygen-evolving complex

Models of the Mn,Ca cluster have been proposed in great variety. Some
relatively simple models, such as a symmetric cubane of alternating Mn and O atoms
[30], can be ruled out convincingly through examination of the EXAFS of synthetic
molecules having that configuration [9]. To winnow the many other reasonable models,
further information is needed. Particularly valuable is knowledge of the number of
vectors of each particular length. Obtaining reliable counts requires careful examination
of each proposed arrangement using theoretical expressions of the predicted EXAFS
spectrum and comparing with experimental data. Recognition that Peak II results from
three Mn-Mn interactions [31] and that Peak III reflects one Mn-Mn and probably 1-2
Mn-Ca interactions [28,29,32] helped greatly to narrow the choices. Nevertheless,
reasonable models that satisfy these criteria number more than a dozen [33,34]. Many of
these are recognizable clusters that occur in nature in Mn oxide minerals, which suggests

a possible origin from precipitates in a primordial ocean [35].

2. Ogxidation State Changes of the OEC

There is a consensus that Mn-centered oxidation occurs during the S, to S,, and S,
to S, transitions (Figure 2(a)). Within the context of localized oxidation, the formal

oxidation state of the native S, state has been assigned to Mn(IILIILIV,IV) and S, to



Mn(IILIV,IV,IV) (Some groups have proposed Mn(IILIILIILIV) in the S, state and
therefore Mn(IILILIILIIT) for the S, state [2,36]). Uncertainty remains about the S, and S,
states. While evidence from EPR supports the alternation between odd-spin states (S, and
S,) and even-spin states (S, and S;) [37], the precise characterization of any one of them
has proved elusive. For simple compounds where the coordination environment is
known, answers can usually be derived from examination of the Mn XANES spectrum.
For the OEC, where the precise arrangement of the cluster and its peripheral coordination
are not precisely known, the issue is more difficult to resolve. In the S, state, one of the
questions is whether Mn(II) is present, in which case the oxidation states are Mn
(ILIILIV,IV) [38], or whether the oxidation states are Mn (IILIILILIV) [31]. Inthe S,
state, whether Mn becomes further oxidized during the S, to S, transition was questioned
in several publications [39-43]. Likely reasons for the discrepancies were reviewed by
Penner-Hahn [3]. If Mn is not oxidized, one electron needs to come from a redox-active
organic residue such as a protein side chain, bound water, or bridging oxygen. Hence, a
ligand-centered oxidation would take place before O-O bond formation and release of
molecular oxygen [22,23,44,45]. The conflicts concerning the S, to S, transition have led
to two different types of proposed O, evolution mechanisms, with one type incorporating
the oxidation of ligand or substrate in the S, state, and the other type invoking Mn
oxidation during the S, to S, transition [46]. Fundamental differences in the chemistry of
0O-0O bond formation and O, evolution exist between these two types of mechanisms.

In the following part, we look into the details of the XANES spectral changes of
PS II during the S-state transitions. Two additional methods (K3 emission spectroscopy
and Resonant Inelastic X-ray Scattering, RIXS) have been used to understand the details

of the oxidation state changes of the Mn,Ca cluster.

2.1 Mn K edge Spectroscopy

XANES spectra are sensitive to the oxidation state, spin state, and local geometry
of the metal site. In general, the rising edge position shifts when the effective number of
positive charges (in a simplified view, oxidation state) changes resulting from 1s core
hole shielding effects [47]. In an atom with one electron, for example, the electron

experiences the full charge of the positive nucleus. However, in an atom with many



electrons, the outer electrons are simultaneously attracted to the positive nucleus and
repelled by the negatively charged electrons. The higher the oxidation state of the metal,
the more positive the overall charge of the atom, and therefore more energy is required to
excite an electron from an orbital. Conversely, the XANES spectrum shifts to a lower
energy when there is more negative charge on the metal.

Figure 2(b) shows the Mn K-edge spectrum of each S-state of spinach PS II after
deconvolution of the spectra obtained from consecutive flash illumination into pure S-
state spectra, and their second derivative spectra [23]. Traditionally, the inflection point
of the rising Mn K main edge (electron 1s to 4p transition) has been used as an indicator
of the oxidation states. The edge positions for each of the S-states have been quantitated
by measuring the inflection point energy (IPE), given by the zero-crossing of the 2™
derivative. Extensive model compound studies have shown that, when Mn is oxidized by
one electron in a set of Mn model compounds with similar ligands, the IPE shifts 1 to 2
eV to higher energy [48].

In PS II, there is a clear edge shift to higher energy during the S, to S, (2.1 +/-
0.15 eV shift) and S, to S, transitions (1.1 +/- 0.05 eV shift), indicating that Mn-centered
oxidation occurs during these transitions. By contrast, the S, to S; state transition shows
a much smaller shift (0.3 +/- 0.05 eV), suggesting that the chemistry of the S, to S,
transition is different from that of the S, to S, or S, to S, transition [23,44].

However, one has to be aware that the edge position cannot be simply an indicator
of only the oxidation state. Due to the size of the metal 4p orbital, this orbital overlaps
with p orbitals of the ligands, either through o- or n-bonding. Consequently, XANES is
sensitive not only to the oxidation state but also to the ligand environment of the metal.
Additionally, no definite theory is available for calculating main K-edge spectra for

transition-metal complexes, owing to several factors that affect the metal p-density.

