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Abstract

Oxidation of water to dioxygen is catalyzed within photosystem II (PSII) by a
Mn,Ca cluster, the structure of which remains elusive. Polarized extended X-ray absorption
fine structure (EXAFS) measurements on PSII single crystals constrain the Mn,Ca cluster
geometry to a set of three similar high-resolution structures. Combining polarized EXAFS
and X-ray diffraction data, the cluster was placed within PSII taking into account the overall
trend of the electron density of the metal site and the putative ligands. The structure of the
cluster from the present study is unlike either the 3.0 or 3.5 A resolution X-ray structures,

and other previously proposed models.
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Oxygen present at ~20% in Earth’s atmosphere comes mostly from photosynthesis
that occurs in cyanobacteria, green algae and higher plants (/). These organisms have within
photosystem II (PSII) an oxygen-evolving complex (OEC), where the energy of sunlight is
used to oxidize water to molecular oxygen. The heart of the OEC is a cluster of four Mn
and one Ca (Mn,Ca) connected by mono- and di-u-oxo or hydroxo bridges. The specific
protein environment and one chloride are also essential for the water splitting activity (7).
During water oxidation the OEC cycles through five different oxidation states, known as S -
states (i = 0 to 4), that couple the one-electron photochemistry of the PSII reaction center
with the four-electron chemistry of water oxidation (2).

The structure of the Mn,Ca cluster and its role in the mechanism of water oxidation
have been investigated using spectroscopic methods (/), especially EPR/ENDOR (3-9), X-
ray spectroscopy (/0), and FTIR (/7). In addition, the recent X-ray diffraction (XRD)
studies of single crystals of PSII provide critical information about its structure at 3.8 to 3.0
A resolution (12-16). However, even the highest resolution XRD data presently available is
insufficient to accurately determine the position of Mn, Ca and the bridging and terminal
ligands. This is reflected by the differences in the placement of the metal ions and putative
ligands in the 3.0 (/6) and 3.5 A (14) structures. Furthermore, at the X-ray dose and
temperature used in the XRD studies, the Mn,Ca cluster geometry is disrupted, initiated by
the rapid reduction of Mn(III) and Mn(IV) present in the dark stable S, state to Mn(II), as
shown by Mn X-ray absorption near edge spectra (XANES) and EXAFS studies of PSII
single crystals (/7).

EXAFS experiments with PSII require a significantly lower X-ray dose than XRD
measurements (/7), and the onset of radiation damage can be precisely determined and
controlled by monitoring the Mn K-edge position, thus allowing collection of data from the

intact Mn,Ca cluster of PSII. In addition, EXAFS provides metal-metal/ligand distances
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with high accuracy (~0.02 A) and a resolution of ~0.1 A. Mn- and Ca-EXAFS studies of
frozen solutions of PSII preparations have provided accurate distances and the numbers of
Mn-Mn, Mn-Ca and Mn/Ca-ligand vectors in the Mn,Ca cluster (10, 18-21) and have led to
the development of several possible structural models for the Mn,Ca cluster (Fig. S1).

For polarized EXAFS experiments on one-dimensionally oriented membranes or
three-dimensionally oriented single-crystals, the EXAFS amplitude is orientation dependent
and proportional to ~cos?0, where 6 is the angle between the e-field vector of the polarized
X-ray beam and the absorber-backscatterer vector. Therefore, this technique provides
important additional geometric information about the metal site in metalloprotein single
crystals (22, 23). Here we show that polarized EXAFS can be used to provide structural
models of the Mn,Ca active site revealing details currently unresolvable by XRD.
Combining information from polarized EXAFS and XRD (/6) leads to the placement of
these models within the PSII protein environment.

PSII crystals from Thermosynechococcus elongatus in the dark-stable S -state were
oriented such that the X-ray e-field vector was parallel to the a-, b-, or c-axis of the crystal
unit cell. The total photon dose on the sample was kept at a safe 1 x 10’ photons/uym* on the
basis of detailed radiation damage studies on single crystals of PSII (/7). After the Mn
XANES and EXAFS spectra were collected, the orientation of the crystal was determined in
situ by collecting X-ray diffraction patterns (24).

Figure 1A (top) shows the polarized Mn K-edge XANES spectra of PSII single
crystals with the X-ray e-field vector parallel to each of the orthogonal crystal unit cell axes,
a, b, and c. The spectra show unique features at each orientation both in the main K-edge
(Is to 4p) and the pre-edge region (Is to 3d transitions, see inset). The orientation-

dependent differences are more clearly seen in the second-derivative plots (Fig. 1A, bottom).
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The Fourier transforms (FTs) of the polarized Mn EXAFS of PSII single crystals
are shown in Fig. 1B. Peak I has contributions from bridging and terminal O or N atoms at
1.8 to 2.0 A Peak II results from di-p-oxo bridged Mn-Mn interactions at 2.7 to 2.8 A: and
Peak III contains contributions from mono-u-oxo bridged Mn-Mn and Mn-Ca interactions
at 3.3 and 3.4 A, respectively. The EXAFS spectra show a pronounced dependence on the
crystal orientation, indicating that the Mn,Ca cluster is highly asymmetric.

A test of whether the redox state and the structure of the Mn,Ca cluster in the single
crystals is equivalent to that in active oxygen-evolving PSII solution samples is to calculate
isotropic solution spectra (powder spectra) from the oriented single-crystal spectra and
compare these to experimental solution spectra. The comparison of XANES and EXAFS
spectra in Figs. 2A and 2B (and the corresponding second derivatives in the case of
XANES in Fig. 2A, bottom) show that they are indistinguishable within the remarkably low
noise of these experimental data. This result confirms the dichroism of the EXAFS spectra,
and shows that the cluster geometry is not disrupted by radiation damage. Therefore, the
data of Fig. 1B form a reliable basis for the elucidation of the structure and orientation of
the Mn,Ca cluster within PSII.

