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1. Introduction

The oxygen-evolving complex (OEC) of photosystem II (PS II) in green plants and
algae contains a cluster of four Mn atoms in the active site, which catalyzes the
oxidation of water to dioxygen. Along with Mn, CI- and Ca?+ are essential cofactors for
oxygen evolution (1).

Depletion of the CaZ* cofactor suppresses the activity of the OEC, which can be
restored by replenishing with Ca2*. Partial reactivation results from addition of Sr?+ to
Ca-depleted PS II membranes (2). Previous Mn-XAS studies from our laboratory have
suggested that Ca is in close proximity to the Mn Cluster (within 3.5 10\) (3). However,
there is some debate about the environment of the Ca cofactor binding site (4) and its
function. Given this uncertain situation and to further test whether a Ca binding site is
close to the Mn cluster, we chose a different approach: to use St EXAFS to probe from
the Sr cofactor point-of-view for nearby Mn. This is the reverse of the previously
described Mn EXAFS studies that concentrated on the Mn cluster and probed for
nearby Ca or Sr neighbors. In this study, we compared the Sr EXAFS spectrum of a
functional PS II sample with the Sr spectrum from an inactive sample in which the Mn
complex is disrupted. These results confirm our earlier results that Sr (Ca) is proximal
to the Mn complex (5).



Despite numerous EPR and XAS studies, the question of whether Cl is a ligand of Mn
and the structural role of Cl cofactor has been uncertain (6). Suffice it to say that the
binding of Cl- to Mn has been a matter of controversy and there is considerable interest
to gain definitive physical evidence for or against halide ligation to Mn. Recent Mn-
XAS studies of PS II membranes in the S3 state have provided the first direct evidence
that Cl- may be a ligand of Mn. Polarized Mn EXAFS measurements of samples in the
S3 state show considerable dichroism and significant structural change compared to the
S, state. A clearly dichroic Fourier peak is observed at ~2.2 A which fits best to a Mn-
Cl vector.

2. Experimental Section

Starting from PS II-enriched membranes from spinach, Sr2*-reactivated samples were
prepared as described previously (3). Excess, non functional, Sr or Ca was removed by
treatment with Chelex. The Chelex-treated samples, designated intact Sr-PS II, were
transferred to Mylar-backed Lucite sample holders designed to fit in XAS and EPR
liquid He cryostats. The inactive Sr-PS II was prepared by adding NH,OH to the intact
Sr-PS II pellet. Samples were routinely checked for Oj-evolution activity, EPR
multiline signal and metals content.

PS II membranes were oriented by painting onto a mylar film using a fine brush and
drying under a gentle stream of cold Ny gas in the dark. The orientation was checked by
monitoring the Yp*t EPR signal (7). Dark adapted samples were then subjected to
saturating flash illumination either by a Xe-flash lamp or a high-powered Nd-YAG
laser. The percentage of S3 generated after two flashes was determined by measuring
the decrease in the amplitude of the MLS EPR signal of a two-flash sample relative to a
one-flash sample. The details are described in Roelofs et al. (8).

XAFS experiments were conducted at the Stanford Synchrotron Radiation Laboratory
on Beamline VII-3 and IV-3 in unfocused mode using a Si(220) double crystal
monochromator, and a Canberra Instruments 13-element Ge detector. The Fourier-
isolated data in k-space were subjected to curve fitting, using ab initio phase and
amplitude functions calculated using the FEFF program.

3. Results and Discussion

3.1 Ca Cofactor



After the initial characterizations by EPR, oxygen activity, and metals quantitation were
completed, XAS measurements were made on the two types of (Chelex-treated) Sr-PS II:
intact, and inactive samples. The Fourier transforms of the Sr EXAFS from intact Sr-PS II
samples show an interaction (Peak II, Fig. 1) that is best simulated by two Mn at ~3.5 A
distance. This vector is not present in the inactive, NH,OH-treated sample, although both
types share similar first coordination shells of oxygen (Peak I, Fig. 1). Attempts to model
Peak IT with C (the most likely low-Z candidate, from carboxylate ligands) or other low-Z
atoms (O, P, S, Cl) result in comparatively poor fits. By extensive fitting trials we have
excluded light atoms as major contributors to Fourier Peak II and thus present Mn as the
chemically reasonable alternative.