2.2 Min K X-ray Emission Spectroscopy

X-ray K emission lines are sensitive to the chemical environment of metals. K (1s
core hole) emission spectra arise from the transition of outer shell electrons to a 1s hole,
following the formation of the 1s core hole by X-ray absorption (Figure 3). Each

emission peak contains information about the electronic structure of the specific



metal/molecular orbitals through the interaction between these orbitals and 1s core

holes. Spectral changes in the Ko and Kf lines, for example, reflect the effective number
of unpaired metal 3d electrons through the exchange interaction between the core hole
(1s or 2p) and the net electron spin in the metal valence shell. The Ka line is shaped by
the 2p spin-orbit splitting, while the overall spectral shape of the K line is dominated by
the (3p, 3d) exchange interaction. The details are reviewed by Glatzel and Bergmann
[49]. In general, spectral changes for Kf3 lines are more pronounced than for Ko, because
the 3p and 3d orbitals interact more with each other than the 2p and 3d orbitals. We
therefore used Kf3 spectra to study the electronic structure of Mn model compounds and
the OEC of PS II.

Kp XES monitors the X-ray emission from the relaxation of a 3p electron to a 1s
hole (Fig. 3). For the two K main lines, Kf, is the emission from 3p,, and Kf; is from
3p,.. The Kp' feature is due to the (3p,3d) exchange interaction. In a very simplified
model, K, ; is a constructive and Kf' is a destructive spin exchange interaction between
the unpaired 3p and 3d electrons in the final spin state. Separation of these two features is
due to the exchange interaction of the unpaired 3d electrons with the 3p hole in the final
state of the 3p -> s fluorescence transition. The magnitude of the exchange interaction
depends on the number of unpaired electrons in the 3p and 3d orbitals. For example, Kf'
and Kf, ; lines move toward each other with decreasing valence spin; i.e. smaller (3p, 3d)
interaction. Therefore, the K spectrum is sensitive to the exchange interaction between
the core hole (3p) and the net electron spin in the metal 3d valence shell.

Figure 4 shows the K3, ; emission difference spectra of spinach PS Il in the S,
through the S; states. We focused on the K@, ; transition, because it is better resolved than
the Kf' transition due to a difference in relaxation processes [23]. The derivative shape of
the S, to S, and the S, to S, difference spectra show that the Kf3, ; peak shifts to lower
energy during these transitions. By contrast, the change is not apparent following the S,
to S, transition, suggesting that the change in the metal charge density is much less than
for the other transitions. Mn reduction occurs during the S; to S, state transition and the
Kp, ; peak shifts to a higher energy; the difference spectrum reflects a return to the
starting oxidation states.

One point to consider is whether major structural changes in the S, to S, transition

can cause the lack of an energy shift in the XES data. While the XANES (1s - 4p) spectra
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monitor the metal oxidation state through a 1s core hole shielding effect, the Mn Kf3

emission spectroscopy provides a more sensitive measure of Mn oxidation-state changes
through the (3p-3d) exchange interaction. The 3p orbitals have less overlap with the
ligand orbitals compared to the 4p orbitals. Hence, KB XES is less likely to be
influenced by changes in coordination environment and more indicative of the metal

charge density [23,48,50].

2.3  Resonant Inelastic X-ray Scattering Spectroscopy (1s2p RIXS)

In a recent study, we applied Resonant Inelastic X-ray scattering spectroscopy
(RIXS) to study the electronic structure of the Mn complex in PS II [51,52]. In the case
of a 3d transition metal ion like Mn, the decay with the highest probability after 1s core
hole creation by X-ray absorption is a radiative 2p to 1s transition (therefore, called 1s2p
RIXS). This process can be viewed as an inelastic scattering of the incident photon at the
Mn atom. In 1s2p Mn RIXS spectroscopy, both the incident X-ray energy (v) and the
emission energy (f) are scanned using the beamline double-crystal monochromator
(Si(111)) and the multi-crystal analyzer (Ge(333)) mounted on Rowland circles,
respectively (Figure 5). The energy difference between the initial state to the
intermediate state (v) is equivalent to the K-edge pre-edge transition, and the difference
between the initial state and the final state (v-f) is comparable to L-edge spectroscopy.
While the K-edge spectrum is a measure of the charge density of the metal, the L-edge
spectrum has information also about the spin state of the metal, owing to the strong (2p,
3d) multiplet interaction. For this reason, RIXS is sensitive not only to the metal charge
density, but also to the metal spin state. In general, L-edge spectroscopy is difficult for
biological samples because of severe radiation damage caused by the higher X-ray
absorption at lower energy; additionally, experiments need to be carried out under ultra-
high vacuum conditions. In RIXS, L-edge-like spectra are obtained, but the excitation
energy is the same as for K-edge spectroscopy. It also allows us to measure spectra at 10
K in the presence of an exchange gas atmosphere. Hence, RIXS spectroscopy can
circumvent some difficulties in the L-edge spectroscopy, and the method is suitable for

biological samples.
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Figure 6 (left) shows RIXS contour plots of two series of Mn compounds (Mn

oxides and Mn coordination complexes) with formal oxidation states of Mn(I1), Mn(III)
and Mn(IV) [51,52]. For a comparison, Mn K edge and pre-edge spectra of these oxides
are also shown. The Mn coordination compounds are all six-coordinate, mostly with
oxygen ligands (for chemical structures, see Scheme 1). Similar spectral features are
observed between the Mn oxides and coordination compounds with same formal
oxidation states despite the different ligand environment. The Mn(II) spectrum shows one
broad peak centered at v ~ 6540 eV. The spectrum is well-explained by the contribution
of the crystal field splitting 10Dq between the t,, and e, orbitals (see ref. [51]). For Mn in
higher oxidation state (Mn(IIl) and Mn(IV)), the electron (3d-3d) interaction becomes
dominant. In Mn(III) compounds, for example, the two strong resonances observed in
the contour plots (v = 6540 and 6543 eV) are due to the (3d, 3d) multiplet interactions
(~3 eV separation). The separation of two strong features is smaller in Mn coordination
compounds (~2 eV) due to the reduced magnitude of the (3d-3d) interaction; i.e. a more
covalent electron configuration decreases the electron-electron interaction.