Initially we used the polarized EXAFS data to test the Mn,Ca structures proposed
on the basis of XRD data (/4, 16). The comparison of the experimental data (Fig. 1B) with
the polarized EXAFS spectra calculated for the XRD models at 3.5 (/4) and 3.0 A (16)
resolution are shown in Fig. S3. The disagreement is striking; it is most likely due to the
limited resolution and X-ray damage to the Mn,Ca cluster during XRD measurements (/7).

In the next step, the polarized EXAFS data were used to evaluate and filter the large
number of previously proposed and feasible models for the Mn,Ca cluster (Fig. S1, Mn,
motifs a-r), including topologically related structures (the motifs from the XRD structures
are ¢ (/6) and n (/4)). For this filtering process, the polarized EXAFS for the proposed

structural models was calculated as follows (Fig. S4, (24)): 1) each model was placed into
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one PSII monomer, 2) the coordinates for the companion monomer were determined using
the local C, symmetry of the dimeric PSII complex, 3) the coordinates for the four
symmetry related dimeric units within the P2,2,2, crystal unit cell were determined, and 4)
the EXAFS spectrum was calculated for the PSII single-crystal with the e-vector of the X-
ray beam parallel to each of the crystal unit cell axes, a, b, ¢, using FEFF8 (25). To
determine the optimal orientation, each of the inserted clusters was rotated stepwise within
the PSII monomer with respect to the three axes (X, y, z; for definition see Fig. 3, top right).
For each orientation the EXAFS spectra were calculated and compared to the experimental
results shown in Fig. 1B. This process was continued until the rotational space was mapped
sufficiently to determine whether a specific model complies with the polarized EXAFS data
(24). The focus in our comparison was predominantly on the contribution to the EXAFS
from Fourier peaks II and III, which are from Mn-Mn and Mn-Ca interactions that mainly
define the motif for the Mn,Ca cluster. This process rules out unsatisfactory cluster
geometries with a high degree of confidence.

Range-extended EXAFS results (27) show that three short Mn-Mn distances
between 2.7 and 2.8 A are present in the Mn,Ca cluster. The presence of the 2.8 A Mn-Mn
vector is observed as a shift of FT peak II to a longer distance along the a-axis in the
polarized EXAFS data (Fig. 1B). In addition to the 2.8 A vector, two 2.7 A vectors are
required to reproduce the FT peak II intensity, mainly along the b and c-axes. (see also
EXAFS fit parameters in Table S1). Therefore models (Fig. S1A, motifs a-j) containing
only two short 2.7 A, or one 2.7 A and 2.8 A Mn-Mn distances were unacceptable in
reproducing both the solution range-extended EXAFS (27) and polarized EXAFS data.

The remaining models contain three Mn-Mn vectors at 2.7 to 2.8 A (Fig. S1B,
motifs k-r), and 0, 1, or 2 Mn-Mn vectors at 3.3 A. Solution Mn EXAFS shows that FT
peak III is best fit to one Mn-Mn vector at 3.3 A and two Mn-Ca vectors at 3.4 A (10),

which is supported by Sr/Ca EXAFS results (/9, 20). Models with these distances,



Yano et al.

represented by motifs p-r in Fig. SIB, and models containing two 3.3 A Mn-Mn distances
(Fig. S1B, motifs 1-0) along with the Mn-Ca distances were included in our search for a
match with the observed dichroism (heterogeneity of ~0.2 A was included for models with
two 3.3 A Mn-Mn vectors to decrease the otherwise too intense contribution to FT peak
I10).

Applying the rigorous testing protocol described above showed that the polarized
EXAFS data (Fig. 1B) are consistent with three topologically related structures (Fig. 3,
Model I, II and III) that are based on the Mn, motif r (Fig. 3, top) (I8, 21). These models
are shown in Fig. 3 in the orientation (indicated by the axis system shown in Fig. 3, top
right) required to satisfy the polarized EXAFS data. The experimental polarized spectra
(Fig. 1B) and the calculated spectra from the three structures positioned as shown (Fig. 3
left panel) are very similar, with regard to the intensity and the orientation dependence for
FT peak II and III, which determine the motif of the structural model. The trend in the
dichroism is also similar for FT peak I. Most of the contribution to peak I is from bridging
O atoms, because terminal ligands are highly disordered (10, 18) (Table S1) and hence were
not included in the simulations. The ambiguities in the intensities in FT peak I, however,
come from the small contributions from this disordered shell of terminal ligands, which are
difficult to model.

At present it is not possible to choose among the three models on the basis of the
polarized EXAFS data. In addition, each of these structural models can have 16 symmetry
equivalent orientations in the membrane (24). There are 8 orientations because of the four
symmetry operations originating from the crystal space group P2,2, 2, and the cos’6
dependence of the EXAFS signal and 8 more orientations from the non crystallographic C,-
symmetry of the monomers in the PSII dimer.

To further distinguish between these structural options we used the following
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criteria: 1) the placement of Ca, 2) the distribution of the electron density from XRD (76),
which is 'pear' shaped with the narrow end oriented towards the dimer C, axis, and 3) the
information from the position of putative amino acid ligands identified around the electron
density coinciding with the Mn,Ca cluster (/6). The placement of Ca relied on Sr EXAFS
data showing that the two Mn-Sr(Ca) vectors are along the membrane normal (20), and the
anomalous XRD studies indicating that Ca is above the ‘Mn plane’ towards the redox active
tyrosine Y, and P, chlorophylls (/4, 16). The placement of Ca reduces by half the options
among the symmetry related orientations. The remaining 8 symmetry equivalent orientations
of Models I, II, and III were examined for compliance with the overall trend of the electron
density and the placement of ligands (24). The best orientations of the three models within
the PSII membrane are shown in Fig. 3. The other symmetry-related orientations are clearly
unsatisfactory because of the pronounced asymmetry in the electron density.

