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Subject and goals

The oxygen of the atmosphere stems mostly from photosynthesis, which occurs in
cyanobacteria, algae, and higher plants. Essential for this process is a protein complex
named photosystem II (PSII). In the oxygen-evolving complex (OEC) of PSII, the
energy of sunlight is used to oxidize water to molecular oxygen and generate protons.
This OEC is a protein-cofactor complex with an inorganic core consisting of a cluster
of four Mn atoms and one Ca atom and is therefore often called Mn,CaOj; complex,
Mn,Ca complex, or simply manganese (Mn) complex. The Mn atoms are connected
by mono-p-oxo, di-p-oxo, and/or hydroxo bridges.

Definitive structural models of the manganese complex are essential for gaining a
full understanding of the mechanism of photosynthetic water oxidation. Therefore,
several experimental methods have been used to investigate this complex and resolve
its structure and function: Electron paramagnetic resonance (EPR) and electron nu-
clear double-resonance (ENDOR) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, fluorescence measurements, time-resolved mass spectrometry (MS), X-
ray diffraction (XRD), and X-ray absorption spectroscopy (XAS), especially EXAFS
(extended X-ray absorption fine structure). Despite these intensive efforts, the exact
configuration of the OEC is yet not clear.

The scientific goals of this thesis have been:

e To use EXAFS up to an especially high energy range (“extended-range” EXAFS)
for obtaining more definitive structural information (published in Dau et al.
[2008] and Grundmeier et al. [2008a]).

e To calculate EXAFS spectra (for partially oriented as well as crystallized sam-
ples) for models of the manganese complex currently proposed in literature and
compare these simulations to experimental results (published in Grundmeier and
Dau [2012]).

e To develop new models for the manganese complex based on EXAFS and XRD
results (published in Grundmeier and Dau [2012]).

The thesis is structured as follows:

In the first chapter, an introduction is given. Photosynthesis, photosystem II, and its
manganese complex are described. Furthermore, the most important method for this
thesis is presented: X-ray absorption spectroscopy. Especially, the linear dichroism
effect will be explained.



Subject and goals

The second chapter concentrates on the present state of research regarding the struc-
ture of the manganese complex, but also gives a brief summary of the developments
in last decade. Three recent models of the Mn complex [Yano et al., 2006; Sproviero
et al., 2008b; Dau et al., 2008] will be discussed.

In the third chapter, the extended-range EXAFS method is explained and spectra
measured for photosystem II are presented and discussed.

Chapter four describes, how the EXAFS spectra shown in this thesis were calculated
and how the new models of the Mn complex were designed.

In the subsequent fifth chapter, EXAFS spectra are calculated for recently in litera-
ture published models of the Mn complex and new models are developed. The models
are discussed in respect to experimental EXAFS spectra as well as XRD data.

Chapter six deals with the mechanistic implications of the results for the water
oxidation process and discusses potential future developments on this field.

In addition to these works on the manganese complex, the author of this thesis
was involved in other projects and XAS measurements at the synchrotron radiation
sources DESY, BESSY, and ESRF, which will not be discussed in this thesis:

e Measurement of EXAFS spectra on vanadium-bromine complexes modeling a
vanadium bromoperoxidase [Grundmeier et al., 2008b].

e Analysis of the binding of Zn and Cu ions to peptides (important for amy-
loid formation in Alzheimer’s disease) using XANES spectra [Grundmeier et al.,
2008b].

e Observations of the redox reactions of the Mn complex in the S-cycle under
high O, partial pressure by rapid-scan and time-resolved XANES measurements
[Haumann et al., 2008].

e EXAFS measurements on Mn model compounds mimicking the Mn complex
[Grundmeier et al., 2006].

e Several other XAS measurements at various metal edges [Haumann et al., 2006;
Barra et al., 2006; Grundmeier et al., 2008b; Risch et al., 2008; Sanganas et al.,
2008; Voevodskaya et al., 2009].



1. Introduction

1.1. Photosystem |l and the manganese complex

Plants, algae, and cyanobacteria use sunlight to convert carbon dioxide and water
into carbohydrate and oxygen. This process is known as (ozygenic) photosynthesis.
Photosynthesis is one of the key reactions in nature due to the fact that most of
the biomass as well as oxygen in the atmosphere were generated by this process. It
is also of special interest as a model for future technological systems or biomimetic
compounds for the production of ‘solar fuels’ [Gust and Moore, 1989; Sun et al., 2000;
Lewis and Nocera, 2006; Herrero et al., 2008; Lubitz et al., 2008; Rutherford and
Moore, 2008; Hammarstrom and Hammes-Schiffer, 2009].

The protein complex photosystem II (PSII), including the oxygen evolving complex
(OECQ), is a crucial part of the complicated chain of reactions and compounds which are
involved in this process [Blankenship, 2002]. In the following sections, an introduction
to these important systems is given.