Figure 7 (a) shows the RIXS contours from the S, and S, states of PS II [51]. The
S, and S, spectra show mixed features characteristic of Mn (III) and Mn (IV) compounds,
having two main peaks. However, the first peak (~ 6541 eV) appears broader than that
for the model compounds, and there is no clear separation between the two peaks as in
the coordination complexes, owing to the presence of 4 Mn in different oxidation states
and different ligand environments.

A 1" moment analysis was carried out for the RIXS spectra in order to define ‘the
center of gravity’ energy along the incident energy and energy transfer axes. The 1%
moments were calculated for each spectrum using the following equation,

1" moment = ZEI/ZI, (eq.1)

where, E; and I are the energy and fluorescence intensities of the jth data point. As
observed in Mn oxides, the 1 moment along the incident energy increases as the Mn
oxidation state increases, due to the decrease in charge density on the Mn (Fig. 7(b)).
The interpretation of the 1¥ moment shift along the energy transfer direction is more
complicated, because it is also affected by the final-state interaction. This arises from the
(2p, 3d) electron-electron interaction, which is the exchange energy for electrons with

parallel spins (see ref. [51] for the detail). For Mn oxides, the 1* moment shift follows
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the formal oxidation state in a linear manner, suggesting that the effective number of

3d electrons is directly correlated with the effective number of unpaired 3d electrons
(spins) in these compounds.

For Mn coordination compounds, the 1* moment position shifts more toward
lower energy compared to the Mn oxides, suggesting that Mn coordination compounds
have much stronger covalency compared to the Mn oxides. The changes per oxidation
state in the 1" moment positions are more pronounced between the Mn oxides than those
between the Mn coordination compounds. It is worth noting that the two Mn (III)
complexes do not have similar 1* moment positions. This can be explained by the
presence of one counter ion in Mn(III)(Cl-Salp). The [Mn(III)(Cl-salp)(CH;0H),] is
positively charged. When the complex contains a counter ion, it behaves like a more
‘oxidized’ form than its formal oxidation state, and therefore, the energy difference
between the Mn(III)(Cl-salp) and Mn(IV)(sal),(bipy) is much smaller. This confirms that
the 1* moment analysis reflects the effective number of electrons on Mn.

The 1* moment of the incident energy for PS II is lower than that for the Mn(I'V)
coordination complex and larger than or similar to those for the Mn(III) coordination
complexes (Fig. 7(b)), which supports the mixed oxidation states of Mn (II1) and Mn(IV)
in the S, and S, states assigned earlier by the EPR and XANES studies. As observed in
the PS II S, and S, contour plots, the spectral changes during the S, to S, transition are
subtle owing to the oxidation state changes of one Mn out of four Mn. The 1" moment
shift between S, and S, states is a factor of 7-8 smaller than those between Mn(III)(acac),
and Mn(IV)(sal),(bipy), and a factor of 3 smaller than those between Mn(III)(Cl-salp)
and Mn(IV)(sal),(bipy). However, the magnitude of the spectral change “per Mn ion”
between Mn(III)(Cl-salp) and Mn(IV)(sal),(bipy) is comparable to that between the S, to
S, states.

The result shows that the electron that is extracted from the OEC in PS II between
Siand S, is strongly delocalized. In other words, it suggests a strong covalency for the
electronic configuration in the OEC. Data collection of the Sy and S; RIXS spectra are
currently in progress. The preliminary result indicates that the Sy spectrum has a weaker
peak compared to the S; state, having a more pronounced low energy component. In the

S, to S transition, peak intensity becomes stronger and the spectral feature is altered.

The orbital population change An¢ per change in oxidation state between the S, and S;
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states is half as much as that between Sy and S;, or S| and S, transitions, indicating that

the electron is removed from a more covalent configuration, in other words, even more

delocalized orbital during this transition.

2.4  Ogxidation state changes during the S-state transitions

1. In the above sections, we have summarized the experimental results from
three X-ray spectroscopic techniques in order to address particularly the nature of
oxidation state changes from S, to S;. Each of these methods has provided support for the
early proposal that Mn undergoes oxidation-state changes between S, and S, and between
S, and S,, but not appreciably between S, and S;, with the note that these S-states were
achieved by single-turnover flashes followed by cooling to low temperature.
Additionally, the RIXS study showed that the electron that is extracted from the OEC in
PS 1II between S, and S, is strongly delocalized, consistent with strong covalency for the
electronic configuration in the OEC. This indicates that the use of “formal oxidation
state” has limited merit, because electron and spin densities on Mn ion do not necessarily
correspond to the formal oxidation state numbers.

It is also worth emphasizing that the original model put forth by Kok involving
states S, through S, and returning to S, following the release of O, has been elaborated by
much subsequent research. There are alternative forms of many of these S-states that
result from the use of low-temperature cycling [53], chemical inhibition by NH; [54] or
F [55], modification by NH,OH [38], and by the removal or replacement of essential
catalytic components like Ca** [28] [32] or CI'[56] or associated proteins [57]. More
recently, time-resolved experiments have provided evidence for transient intermediates
that have yet to be trapped and studied [58]. At least some of the disagreement in the

earlier literature arose from these sources.