The best fit to the ligand environment was obtained for Model II (coordinates in
Table S2 (24)), while there was some overlap between the cluster and ligand positions with
Model IIT (Fig. S5). The placement of Model I was even less satisfactory with regard to the
ligands. The ligand assignments must remain tentative at this point, however, because
movement of the protein ligand residues can result from radiation damage to the metal site
during XRD (/7). In the XRD study, the Mn close to Asp 170 (i.e. Mn,) and Ca have a
lower occupancy (o value) compared to those of the other Mn atoms (/6). This might
indicate that they are more susceptible to radiation damage and hence their ligands may be
prone to movement. If substantial ligand movements are considered, Models I and III
cannot be excluded. The ligand environment for the best fit orientation for Model II is
shown in Fig. 4

The considerable differences in the orientation and structures between Model II and

those in the recent XRD proposals (/4, 16) for the Mn,Ca complex are shown as an overlay
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in Fig. S6 (24). This highlights the difficulties of deriving high resolution structures from
low resolution XRD. Although constraints from EXAFS distance information are included
in the XRD model building which lead to approximate structures, there are too many
structures that can be fit to the low resolution electron density. The importance of polarized
EXAFS of single crystals lies in its ability to discriminate between the many possible high-
resolution models by relying on the dichroism of the EXAFS spectra.

The structural changes of the Mn,Ca complex on advancing through the S;-state
intermediates can be placed in the context of the polarized EXAFS data to assist in deriving
a mechanism for photosynthetic water oxidation. The FTIR data, in conjunction with the
best fit Model II (Fig. 4) suggests that Mn,, which is ligated by Asp 170, does not change
oxidation state and remains Mn(III) or Mn(IV) throughout the Kok cycle. The C-terminal
Ala 344 may be a ligand to Mn,, which is proposed to undergo Mn(III)->Mn(IV) oxidation
during the S,->S, transition (26-28). His 332 is likely to be a ligand of Mn.. Recent FTIR
data suggest that His 332 monitors structural changes of the Mn,Ca cluster, but no evidence
for a Mn-centered oxidation was reported (29). Accordingly Mn. may remain Mn(III) or
Mn(IV) throughout the cycle. Consequently, Mn; is a likely candidate for Mn oxidation
during the S,->S, transition.

The dichroism in the polarized EXAFS data from single crystals provides a
powerful filter for choosing among many proposed structural models. Also, as shown in
this study, the combination of XRD and polarized EXAFS on single crystals has several
advantages for unraveling structures of X-ray damage-prone, redox-active metal sites in
proteins. XRD structures at medium resolution are sufficient to determine the overall shape
and placement of the metal site within the ligand sphere, and refinement using polarized
EXAFS can provide accurate metal-metal/ligand vectors. In addition, different intermediate
states of the active site (including different metal oxidation states) can be studied, which may

be difficult to study with XRD at high resolution. The structural model from polarized
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EXAFS from the S,-state presented here, and from the other S-states, will provide a reliable

foundation for the investigation of the mechanism of photosynthetic water oxidation and for

the design of biomimetic catalysts for water splitting.
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Figure Captions

Fig. 1

A. Single-crystal polarized Mn K-edge XANES spectra (top), and the corresponding
second derivatives of the XANES spectra (bottom) of PSII in the S, -state. The XANES
spectra are shown with the X-ray e-field vector aligned parallel to the principal crystal axes
(a, b, c¢) of PSII single crystals from 7. elongatus: a (red), b (blue) and ¢ (green). The
inflection point of the edges and the shape of the spectra are clearly dependent on the
orientation of the single-crystal with respect to the X-ray e-vector. The inset shows the
dichroism of the pre-edge region assigned to the 1s to 3d transition.

B. Fourier transforms (FTs) of polarized Mn EXAFS spectra from single crystals of PSII
in the S,-state. The FTs are from EXAFS spectra with the X-ray e-field vector aligned
parallel to the crystal unit cell axes of PSII: a (red), b (blue) and ¢ (green). Each of the three
FT peaks characteristic of Mn EXAFS from PSII is dichroic. FT peak I is from Mn-ligand
backscattering, FT peak II is from three Mn-Mn distances at 2.7 - 2.8 A, and FT peak III is
from one Mn-Mn and two Mn-Ca distances at 3.3 and 3.4 A respectively. The dichroism of

the metal-metal distances reflects the geometry of the Mn,Ca cluster.

Fig. 2

A. Comparison of Mn XANES spectra from solution PSII samples in the S, -state (7.
elongatus) (green) with the powder spectrum (red) calculated from the three PSII single-
crystal polarized spectra (Fig. 1A). The corresponding second derivatives of the Mn
XANES (bottom) reveal that the XANES spectra of the solution and calculated powder
spectra from polarized PSII single crystal spectra are indistinguishable.

B. Comparison of the FTs of the Mn EXAFS spectrum from solution PSII samples (green)
and the powder spectrum (red) calculated from the three PSII single-crystal polarized

EXAFS spectra (Fig. 1B). The FTs are indistinguishable within the signal-to-noise ratio.