1.1.1. Photosynthesis

Oxygenic photosynthesis takes place in higher plants, green algae, and cyanobacteria.
Water and carbon dioxide are used to produce carbohydrate and molecular oxygen.
For this process, energy is absorbed in form of light using pigment molecules (mostly
chlorophylls and carotenoids).

The photosynthetic process is divided in light-dependent reactions, which utilize
light and store the energy in form of ATP and NADPH, and light-independent reac-
tions like the Calvin cycle where organic compounds are produced. In the following,
we will focus on the light-dependent reactions (see Fig. 1.1).

The light-dependent reactions of photosynthesis take place in the membrane of thy-
lakoids, compartments inside chloroplasts (organelles within plants and green algae)
and cyanobacteria [Ort and Yocum, 1996; Blankenship, 2002]. The thylakoid mem-
brane consists mainly of lipids and proteins. Light-harvesting protein complezes (Lhc)
with 200 to 300 pigment molecules located within the thylakoid membrane collect
photons. The energy of the photons is transported by resonance energy transfer to
two other protein complexes inside the membrane connected to such light-harvesting
complexes: photosystem I (PSI) and photosystem II (PSII; see further below). These
two complexes use this energy to generate an electrochemical potential across the thy-
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Figure 1.1.:

Schematic model of the in the photosynthetic light-dependent reac-
tions involved compounds. Photosystem II (PSII) is the first struc-
ture in the electron transport chain after photons have been absorbed
by the light-harvesting complexes (Lhc). For detailed explanations, see
http://www.photosynthesis.sbcs.qmul.ac.uk /nield/downloads.html.  Fig-
ure also from this website.

lakoid membrane, which is used to generate NADPH and, with help of an additional
enzyme, ATP (Fig. 1.1). In this process, PSII uses water as an electron donor and
molecular oxygen and protons are released.

1.1.2. Photosystem Il

Photosystem II (PSII) is a dimeric protein complex located in the thylakoid membrane
of plants, green algae, and cyanobacteria (Fig. 1.2). It is the only known protein comlex
that can oxidize water. A PSII monomer consists of 20 subunits (17 transmembrane
subunits, three peripheral proteins, plus several cofactors) and has a total molecular
weight of roughly 350 kDa. It contains 35 chlorphylls, two pheophytins, 11 3-carotenes,
two plastoquinones (Qa, Qp), two haem irons and one none-haem iron, three Cl~ ions,
one bicarbonate ion, more than 15 detergents and 20 lipids, and four Mn atoms and
three to four Ca atoms [Umena et al., 2011]. All four Mn atoms and one Ca belong
to the so called manganese complex where the oxidation of water takes place.

As mentioned above, photons are absorbed using an antenna system containing
several hundred chlorophylls and carotinoids (light-harvesting complex). The energy
is transferred to a special cholorophyll dimer called P680 within PSII where a charge
separation between P680 and a pheophytin (Pheo) occurs. An electron moves from
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P680 to the pheophytin creating a P680" /Pheo™ pair. From there, the electron is
transferred to the plastoquinone Qu, a one-electron acceptor within the Dy subunit
of PSII. After this, a mobile plastoquinone Qg (two-electron acceptor) located in the
D; subunit is reduced by two electrons and two protons to a plastohydroquinone. For
this process, the protons are taken from the outside of the thylakoid membrane. The
plastohydroquinone then delivers the electrons to the next link in the electron-chain
outside PSIT (Fig. 1.1).

The now positive electron donor P680" is a powerful oxidizing agent. It oxidizes
a tyrosine (Tyryz) in a distance of approximately 14 A, which is then reduced by the
manganese complex (Mn complex), a MnyCaOs cluster (see following Section 1.1.3).
The Mn complex catalyzes the oxidiation of water and generates molecular oxygen
during this process.

To examine the structure of PSII, X-ray crystallography was used (for an example,
see Fig. 1.2). The first XRD structure with a resolution of 3.8 A was published in 2001
[Zouni et al., 2001]. In the following years, the resolution was continuously further
improved [Kamiya and Shen, 2003; Ferreira et al., 2004; Biesiadka et al., 2004; Loll
et al., 2005; Guskov et al., 2009]. In fall of 2010 at an international photosynthesis
congress in Beijing, China, Shen presented new crystallographic data of PSII with
a resolution of 1.9 A [Umena et al., 2011]. The extraordinary high resolution is an
astonishing achievement (compare Fig. 1.3) and this breakthrough in the field of X-
ray crystallography of PSII may further accelerate the understanding of the light-
dependent reactions of photosynthesis.