3. Structure of the OEC

X-ray diffraction crystallography and X-ray spectroscopy are two complementary
approaches to detailed structure determination. The diffraction approach requires crystals

of exceedingly high quality to provide high-resolution structures of complexes as large as
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PS II. At present, the best resolution is at 3.0 A [59-62], which is far short of atomic

resolution. Nevertheless, at 3.0 A resolution it is possible to trace the electron density
associated with the protein backbone, to identify the side chains of most amino acids
especially when sequences are known independently, to resolve chlorophylls and lipids
that are well-localized in the structure and to determine the location of heavy atoms such
as Fe and Mn. However, in the case of a metal cluster like that in the OEC containing
oxidized Mn, radiation damage owing to the high doses of X-ray radiation used in
obtaining diffraction data results in chemical reduction of the Mn and disruption of the
cluster [63]. The much lower doses used in X-ray spectroscopy completely avoid this
problem; in fact, the X-ray spectra provide the best evidence of the occurrence of damage
when higher doses are used. The evidence is in the appearance of the characteristic
features of Mn(II) in the XANES region and in the loss of Peak II in the Mn-EXAFS.
Studies of the extent of damage as a function of radiation exposure show that the Mn
cluster has been disrupted during the course of data collection for all of the
crystallographic studies prior to the time of this writing. These studies also showed that
radiation damage can be decreased by holding the crystals at low temperature (10 K), by
decreasing the exposure of each domain within the crystal to X-rays and by a judicious
choice of the X-ray energies used to determine the diffraction.

EXAFS spectroscopy has the advantage of high precision and, potentially, high
accuracy. Methods used prior to about 2003 were capable of determination of Mn-Mn
distances to within 0.14 A. Complications arise from situations, as in PS II, where
several Mn-Mn vectors of roughly the same length are present in the Mn,Ca cluster. The
EXAFS spectra reflect the superposition of contributions from all of the Mn atoms
present; these are not separated spatially, as in an electron-density map. For isotropic
samples prepared in solution or in a pellet obtained through centrifugation, each Mn-Mn
vector in a narrow distance range contributes equally to the EXAFS spectra owing to
their random orientations. In samples ordered by painting membrane fragments on a flat
substrate or in single crystals, the different vectors of similar length can, in principle, be
better distinguished owing to their different projections on the electric vector of the
polarized X-rays as the orientation of the sample is progressively rotated. Changes in the
spectra accompanying changes in sample orientation are known as X-ray dichroism. Use

of this approach can allow the extraction of the precise distance and orientation of
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individual vectors in a structure where they cannot be resolved from measurements on

isotropic samples. As we shall see, improvements in distance resolution and the
application of X-ray dichroism have led to considerable refinement of our knowledge
about the structure and function of the Mn,Ca cluster involved in photosynthetic water

oxidation.

3.1 High-resolution Mn-EXAFS

High-resolution Mn EXAFS has considerably improved the resolution of
overlapping features in the OEC. During the first 25 years of research in this area,
resolution was limited by truncation of the range of energies that could be used above the
Mn K-edge. Contributions from Fe XAS, which occur at somewhat higher energies in
the X-ray region, overwhelm the underlying EXAFS from Mn (Figure 8). Fe is both
intrinsic and adventitious in PS II preparations, and is unavoidable in active samples.
Because the precision of Mn EXAFS measurements depends directly on the extent of the
range of energies scanned beyond the Mn absorption edge, the presence of the Fe peak
was a significant obstacle. Recent instrumentation improvements, especially the use of a
multicrystal monochromator [64], permits the contribution of Fe X-ray fluorescence to be
largely rejected from the Mn signals. PS II samples measured using the range-extended
Mn-EXAFS exhibit resolution improved from 0.14 to 0.09 10\, and accuracy, 0.02 A [7].
Peak II was best fit with two shells and with a 2:1 intensity ratio at 2.71 and 2.81 A,
respectively, for the S, state and 2.73 and 2.82 A for the S, state. Although previous
studies had provided evidence for the presence of three Mn-Mn vectors (at two different
distances) in the S,-state [31] and at least two different distances in the S,-state [20], the
results of the extended-range, high-resolution measurements were the first to provide
evidence for similar heterogeneity in the S;- and S,-states. We conclude that there are
three Mn-Mn vectors contributing to Peak II in the EXAFS of states S, S, and S,, and the
earlier results using conventional EXAFS are consistent with that conclusion for the S;-
state as well. It is now also clear from these experiments that small, but distinct,
structural changes occur between one S-state and the next; these changes are least

pronounced between the S,- and S, states.
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3.2 Polarized EXAFS (dichroism) of oriented PS II

Synchrotron sources provide polarized X-ray beams with the electric vector
parallel to the plane of the synchrotron ring. EXAFS dichroism is another powerful tool
for selecting among otherwise acceptable models of the OEC. To enable these
measurements samples must exhibit a net orientation in one or more directions. Both
oriented membranes of PS II (obtained from spinach chloroplasts) and single crystals of

PS II (from thermophilic cyanobacteria) have been studied using this approach.

3.2.1 Oriented membranes from spinach chloroplast

The earlier reports of dichroism came from studies of oriented membranes of PS
IT from spinach chloroplasts. The relatively flat membrane fragments can be ordered by a
series of paint and dry operations using a sample previously pelleted by centrifugation.
While the membranes in each sample are not perfectly parallel, the relatively small order
parameter, which can be estimated from the influence of sample orientation on EPR
spectra, means that the normals to the membrane regions fall within an average 15-20° to
the normal of the underlying surface (Figure 9(a)). Samples prepared in this way exhibit
pronounced XAS dichroism both in the near-edge region, reflecting the orientation of
transition moments to bound excited electronic states, and in the EXAFS region, where
the intensity of scattering depends on the orientation of individual scattering vectors
relative to the direction of the electric vector of the incident polarized X-rays [65] (Fig.
9(b)). Dichroism in the Mn-XANES region exhibits considerable structural detail;
however, this has defied analysis using available theoretical tools owing to the
superposition of contributions from four different Mn atoms in the cluster. The polarized
Mn-EXAFS has proved to be more tractable, especially for the contributions to Peaks II
and III. The initial studies which were made on the S, and S, states dealt with the
average orientation of vectors contributing to these two peaks, although small shifts in the
peak energies as a function of sample orientation were held to be indicative of underlying
heterogeneity of both vector length and orientation [66]. The orientation of the vectors
involving Ca-Mn interactions was investigated using samples where Ca was replaced by

Sr and polarized Sr-EXAFS was measured for oriented PS II samples. The average
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orientation of the Sr-Mn interactions at 3.5 A was found to be close to the membrane

normal (within 23°) [67] (Fig. 9(c), see also 3.2.3).