14
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Fig. 3

High-resolution structural models for the Mn,Ca cluster in PSII from polarized EXAFS.
The Mn,Ca Models I, II and III are shown on the right. Each is compatible with the
polarized Mn EXAFS spectra of PSII single crystals. The common Mn, motif (r in Fig.
S1) to the three structures is shown at upper left. The Models are shown in the orientation
in which they should be placed in the PSII membrane according to the axis system shown at
upper right. The z-axis is chosen to be along the membrane normal. The x-and y-axes define
the membrane plane, the x-axis connects the two non-heme Fe atoms of the dimer that are
related by the non-crystallographic local C,-axis. The particular mirror images shown for
Models I, II, III were chosen on the basis of their compatibility with the overall electron
density and the positioning of the protein ligands in the 3.0 A resolution X-ray crystal
structure (/6). The Mn atoms are shown in red. The distance between Mn. and Mn,, atoms
is ~2.8 A (indicated by blue oxo bonds) and the distance between the Mn, - Mn, and Mn,
- Mn,. atoms is ~2.7 A. The distance between Mn,, - Mn, is ~3.3 A. The Ca atom, shown in
green, is at ~3.4 A from two Mn atoms. The bridging motif to Ca is not well defined by our
experiments; therefore, dashed lines connect the Ca to the two Mn atoms at ~3.4 A. The
experimental FTs from the polarized Mn EXAFS spectra from single-crystals (Fig. 1B) can
be compared with the FTs calculated for these Models. The dichroism of the EXAFS
spectra will be identical for several mirror images of the dimer in the PSII single-crystal (see

text).

Fig. 4.

Placement of Model II for the Mn,Ca cluster derived from polarized Mn EXAFS in relation
to the putative ligands obtained from the 3.0 A resolution X-ray crystal structure (16). The
spheres represent Mn (red), Ca (green) and the bridging oxygen ligand atoms (gray).

Terminal-ligand oxygen atoms from amino acid side chains are shown in orange. The

15
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assignment of ligands is tentative because it is based on the electron density of the Mn,Ca
cluster, and its immediate environment that maybe altered by X-ray damage (see text). A.
Stereo view of the electron density (/6) with Model II placed in the density as explained in
the text. The view is along the membrane plane. B. Same view as in A, ligands and atoms
are labeled correspondingly. All ligands are from D1 except for CP43-Glu354. Electron
density was omitted for clarity. C. A schematic of Model II with the view along the
membrane plane, with putative ligands from the electron density. Bonds between Mn and
bridging oxo are shown as solid green lines. Bonds to putative terminal ligand atoms from

amino acids and to Ca are shown as dotted lines.

16
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Materials and Methods.

PSII crystals from Thermosynechococcus elongatus were prepared as described by
Kern et al. (S1). PSII from T. elongatus crystallizes as a homodimer (the two monomers
are related by a non-crystallographic local C, axis) in the orthorhombic space group
P2,2,2, with four symmetry related dimers per unit cell. The PSII solution samples were
prepared by dissolving crystals in a buffer containing ~50% glycerol, 50 mM PIPES-
NaOH, pH 7.0, 3 mM CaCl,, 0.015% n-dodecyl-B-D-maltoside at a PSII concentration of

~5 mM chlorophyll a.

The PSII crystals and solution samples were dark-adapted for one hour prior to
freezing them in liquid N,, to prepare them in the S,-state. The samples were kept frozen
until they were transferred to a liquid He cryostat at 9 + 1 K for data collection. Control
solution samples were illuminated at 200 K, and the multiline EPR spectrum from the S,-
state and the spectrum from the dark-adapted S,-state were recorded to check for the quality
of the samples and for the absence of any adventitious Mn(II). The PSII crystals chosen for
XAS studies were from the same preparations that were used for XRD studies.
Approximately 75 crystals were screened and data from 30 crystals (10 per orientation) with
the best S/N ratios and orientation were used for the XAS analysis. The best S/N was

obtained from larger crystals.

X-ray Absorption Spectroscopy (XAS) and X-ray Diffraction (XRD)
Measurements. XAS spectra were obtained using a set-up specially designed for
sequentially collecting the X-ray fluorescence and the X-ray diffraction (XRD) pattern from
the same single crystal of PSII in situ without sample movement. This setup is shown in

Fig. S2. The samples were kept at 9 + 1 K in a He atmosphere at ambient pressure using an
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Oxford CF-1208 continuous-flow liquid He cryostat.

X-ray absorption spectra were collected at the Stanford Synchrotron Radiation
Laboratory (SSRL) on beamline 9-3 at an electron energy of 3.0 GeV and an average
current of 70-100 mA. The intensity of the incident X-rays was monitored by a N,-filled ion
chamber (1)) in front of the sample. The radiation was monochromatized by a Si(220)
double-crystal monochromator which was detuned at 6600 eV to at least 50% of maximal
flux to attenuate the X-ray 2"* harmonic. To decrease the sample damage by radiation, the
incident X-ray beam was defocused at the sample position. The total photon flux on the
sample was limited to 1 x 10’ photons per ym*, which was determined to be non-damaging
on the basis of detailed radiation damage studies of PSII crystals and solution samples (S2).
The samples were protected from the beam during spectrometer movements between
different energy positions by a shutter synchronized with the scan program. Data were
recorded as fluorescence excitation spectra using a germanium 30-element energy-resolving
detector (Canberra Electronics). Energy was calibrated by the pre-edge peak of KMnO,
(6543.3 eV), which was placed between two N,-filled ionization chambers (I, and I,) after
the sample.

PSII solution samples were filled in home-built Plexiglas/Mylar-tape holders (40ul)
and frozen. Six separate regions from one sample were used for the EXAFS scans and 4
scans were collected at each region. In total, 24 scans per sample were averaged for the
EXAFS spectra.