The Sr EXAFS results, translated back to the original Ca cofactor, support the earlier
finding that Ca (Sr) is near the Mn cluster at a distance of ~3.4 A. Such a distance
indicates the presence of single-atom bridging, likely by oxygen. This bridge may be
derived from carboxylate ligands (aspartate or glutamate protein residues), protein
backbone carbonyl, water or hydroxide. Further studies to place constraints on the
geometry and relative orientation of the Mn—Ca (Sr) vectors will rely on X-ray
absorption linear dichroism of the observed Fourier Peak II. Polarized Sr EXAFS
experiments on oriented Sr-PS II multilayers are in progress and preliminary results
(see Cinco et al., in this issue) indicate dichroism in Peak II depending on the alignment
of the membrane normal and X-ray electric field vector: maximum amplitude at 10°
and suppression at 80°. These studies are continuing and should yield the average angle
of the Sr—Mn vector relative to ng
the membrane normal, and the
average number of
backscatterers. By acquiring
these parameters, we would
further refine the model of the
active site. The intimate link
between Ca and Mn that had
been suggested in previous
studies has led to the
description of the catalytic
center of the OEC as a “tetra-

Mn/Ca cluster” (5). fppar=ni Distance'A' (4]
Figure 1. Fourier transforms of Sr EXAFS for
intact and inactive Sr-substituted PS II samples
(Chelex-treated). Fourier Peak II is present only in
the intact samples and fits to Mn, confirming the
Our previous XAS results from proximity of Sr (Ca) to the Mn cluster.

isotropic samples in the S3 state

- Inactive (NH OH-reated)
SrPSIl

—— Intact [active] Sr-PS 11
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have shown that there is considerable change in the Mn-Mn distances as the system
advances from the S; to the S3 state (9). 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 have initiated XAS studies of oriented S3 state samples. The results show

that the two Mn-Mn vectors are dichroic (see paper by Cinco et al in this issue).
Interestingly, maybe because of the lengthening of the Mn-Mn vectors, a new Fourier
peak is observed (Fig. 2) between the first and second Fourier peaks, and is indicated
on the figure by an arrow. Figure 2 also shows the Fourier transform of a Mn binuclear
complex with one Cl as a terminal ligand to a Mn atom. The Fourier peak
corresponding to Cl backscattering is clearly evident at about the same apparent
distance and is indicated by an arrow in Fig. 2. In other model compounds, the
amplitude of the peak increases as the ratio of Cl/Mn increases and the peak is absent
when Cl is not present as a ligand (data not shown). In the S3 sample this Fourier peak
does not fit to low 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 also very similar. The
difference in amplitude of this Fourier peak between the S3 sample and the model is

probably due to the
Cl difference in the number
of Cl backscatterers/Mn in
the model and in PS II. It
is likely that in PS II the
ratio is only 1Cl/4Mn as
compared to 1Cl/2Mn in
the model compound.
Dichroism studies, on
seven different samples,
show that the Fourier
peak is more obvious at
the 10 degree orientation
compared to 80 degree
orientation, that suggest
that the Mn-Cl vector is

Fourier Transfarm Amplitude

Apparent Distance 'B' (A) more parallel to the
Figure 2. Fourier transform of the oriented S3 state sample membrane normal.
with the membrane normal at 10 degrees to the X-ray e-vector.
On top is the Fourier transform from an inorganic binuclear A refined model of the
Mn compound, [(Mn2(IV.IV)O2(OAc)CI(H20)](NO3)2, with OEC that incorporates the
one Cl as a terminal ligand to Mn. The arrow is directed at the Ca and Cl cofactors is

Fourier peak corresponding to CL shown in the article by

Cinco et al in this issue.
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