Subsequent range-extended Mn-EXAFS measurements on oriented PS 11
membranes from spinach in the S;-state showed that the three Mn-Mn vectors
contributing to Peak II, two at ~2.7 A and one at ~2.8 10\, exhibit an average orientation of
~60° to the membrane normal [27]. The best-fit distances were within experimental
uncertainty of those reported previously using the high-resolution method on isotropic S;-
state samples of PS II isolated from spinach [7]. Analysis of the dichroism data for the
oriented PS II membranes was not able to resolve a difference, outside experimental
error, between the average orientation of the two Mn-Mn vectors (61 + 5°) at ~2.7 A and
the Mn-Mn vector (64 + 10°) at 2.8 A. Nevertheless, this new information is very useful
in limiting the range of likely models for the Mn cluster in PS II from spinach.

Further analysis of the high-resolution EXAFS of oriented PS II membranes
shows that Peak III exhibits contributions from interactions at ~3.2 10\, attributed to Mn-
Mn and oriented near the membrane plane, and at ~3.4 10\, attributed to Mn-Ca and
oriented close to the membrane normal. The assignment of the ~3.2 A component to Mn-
Mn is consistent with the earlier result showing a residual component of Peak III that was
present in PS II samples from which Ca had been removed, but which could be
reactivated by subsequent reconstitution of Ca [32]. The assignment of the ~3.4 A
component to Mn-Ca and its orientation are consistent with the results of Ca-EXAFS
[29]. These results relevant to the modeling of Ca(Sr) in the Mn,Ca(Sr) cluster will be

discussed separately in 3.2.3.

3.2.2 Single-crystals of PS II from cyanobacteria

Single crystals of PS II from cyanobacteria have been used extensively for X-ray
diffraction analysis [59-62,68]. To date, the resolution is limited to 3.0 A; furthermore,
the Mn cluster has been subjected to radiation damage of unknown extent during data
collection. XAS studies of PS II at similar high dosages typical of X-ray diffraction
exposures results in chemical reduction of the manganese to Mn** and disruption of the
cluster [63,69,70]. The disruption may not have released the Mn and Ca into the general

surroundings. However, it is likely that there is some localized rearrangement of ligands
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proximal to the cluster. Because XAS is carried out using radiation dosages only 1%

as large, negligible radiation damage is reflected in the spectroscopic measurements.

In an ideal situation, polarized X-ray spectroscopy provides orientation and
distance information for each vector in the Mn,Ca cluster for metal atoms within about
4.5 A of one another. The difficulty of analysis of the spectra depends critically on the
space group and the number of monomer molecules per unit cell. A nearly ideal situation
exists for the synthetic bi-nuclear Mn,(IIL,IV) complexes with phenanthroline or
bipyridine terminal ligands and which crystallize in an orthorhombic space group [71]
(Figure 10). For both of these molecules the molecular symmetry axes are nearly aligned
with the crystallographic axes. In a situation like this the Mn-Mn vector, which is nearly
parallel to the crystallographic c-axis, will exhibit maximally to the EXAFS spectrum
when the crystal is aligned such that the c-axis is parallel to the electric vector of the
polarized X-rays. It will contribute little to the EXAFS when the crystal is oriented such
that the a- or b-axis is parallel to the E-vector of the X-rays. The orientation of the Mn-
Mn vector can thus be determined as reliably as by X-ray crystallography, and the Mn-
Mn distance can be determined much more accurately by EXAFS than from analysis of
the X-ray diffraction.

Collaboration between spectroscopists and crystallographers has resulted in
polarized EXAFS measurements of oriented single-crystals of PS II from the
cyanobacterium Thermosynechococcus elongatus [72]. Analysis of the spectra is
complicated by the fact that PS II in all of these crystals occurs as a dimer, with the two
monomers related by a non-crystallographic C, rotation axis. PS II crystallizes in the
orthorhombic space group P2,2,2,, with four symmetry-related dimers per unit cell. The
presence of eight monomer PS II per unit cell and each in a unique orientation, provided
a formidable challenge to analysis of the dichroic spectra. It was necessary first to record
polarized X-ray spectra with a crystal aligned, in turn, along each of the three
crystallographic axes. (Any small misalignment was determined by simultaneously
measuring the diffraction pattern.) The resulting spectra represented the convolution of
the contributions of the different absorber (Mn) — scattererers (O/N, Mn, or Ca) vectors
from each of the monomers onto the E-vector direction. In such a complex crystal, none
of these projections is close to zero when summed for the eight monomers. Nevertheless,

the relative magnitudes of the Fourier components of the EXAFS for a particular vector
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distance are different along the different axes, which is the signature of the presence of

dichroism. This allows for the deconvolution of the spectra. The first stage of
deconvolution provides spectra that reflect a first approximation to the polarized spectra
along each of the three crystallographic axes. These are then used to correct the
measured spectra for any small misalignment of individual crystals. This is important
because measurements along any crystal axis requires summing the data from several
crystals. The correction method allows the corrected data from the different crystals to
be combined to improve the signal-to-noise at the same time as minimizing any
consequences of radiation damage. Iterations of this procedure produce X-ray spectra
polarized along each of the crystal axes (Figure 11). The next step in the analysis is to
determine the contribution of each of the eight monomers in the unit cell. This was
accomplished by modeling the cluster with a collection of Mn-Mn and Mn-Ca vectors of
different lengths and orientations, and simulating the experimental spectra polarized
along the three crystal axes. This simulation was carried out in k-space and
simultaneously for the three orthogonal polarized spectra until the differences between
the simulated and experimental spectra were minimized. This approach has provided the
best filter yet for selecting acceptable candidates for the intact Mn,Ca cluster geometry in
the S, state. Three models obtained from the single crystal EXAFS study are shown in
Figure 12.