Single crystals were mounted on home-built sample holders allowing the crystal to
be oriented with the e-vector of the incident X-ray beam parallel to one of the principal axes
of the crystal by using the crystal morphology as a guide. In this manner, the crystals were
mounted with an accuracy of + 10 degrees on average. Spectra were taken at only one

orientation per crystal. To prevent damage prior to collection of XAS spectra, we measured
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the X-ray absorption spectra first, followed by collection of the diffraction pattern to
determine the more precise orientation of the crystal.

Eight XAS scans (20 minutes per scan) were collected per crystal, and the Mn K-
edge was carefully monitored to verify that there was negligible damage to the Mn cluster.
Only scans that showed negligible reduction of Mn as judged by the Mn K-edge were
included in the summation. The X-ray dose used (1 x 10’ photons per ym”) corresponded
to ~4 XAS scans of ~20 minutes.

A combination of XANES and EXAFS spectra was collected from 6400 to 7100 eV,
3eV/point from 6400-6535 eV, 0.2 eV/point from 6535 to 6576 eV, and 0.05 A '/point in k-
space from 2.07 to 12.0 A™! (6576 eV to 7100 eV). In the k-space region, collection time
was weighted using a cubic function from a minimum of 1 sec per point at low k values to a
maximum of 20 sec per point at high k values. The XANES spectra were normalized to the
post-edge EXAFS background. The XANES and EXAFS analysis was performed
following methods described in detail previously (S5, S6).

X-ray diffraction patterns were collected for each crystal at two crystal orientations
using a Mar345 image plate detector (MAR USA Inc.). Data were collected at the same
orientation as the XAS measurement and then with the crystal rotated by 45 degrees from
that orientation so as to improve the precision of the orientation determination. The exact
orientation of each crystal used for the XAS measurement was determined by DENZO (S3)
and MOSFLM ($§4) on the basis of the two diffraction patterns. The orientation of each
crystal with respect to the laboratory axes (defined as the direction of the X-ray e-field
vector and the direction of propagation of the X-ray beam) was determined from the X-ray
diffraction patterns obtained from the two orientations. Then the projection of each crystal
axis (a, b, c) (i.e. direction cosines) on the X-ray e-vector was calculated. Only data from

crystals with orientation less than = 10 degrees on average away from any one of the
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principal crystal axes were used for further analysis as described below. (1) For the data
from such crystals, the spectral components from the two minor contributions (the
components along 2" and the 3™ axes) were subtracted, using the polarized spectrum from
crystals that were close to perfect along the a, b, or c-axis. (2) The spectra of ~10 crystals
per orientation were averaged to obtain the final data sets along the a, b, and ¢ axes. In a 2"
cycle, the results of the first cycle were used for the corrections, and steps (1) and (2) were
repeated for final refinement. The differences that resulted between the first and second
cycles were minor and within the uncertainty of the polarized EXAFS method.

Polarized EXAFS Calculations and Comparison to Structural Models.
Polarized and isotropic EXAFS spectra were calculated using ab initio-calculated phases
and amplitudes from the program FEFFS8 from the University of Washington (S7, S8). We
developed a computer program that used coordinates from the Mn,Ca model structures,
placed them in the PSII crystal unit cell at the appropriate positions of the eight sites (four
PSII dimers/unit cell), and input them to the FEFF8 protocol that could calculate the
EXAFS spectrum and the FT along each of the a, b and c-axes of the crystal. The details are
as follows (Fig. S4): (Step 1) Model structures such as those shown in Fig.S1 (first without
Ca for the peak II dichroism, then with Ca for the entire dichroism) were inserted into the
position of the Mn,Ca cluster in the PSII monomer I. (Step 2) The monomer II coordinates
were created from the monomer I using the local C, symmetry operation for the dimeric
PSII. (Step 3) The dimer PSII was placed into the four symmetry related units within the
orthorhombic P2,2,2, crystal unit cell. (Step 4) The EXAFS spectra of the PSII single-
crystal with the e-vector of the X-ray beam parallel to each crystal axis, a, b, ¢ were
simulated using FEFFS8. The inserted cluster at Step 1 was then rotated stepwise (10-20°
steps at first, then 5° steps for more precise analysis) within each PSII monomer along each

of the three axes (X, y, z; for definition see Fig. 3, top right), followed by steps 2, 3 and 4
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described above to calculate the EXAFS spectra and the Fourier transforms. The increments
in rotation angles were decreased in the vicinity of promising orientations. The FEFF8
calculations were performed with Debye-Waller parameters typical of those that have been
used for PSII samples and multinuclear Mn complexes (S5, $6). To investigate the effect of
multiple-scattering contributions, most of the calculations were carried out using 2, 4 and 8
legs of interactions. The final comparison between the calculated polarized EXAFS from the
structural models with the experimental polarized EXAFS data from crystals was done
using the 2-leg simulation data.

Comparison of Solution and Crystal EXAFS. Traditional EXAFS fits were also
performed on solution and crystal EXAFS data, and the results were compared. These fits
were used to show that similar EXAFS parameters could be used to fit data from both the
solution and crystal data. The fit parameters for peak II or peaks II+III from PSII solution
samples and crystals are shown in Table S1. The fits show that there are two short Mn-Mn
vectors at ~2.7 A and one longer Mn-Mn vector at 2.8 A, and the fits from polarized
EXAFS data are in good agreement with the solution data. It is significant that the intensity,
as reflected by the N, value in the fits of the Mn-Mn 2.8 A vector for the crystal data, is
predominantly along the a and b axes, with reduced intensity along the ¢ axis. The fits also
show that the longer Mn-Mn and Mn-Ca distances and the numbers of these vectors at
distances of 3.3 and 3.4 A from the single crystals are also in good agreement with the data
from PSII solution samples.

Comparison of Structural Models from Single-Crystal EXAFS with
Electron Density from XRD. From each of the models derived from the single crystal
EXAFS results (Fig. 3), we generated the symmetry-equivalent orientations by taking
account of the C,-symmetry relating the monomers in the dimer, the four symmetry

operations originating from the crystal space group P2,2,2,, and all possible mirror images



Yano et al.

on the crystallographic ab, bc or ac planes (owing to the cos*6 dependence of the EXAFS
signal). This led to 16 different orientations of each model (8 from each monomer), all
giving the same EXAFS dichroism.

For each symmetry-equivalent orientation of the Model I, II or III, the center of
mass was translated to the center of electron density attributed to the Mn,Ca cluster in
monomer | in the XRD structure (§9), and rmsd (root mean squared deviation) between Mn
atoms of the EXAFS model and the XRD model was calculated. The structures with the
lowest rmsd were selected for further evaluation.

Among the symmetry equivalents of three structural models from single-crystal
polarized EXAFS, Models II and III in the particular orientation shown in Fig. 3 fit
extremely well to the PS II ligand environment and the overall trend of the electron density.
The rmsd is 0.7 A for Model 11, 0.79 A for Model 1T and 0.99 A for Model I.

Model II in the ligand environment is shown in Fig. 4, and Model III in Fig. S5.
However, it should be noted that the PSII electron density from XRD contains effects due to
radiation damage (52, §9). Therefore there could be some movement of the amino acid

ligands induced by radiation damage to the Mn,Ca cluster.

Supporting Text.

Comparison of Structures from Polarized EXAFS of Single-Crystals and
XRD. The most significant differences between models from polarized EXAFS of single
crystals and the recent XRD based models (59, S10) for the structure of the Mn,Ca
complex are: 1) the Mn,-Mn,, distance is 2.7 A in the S, state and the Mn are connected by
a di-u-oxo bridge, rather than a mono u-oxo (S9) or u,-oxo bridging O atom (S570). 2)
There is only one 3.3 A Mn-Mn distance and it is between Mn, and Mn,, not two such

distances as proposed in §9 and S70, 3) Our models contain only two ~3.4 A Mn-Ca
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distances, whereas there are three such interactions in both S9 and S70. 4) The 2.8 A Mn-
Mn distance recently described in high-resolution EXAFS experiments (S/1/) is localized
between Mn.. and Mn,,. The relative orientation of the 2.7, 2.8 and 3.3 A Mn-Mn and 3.4 A
Mn-Ca vectors in our model are different from those in either §9 or S70. Overlays of the
models are shown in Fig. S6. The coordinates to Model II in the context of the 3.0 A XRD

structure (S9) is shown Table S2.



Yano et al.

Supplementary Figures.

Fig. S1

Structural models (a-r) of the Mn cluster containing two or three short 2.7 to 2.8 A Mn-Mn
distances characterized by di-u-oxo bridges and zero, one or two 3.3 A Mn-Mn distances
characterized by mono-p-oxo bridges. The numbers in parentheses denote the number of
short (2.7 to 2.8 A) and long Mn-Mn (~3.3 A) distances, respectively.

A. Topologically unique structures (a-j) with motifs that have been proposed containing
(2,1), and (2,2) vectors are shown.

B. Topologically unique structures (k-r) with motifs that have been proposed containing
(3.0), (3,1), and (3,2) vectors are shown. As noted in the text, three short (2.7 to 2.8 A) and
one long (3.3 A) Mn-Mn distances are required to satisfy the solution and single-crystal
EXAFS. Motifs (p-r) satisfy these criteria. Of these motifs only one option (r), has the
requisite numbers of short and long Mn-Mn distances with the correct relative orientation to
satisfy the dichroism observed in the single-crystal polarized EXAFS spectra. The
topologically equivalent motifs to those proposed from X-ray crystallographic analyses are

¢ (59) and n (S10).

Fig. S2

The experimental set-up used for single-crystal X-ray absorption experiments. The PSII
crystal was placed in a liquid He cryostat at a temperature of 9 + 1 K at ambient pressure.
The Mn XANES or EXAFS spectrum was measured as a fluorescence excitation spectrum
using a 30-element energy-discriminating solid-state Ge detector placed at 90° to the
incident beam. Downstream of the X-ray beam and the PSII crystal is the MAR 345 image
plate detector that was used for obtaining the diffraction pattern from which the orientation
matrix of the PSII crystal was determined by indexing the reflections. The incident X-ray

beam is defined by the slits in the left foreground, and the I, ion chamber which is behind
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the slits is used to measure the intensity of the incident beam. A shutter that protects the
sample from damage during spectrometer motion is behind the ion chamber and before the

cryostat.

Fig. S3

Comparison of the experimental Mn EXAFS dichroism from single-crystals of PSII with
the polarized spectrum calculated from the proposed structures from XRD studies. The
differences between the experimental spectra shown in the bottom panel and those
calculated from the XRD coordinates for the Mn,Ca cluster at 3.5 A resolution (top panel,
S10) and 3.0 A resolution (middle panel, S9) are striking. The intensity and the dichroism
pattern of FT peaks I, II and III (3.5 A structure) and of FT peaks II and III (3.0 A
structure) are significantly different from the experimental data (bottom panel). The
structure at 3.5 A resolution specified coordinates for Mn, Ca and bridging ligand O and
terminal ligand atoms. Therefore, all three Fourier peaks seen in the experimental data are
present in the calculated spectra. For the 3.0 A resolution structure Mn and Ca atoms and
coordinated atoms of ligating amino acids were identified, but not the g-oxo bridges
because they were not resolved in the electron density. Hence, only FT peaks II and III, with
contributions from Mn and/or Ca, are shown.