At present, however, it is not possible to choose among the three models on the
basis of the polarized EXAFS data of single crystals. In addition, each of these structural
models can have four symmetry-related orientations in the membrane originating from
the cos*0 dependence of the EXAFS signal and the non-crystallographic C,-symmetry of

the monomers in the PSII dimer.

3.2.3 Ca-or Sr-EXAFS

Ca or Sr EXAFS has helped to elucidate the involvement of Ca, or Sr substituted
for Ca, in the OEC metal cluster. Following substitution of Ca by Sr, no significant
changes were observed in the Mn XANES region, confirming the integrity of the Mn
cluster; however, a significant increase in the intensity of Peak III in the FT of the

EXAFS at a distance somewhat greater than 3 A provided evidence that Ca (Sr) is
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integral to the cluster [28]. Depleting Ca from intact PS II, which results in a decrease

in the EXAFS amplitude at this distance, provided confirmation of this conclusion [73] as
well as evidence that scattering by Mn-Mn interactions also contributes to Peak III [32].
Nevertheless, the close association of Ca (Sr) with the Mn cluster was disputed at the
time by similar Mn EXAFS studies involving Ca replacement by heavier atoms [74].
This issue was soon resolved by means of EXAFS experiments carried out at the
Sr K-edge. For samples where Ca had been replaced by Sr, a strong feature is present in
the Sr-EXAFS in the 3.5 A region and this peak disappears when Mn is removed by
treatment with NH,OH [75]. A similar experiment with similar results was done using
Ca K-edge radiation on an intact PS II preparation, providing further evidence for the
involvement of Ca in the metal cluster [29]. The orientation of the Sr-Mn vector(s) was
investigated by polarized EXAFS of Sr-reconstituted PS II from spinach. The peak at 3.5
A owing to these interactions is strongly dichroic and the vectors are oriented nearly
parallel (within 23°) to the membrane normal [67] (Figure 13). Extended-range Mn
EXAFS of oriented PS II membranes provide high resolution data that confirm the
orientation of the average Mn-Ca vector(s) and identify them with a feature at 3.4 A. The
component at 3.2 A, attributable to a long Mn-Mn interaction, is inclined at greater than
70° to the membrane normal and, thus, much closer to the membrane plane [27]. This
study also investigated angles associated with three Mn-Mn vectors contributing to Peak
IT; both the average of two at 2.72 A and the one at 2.82 A are between 60° and 70° to the
membrane normal. This is in general agreement with previous studies using conventional

Mn EXAFS on oriented PS II [65].

4. Modeling the arrangement of 4Mn and Ca in the OEC

Modeling of the arrangement of 4Mn and 1Ca in the OEC is significantly aided by
the recently resolved vector numbers, lengths and orientations. Single crystal EXAFS
study suggests three possible structural models in the membrane (Fig.12). As described in
3.2.2, however, single crystal study cannot further discriminate among these three
models, or among the four symmetry-related structures of each model due to the dimeric
nature of PS II molecules and also the cos’0 dependence of EXAFS. To discriminate

among these possibilities, we have used putative ligand environments available from the
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published crystallography to see which model and/or symmetry related structure fits

better in the ligand environment. Among the four symmetry-related orientations, Figure
14 shows the best-fit orientation for Model II and Model III, both of which fit slightly
better than Model I. However, we need to emphasize that this last filtering process is
based on the assumption that the ligand environment is not significantly disturbed by the
radiation damage during data collection for the published crystallographic studies [59-61]
[62].

The polarized EXAFS of oriented single crystals is not compatible with the cluster
models proposed by the authros on the basis of the 3.0 or 3.5 A X-ray diffraction
analyses. In the single-crystal EXAFS models (Fig. 12), Mn4 (A) is di-u-oxo linked to
Mn3 (B), rather than mono-oxo linked (A in the models of Yano ef al. [72]). In addition,
the Ca is linked to only 2 of the remaining 3 Mn atoms.

The oriented membrane study with extended-range EXAFS may give us criteria for
filtering the proposed structures based on the orientation of Mn-Mn vectors. Models II
and III in Fig. 13 are similar to the angle criteria of Mn-Mn vectors obtained from the
oriented membrane study of spinach thylakoid membranes (Fig. 9(b)) [27], with the 60°
orientation of the 2.8 A Mn-Mn vector and ~80° orientation of the 3.2 A Mn-Mn vector
relative to the membrane normal, except that the averaged orientation of the 2.7 A Mn-
Mn vectors to the membrane normal is ~40° compared with ~60°. On the other hand,
Model I from the single crystal EXAFS study [72] has all three (averaged 2.7, 2.8, and
3.2 A) Mn-Mn vectors oriented differently relative to the membrane normal compared
with those determined in the oriented membrane study, and is therefore less favored.
However, the difference in orientation of some vectors with respect to the membrane
normal could be due to inherent errors in the determination of angles in the method.
Althernatively, this variation in orientation could reflect differences in PS II between
thermophilic cyanobacteria and spinach. Also note that analysis of the single crystal
EXAFS data involves considerations of the protein unit cell symmetry, while oriented
membranes have a unique axis along the membrane normal with rotational uncertainty in
the plane of the membrane.