Note: To check whether the motifs in the 3.0 and 3.5 A resolution structures (motifs ¢ and n
in Fig. S1) could generate the observed dichroism in an orientation different from the one
that was proposed, the models were rotated about the PSII dimer axis system (as described
in Fig. S4 and in the supplementary text) and the corresponding FT's along the a, b and ¢
axis were compared to the experimental data. A match with the experimental data could not

be obtained for these models in any orientation.

Fig. S4

Diagrammatic representation of polarized EXAFS simulation protocol describing the four
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steps used for testing the viability of models for the Mn,Ca cluster. The details are

described in the main text and the supplementary material.

Fig. S5

Placement of Model III for the Mn,Ca cluster derived from polarized Mn EXAFS in
relation to the putative ligands obtained from the 3.0 A resolution X-ray crystal structure
(59). The spheres represent Mn (red), Ca (green) and the bridging oxygen ligand atoms
(gray). Terminal-ligand oxygen atoms from amino acids are shown in orange. The
assignment of ligands is tentative because it is based on the electron density of the Mn,Ca
cluster, and its immediate environment that maybe altered by X-ray damage (see text). The
view is along the membrane plane. All ligands are from D1 except for CP43-Glu354.

Electron density was omitted for clarity.

Fig. S6

Comparison of Model II for the Mn,Ca cluster derived from polarized Mn EXAFS with the
models derived from the X-ray crystal structures at 3.0 A (89) and 3.5 A (§10) resolution.
The spheres represent Mn (red), Ca (green) and the bridging oxygen ligand atoms (gray)
for Model II from polarized EXAFS of single crystals, and Mn (violet), Ca (cyan) and the
bridging oxygen ligand atoms (yellow) for the X-ray crystal structures. Each overlay was
generated using the best fitting position of Model II to the electron density (see Fig. 4) A.
Overlay of Model II with the 3.0 A resolution structure for the Mn,Ca cluster (59); protein
ligands are omitted for clarity. The view is along the membrane plane. B. Same overlay as in
A, but view is onto the membrane plane from the cytoplasmic (stromal) side. C.
Comparison of Model II with the 3.5 A resolution X-ray structure for the Mn,Ca cluster
(810), protein ligands are omitted for clarity. The view is along the membrane plane. D.

Same overlay as in C, but view is onto the membrane plane from the cytoplasmic side.

10
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Fig. S6
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Table S1. Mn EXAFS Curve-Fitting Parameters for PSII S, state in Solution and
Single Crystals

Fourier peaks of the single crystal EXAFS spectra shown in Fig. 1B (single crystal) and 2B
(solution) were fit using FEFF8 (§5-8). R is the distance from the absorbing atom Mn. N is
the number of backscatterers from Mn. N, of 0.5 or 1.0 for the Mn-Mn shell translates

into 1 or 2 Mn-Mn distances, while a N.__ of 0.5 for Mn-Ca shell translates into 2 Mn-Ca

distances when the data are normalized on a per Mn basis (4Mn/PSII). N, is proportional
to cos’0, where 0 is the angle between the X-ray e-field vector and the absorber-
backscatterer vector. Debye-Waller factor, 0®, was fixed to 0.002 (A**10% for two
interactions and 0.001 (Az* 10%) for one interaction based on the EXAFS fitting results of
the previous PSII studies and model compounds (S5, §6). The numbers shown in bold type
are the fixed parameters. Fit quality was evaluated using two different fit parameters, @, and

g (S5, S6).

(A) Solution

Fit# | Shell [ RA) | N | FAH*10° | d(¥10°) | £(*10%)

iso

1-1 [Mn-Mn | 272 | 089 | 0002 | 093 | 0.64
Peak II Mn-Mn | 2.81 | 0.45 | 0.001
12 [Mn-Mn | 272 | 0.64 | 0.001 148 | 1.02
Mn-Mn | 2.81 | 0.64 | 0.001
2-1 [Mn-Mn|270 | 1.0 | 0002 | 064 | 0.56

Mn-Mn | 2.79 0.5 0.001
Mn-Mn | 3.25 | 0.5 0.001
Mn-Ca | 3.41 0.5 0.002
2-2 [Mn-Mn | 2.72 | 0.5 0.001 0.93 0.71
Mn-Mn | 2.80 | 0.5 0.001
Mn-Mn | 3.28 | 0.5 0.001
Mn-Ca | 345 | 0.5 0.002

Peak
IT + 11

17



(B) PSII Single Crystal
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Axis Fit# | Shell | RA) | N, | FA)*10° | &(*10°) [ £(*107)
PeakII| 1-1 |Mn-Mn| 273 | 1.62 | 0.0030 0.45 0.53
1-2 | Mn-Mn| 2.72 | 1.27 0.002 0.43 0.37
Mn-Mn | 2.81 | 0.33 0.001
a Peak 2-1 | Mn-Mn| 2.72 | 1.24 0.002 0.41 0.38
11 + 111 Mn-Mn| 2.81 | 0.44 0.001
Mn-Mn| 3.25 | 0.20 0.001
Mn-Ca | 3.40 | 0.29 0.002
Axis Fit# | Shell | R(A) | N, | F@A)*10° | &(*10°) [ £(*107)
Peak II | 1-1 {Mn-Mn| 273 | 1.34 | 0.0037 0.48 0.61
1-2 | Mn-Mn| 2.72 | 1.00 0.002 0.47 0.43
b Mn-Mn| 2.81 | 0.23 0.001
Peak | 2-1 |Mn-Mn| 2.72 | 0.94 0.002 0.43 0.37
II + 11 Mn-Mn| 2.81 | 0.38 0.001
Mn-Mn| 3.25 | 0.46 0.001
Mn-Ca | 3.40 | 0.48 0.002
Axis Fit# | Shell | RA) | N, | FA)*10° | &(*10°) [ £(*107)
Peak II | 1-1 |Mn-Mn| 2.71 | 1.35 | 0.0016 0.29 0.35
c 1-2 |Mn-Mn | 2.72 | 143 0.002 0.33 0.29
Mn-Mn | 2.81 | 0.00 0.001
Peak 2-1 | Mn-Mn | 2.72 | 1.46 0.002 0.33 0.25
11 + III Mn-Mn| 2.81 | 0.12 0.001
Mn-Mn| 3.25 | 0.28 0.001
Mn-Ca | 3.40 | 0.93 0.002

18



Yano et al.

Table S2. Coordinates of Model II in the Context of the 3.0 A XRD Structure S9).

HEADER ELECTRON TRANSPORT 30-MAY-06

TITLE STRUCTURE OF THE PHOTOSYNTHETIC MN4CA CLUSTER IN THE S1 STATE:
TITLE 2 PLACEMENT OF MODEL II WITHIN THE 3.0 A STRUCTURE OF PSII
AUTHOR J.YANO, J.KERN, K.SAUER,M.J.LATIMER, Y.PUSHKAR, J . BIESIADKA,
AUTHOR 2 B.LOLL,W.SAENGER,J.MESSINGER,A.ZOUNI,V.K.YACHANDRA

JRNL AUTH  J.YANO,J.KERN,K.SAUER,M.J.LATIMER,Y.PUSHKAR,J.BIESTADKA,

JRNL AUTH 2 B.LOLL,W.SAENGER,J.MESSINGER,A.ZOUNI,V.K.YACHANDRA

JRNL TITL  WHERE WATER IS OXIDIZED TO DIOXYGEN: STRUCTURE OF

JRNL TITL 2 THE PHOTOSYNTHETIC MN,CA CLUSTER

JRNL REF SCIENCE V. XXX XXXX 2006

REMARK

REMARK COORDINATES OF PROTEIN LIGANDS FROM D1 (PSBA, CHAIN A) AND CP43 (PSBC,
CHAIN C)

REMARK ARE TAKEN FROM THE 3.0 A RESOLUTION STRUCTURE OF PSII FROM
THERMOSYNECHOCOCCUS

REMARK ELONGATUS (PDB-ID: 2AXT, LOLL ET AL, NATURE 438, 1040-1044 (2005)).
REMARK THE STRUCTURE (MODEL II) AND ORIENTATION OF THE OEC ARE OBTAINED
REMARK FROM SIMULATION OF POLARISED EXAFS-SPECTRA, COLLECTED FROM PSII SINGLE
REMARK CRYSTALS OF T. ELONGATUS IN THE S STATE.

REMARK POSITIONING OF THE OEC WITHIN THE LIGAND-ENVIRONMENT IS BASED

REMARK UPON TRANSLATION OF THE EXAFS DERIVED MODEL INTO THE CENTER OF THE
REMARK EXPERIMENTAL ELECTRON DENSITY ATTRIBUTED TO THE MN4CA CLUSTER, BEST FIT
REMARK TO MN-ATOM POSITIONS FROM THE X-RAY STRUCTURE AND MINIMAL CONFLICTS
REMARK WITH THE LIGAND ENVIRONMENT, FOR DETAILS SEE YANO ET AL, SCIENCE (2006),
REMARK AND SUPPORTING ONLINE MATERIAL.

REMARK

REMARK THE LIGAND ASSIGNMENTS AND LIGAND-METAI. DISTANCES MUST REMAIN

REMARK TENTATIVE AT THIS POINT, BECAUSE MOVEMENT OF THE PROTEIN LIGAND RESIDUES
CAN

REMARK RESULT FROM RADIATION DAMAGE TO THE METAL SITE DURING COLLECTION OF THE X-
RAY

REMARK DIFFRACTION DATA (FOR DETAILS SEE YANO ET AL, SCIENCE (2006), AND YANO
REMARK ET AL, PNAS 102, 12047-12052 (2005)). IN ADDITION THE LIGAND-COORDINATES
REMARK OBTAINED FROM X-RAY DIFFRACTION WERE NOT SUBJECTED TO A NEW REFINEMENT OR
ENERGY

REMARK MINIMIZATION AFTER PLACING OF THE EXAFS DERIVED METAL COORDINATES.
REMARK

REMARK THE BRIDGING MOTIF TO CA IS NOT WELL DEFINED BY OUR EXPERIMENT.

REMARK

REMARK GIVEN ARE THE COORDINATES FOR MONOMER I IN THE PSII DIMER.

REMARK INCLUDED ARE THE RESIDUES IN THE DIRECT VICINITY

REMARK OF THE OEC (T. ELONGATUS NUMBERING):

REMARK D1 (PSBA): ASP61, TYR161, GLN165, ASP170, GLU189, HIS190,

REMARK HIS332, GLU333, HIS337, ASP342, ALA344

REMARK CP43 (PSBC): GLU354, ARG357

REMARK

REMARK MN1 = "MN A" IN YANO ET AL, SCIENCE (2006)

REMARK MN2 = "MN B" IN YANO ET AL, SCIENCE (2006)

REMARK MN3 = "MN C" IN YANO ET AL, SCIENCE (2006)

REMARK MN4 = "MN D" IN YANO ET AL, SCIENCE (2006)

REMARK

HETNAM OEC OXYGEN EVOLVING SYSTEM

FORMUL OEC 05 CAl MN4

CRYST1 127.692 225.403 306.106 90.00 90.00 90.00 P 21 21 21

ORIGX1 1.000000 0.000000 0.000000 0.00000

ORIGX2 0.000000 1.000000 0.000000 0.00000
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