Eventually, an important issue concerns the significance of which organism is
used to prepare PS II samples. As better data have become available, it has proved

possible to make careful comparison between PS II obtained from higher plant
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chloroplasts or from cyanobacteria, for example. To date, any differences reported

between XAS results from PS II from these different sources are within the experimental
uncertainties of the methodology used [76,77]. Because there are small differences in
properties observed by EPR, for example, and in the protein subunit composition and
even amino acid sequences of particular reaction center components, it would not be
surprising to find measurable differences in the XAS. This will be an interesting area for
future investigation using the best technology.

Quantum chemical calculations using density functional theory (DFT) have been
used both to optimize the structure of the cluster geometry and transition state energies
associated with O-O bond formation in the S, state prior to O, release. Conclusions
reached earlier are reviewed and new results are presented by Siegbahn [45]. Two
proposals for the precursor to O-O bond formation were examined. A clear conclusion is
that the S, state is much more likely to involve an oxo radical than a Mn" state. With
regard to the structure, the calculations used the CaMn;, cluster plus a dangling Mn taken
from the 3.5 A diffraction analysis as a starting point. Although the geometry was
somewhat optimized from this beginning, the proximity of Mn4 to Ca was retained in the
refined structure, and this proximity played a significant role in the proposal for O-O

bond formation in S,.

5. Chloride ion

Chloride ion is an additional component that is essential for water-splitting activity of
PS II. Br restores activity to preparations which have first been made Cl-free. As noted
previously, F is an inhibitor. The first comparison of CI" versus Br™ activated PS II was
carried out on PS II particles from the cyanobacterium Synechococcus sp. No significant
difference was seen in the Mn-EXAFS which might indicate ligation of a halide to Mn
[56]. Similar studies using F substitution in spinach PS II produced at most a marginal
difference from those using active Cl ™ containing preparations, and no firm conclusion
could be drawn from the results [78]. Recently, a study of Br—activated PS II using Br
K-edge EXAFS led to the conclusion that Br™ does not bind to the Mn,Ca complex in the
S, state [79].
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6. Time-resolved XAS

Time-resolved XAS using rapid scan techniques and monitoring samples held at room
temperature were used initially to follow the time-course of radiation damage over the
course of several hundred seconds. [60-Haumann, et al, 2002] Subsequently, with
improved time resolution, XAS changes at the Mn absorption edge were used to track
changes with a half-time of 1.1 ms following the 3rd flash of a sequence applied to a
dark-adapted sample. [65-Haumann, et al, J. Synch. Rad., 2005] With still better time
resolution, an induction of ~200 us following the third flash was interpreted to result
from an intermediate component between the S, and the S, states. [57-Haumann, et al,
Science, 2005] Time-resolved XAS is reviewed in more detail in Chapter 4 of this

volume.

7. Conclusion

In the absence of high-resolution X-ray diffraction measurements on crystals of PS II
that retains intact Mn,Ca clusters, the results of X-ray spectroscopy currently provide the
most reliable and precise information concerning the structure of the cluster and changes
that occur during the steps in water oxidation. In combination with results from EPR and
FTIR, these findings support a mechanism in which a manganese atom in the cluster
effectively loses an electron during each of the S, -> S, and S, -> S, transitions, but not
during S, -> S;. Mn-EXAFS shows distinct structural changes between S,and S,, but
changes that are more subtle between S, and S,. Between S, and S, there are further
distinct structural changes. Recently, time-resolved XAS has provided some of the first
experimental data reflecting the final steps in water oxidation accompanying the
transition from S; that returns the enzyme to the S, state. It is reasonable to expect that
further improvements in XAS technology and the samples available for study will
enhance the level of our understanding of this important process in solar energy

conversion by photosynthesis.
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Figure Captions

Scheme 1 Chemical structures of the Mn coordination compounds.

Fig. 1 XANES and EXAFS spectra of a Mn complex. Fluorescence excitation spectra
plot the X-ray fluorescence intensity divided by the incident X-ray intensity, F/I,, against
the energy of the incident X-rays. The K-edge X-ray absorption near-edge spectra
(XANEYS) reflect transitions from the 1s orbital to a bound-state orbital, as shown in the
energy level diagram above the main figure. The 1s-4p transition is strongly allowed and
contributes to the peak at 6554 eV for Mn. The 1s-3d transitions are only weakly
allowed and give rise to pre-edge features. At higher X-ray energies, electrons are
promoted to the continuum and leave the atom. Scattering of the electrons from nearby
atoms results in Extended X-ray Absorption Fine Structure (EXAFS), which appears as
interference modulations in the otherwise smooth continuum region. Removal of the
smooth background and multiplication by k’, where k is the photoelectron wavevector, in
A" beyond the ionization energy, results in a k-space spectrum (insert). A Fourier
transform of the Mn k-space spectrum for a spinach Photosystem II preparation in the S-
state is shown at the right. Peaks labeled I, II and III reflect major contributions from

vectors that relate Mn to other-atoms vectors in the catalytic Mn cluster of PS II.

Fig. 2 Oxidation-state changes of the OEC in PS II during the S-cycle. (a) Kok cycle,
with a possible assignment of Mn formal oxidation numbers for each S-state. (b)
XANES of each S-state, including an expansion of the pre-edge (top). Spectra of 2"
derivatives (x 3 eV smoothing) for each S-state spectrum (bottom). The inflection point

energies (IPE) are obtained from the zero-crossing points of the 2" derivative spectra.

Fig.3 (a) X-ray K-emission from the 2p levels (*p,,and *p,,,), known as Ko, OOOOK o,
emission, and from the 3p levels (°p,, and °p,,) known as KB, and Kf, emission. The
Kp lines are approximately 1/8 as intense as the Ka lines. (b) A schematic representation

of the electronic states and the transitions for Mn(III) K XES. On the right is the
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exchange interaction between the 3p and 3d levels that gives rise to the Kf3, ; and Kf’

states.

Fig.4 The Mn K emission spectra of the spinach PS II. The right side shows the
difference spectra between successive pairs of S-state spectra. The difference spectra
between the S, and S, S, and S,, and S, and S; states are derivative shaped, indicating
that the spectral peaks shift in energy. The derivative shape for the S, and S,, S, and S, is
the reverse of that for the S, and S, reflecting Mn oxidation in the first two cases and
reduction for the latter case. The difference spectrum between the S, and S, states shows
the absence of such a derivative shape, indicating the similarity of the S, and S, state
spectra and lack of a predominantly metal-centered oxidation. The figure was adapted

from Messinger et al., 2001.

Fig.5 The energy level diagram for the K-pre edge (1s to 3d) and L-edge (2p to 3d)
absorption spectra is shown on the right. On the left is the energy level diagram for the
RIXS experiment. The excitation is from a 1s to 3d level, and the emission detected is
from a 2p to 1s level. The difference in energy between the ground and final states is
equivalent to those involved in L-edge absorption. Thus, by using K-edge X-ray energies
one can collect L-edge-like (2p to 3d) spectra. The experimental setup used for the RIXS
experiment is shown in the left bottom. In this two-dimensional spectroscopy, the
excitation energy is scanned (1s to 3d and 1s to 4p) using the beamline monochromator,
and the emission energy is scanned across the Ka lines (2p to 1s) using the crystal

analyzer. Both the monochromator and the analyzer have ~1 eV bandwidth.

Fig. 6 (a) Mn K-edge XANES of a set of Mn oxides and Mn coordination compounds.
The chemical structures of the Mn coordination compounds are shown in Scheme 1. (b,
¢) Mn pre-edge spectra and RIXS spectra of Mn oxides and Mn coordination compounds.
Abscissa is the excitation energy and ordinate is the energy transfer axis. The figure was

adapted from ref. [5S1]. Contour lines show zones of equal signal amplitude.

Fig.7 (a) Contour plots of the 1s2p,, RIXS spectra for the S;- and S,-states of PS II from

spinach. (b) Plots of 1 moments of the RIXS spectra of Mn oxides, Mn coordination
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compounds and the S;- and S,-states of PS II. (See text for details.) 1* moments

obtained by integrating across the incident energy direction and along the energy transfer
direction are plotted against one another for each sample. The figure was adapted from

ref. [51].

Fig.8 Extended-range EXAFS of spinach PS II. (a) left: A schematic representation of
the Mn and Fe Ko and Kf3 fluorescence spectra. The electronic window of the Ge-
detector has a 150-200eV resolution compared to ~1 eV of the multi-crystal
monochromator used in this study. Right: Comparison of the PS II Mn K-edge EXAFS
spectrum from the S, state sample obtained with a traditional energy discriminating Ge-
detector, with that collected using the high-resolution crystal monochromator. Fe which
is obligatory in PS II does not pose a problem with the high resolution detector (the Fe
edge is marked by a dotted line). (b) Left: k’-weighted Mn EXAFS spectra from PS 1I
samples in the S, state obtained with a conventional EXAFS detection (bottm) and with
high-resolution spectrometer (extended-range EXAFS, top). Dashed line at k=11.5 A
denotes the spectral limit of conventional EXAFS experiment imposed by the presence of
the Fe K-edge. Right: Comparison of FTs of the Mn EXAFS spectra in conventional
EXAFS (bottom) data up to Fe edge 11.5 A, and FT of the Mn K-edge range extended
EXAFS spectrum to 15.5 A (top) in the S, state. The figure was adapted from ref. [7].

Fig.9 (a) Oriented thylakoid membrane fragments of PS II. Positioning of a PS II
dimmer is indicated schematically. (b) XANES (left) and Fourier transform of the
EXAFS spectra (right) from oriented PS II membranes in the S, state at orientations of
15° (solid line) and 75° (dashed line) of the membrane normal with respect to the x-ray e-
vector. (¢) The orientation of the average Mn-Ca (3.4 10\) and Mn-Mn (~3.2 10\) vectors

relative to the membrane normal. The figure was adapted from ref. [27].

Fig.10 Single crystal Mn EXAFS of [Mn,(IIL,IV)O,(phen),](PF,);CH,CN, where
phen=1,10-phenanthroline. The crystal structure is shown in top right [71]. Strong

dichroism is seen in both the Mn-ligand and Mn-Mn peaks.
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Fig.11 Single crystal Mn EXAFS of Synechococcus elongatus PS 1I in the S, state

[63]. Note that the ordering of intensities measured along each of the crystal axes is

different for FT peas I, 11, and III.

Fig.12 Models of the Mn,CaQO, cluster of the OEC deduced from the single crystal
EXAFS (Fig.12) in the orientation in which they should be placed in the PS II membrane
according to the axis system shown at lower left [63]. Three models are from the

common Mn, motif shown at upper left.

Fig.13 Fourier transform of the EXAFS spectra from oriented Sr PS II membranes from
spinach in the S, state at orientations of 10° (solid line) and 80° (dashed line) of the
membrane normal with respect to the x-ray e-vector. The figure was adapted from

ref.[67].

Fig.14 Model II and III of ref. [72] in a putative ligand environment.
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