1.1.3. The manganese complex of PSII

The catalytic site of PSII water oxidation is commonly referred to as the manganese
complex (Mn complex) or ozygen-evolving compler (OEC) [Debus, 1992; Yachandra
et al., 1996; McEvoy and Brudvig, 2006]. Today it is known that the Mn complex
contains four Mn ions and one Ca ion, which are connected via five oxygens, forming
mono-p-oxo, di-p-oxo, and/or hydroxo bridges [Umena et al., 2011]. This Mn,CaOj
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complex catalyzes the oxidation of water molecules. During this process, it cycles
through different redox states and molecular oxygen is emitted. The cycle is known
as the Kok cycle, the states are named S-states.

In the classical Kok cycle, five states Sg, S1, Sa, S3, and S, are distinguished [Kok
et al., 1970] (compare Fig. 1.4). With exception of the S; — Sy step, absorption of
one photon is needed to progress from one S-state to the next. Each step increases
the oxidation state of the manganese complex. One dioxygen molecule is released in
the S4 — Sy transition:

hv

So 1 gF [y g2+ vy gt Moght g0 O, (1.1)
Here, the state Sy is dark-stable, whereas S, and S3 decay toward the Si-state within
seconds or minutes [Styring and Rutherford, 1988; Messinger et al., 1993]. The man-
ganese complex in the Sy-state is oxidized slowly with a half-time of roughly 20 min to
the S;-state for PSII located in intact thylakoid membranes [Styring and Rutherford,
1987].

1.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a spectroscopic method, which can be used
to get information about atoms of a certain element and their surroundings. The
method has its origin in the field of solid-state physics, but is today also widely used
for biological samples (BioXAS; for an early example, see [Sayers et al., 1975]). For
this thesis the so called EXAFS (extended X-ray absorption fine structure) region of
XAS spectra is of special interest.

In the following, this method and its theory will be described and also an introduc-
tion to the linear-dichroism (LD) effect of XAS will be given. For further reading on
XAS, see [Teo and Joy, 1981; Teo, 1986; Koningsberger and Prins, 1988; Stohr, 1992;
George et al., 1998; Rehr and Albers, 2000; Newville, 2008].
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1.2.1. Introduction

X-ray absorption spectroscopy (XAS) is based on the absorption of a photon in the
X-ray region by a core electron (photoelectric effect). If the binding energy of the core
level is less than the energy of the incident X-ray photon, the electron is excited to
the continuum.

An important variable for XAS is the absorption coefficient u, which is defined by
the Beer-Lambert law (or simply Beer’s law):

]1 = ]Oe_ﬂt (12>

Here, I is the intensity of the incoming X-ray beam, ¢ the sample thickness, and I;
the intensity of the transmitted beam.

For most X-ray energies F, the absorption coefficient, 1, depends on the energy as
follows [Haken and Wolf, 1996]:

x

A
w(E) o o with 3 <z <4 (1.3)

Herein, the variable Z is the atomic number.

When the energy of the incident X-ray beam equals the binding energy of a core-
level electron, the absorption and therefore i increases drastically. This increase is
known as absorption edge. Dependent on the shell from which the excited electron
stems from, one speaks of a K-, L-, or M-edge.

The excited state may decay by emission of an X-ray photon. This process is known
as X-ray fluorescence. Another possibility is the Auger effect (one electron drops to a
lower level and a second electron is emitted to the continuum), which dominates for
low X-ray energies (< 2keV).

For measuring of X-ray absorption spectra, two modes exist:
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1. The absorption mode where the intensity, 1, of the transmitted X-ray beam is

measured. Here, the absorption coefficient can be calculated using Beer’s law:

p(E) o< Inllo/ 11 (E)] (1.4)

. The fluorescence mode where the intensity, I, of the fluorescence is detected.

The emission probability of a fluorescence photon is proportional to the ab-
sorption probability and therefore the intensity of the fluorescence, I'r, divided
by Iy is in first approximation (neglecting any damping effects by the sample)
proportional to the absorption coefficient:

u(E) o< In(E) /1y (1.5)

It can be shown (see, e.g., [Newville, 2008]) that this approximation is valid for
thin (ut < 1) or alternatively thick (ut > 1), dilute samples.

1.2.2. The EXAFS region of XAS spectra

Intensity [a. u.]

0
L
zZ
<
X

5400 5600 5800 6000 6200 6400
Energy [eV]

Figure 1.5.:

XAS spectrum for the vanadium compound shown in the inset measured
by the author at BESSY [Grundmeier et al., 2008b]. EXAFS oscillations
and a pre-edge peak are visible. The XANES and EXAFS regions are
marked. The shown data were measurend in absorption mode. The figure
shows the spectrum after division of I; by Iy and taking the logarithm
as descriped by Eq. (1.4). See Fig. 1.7 for the fully evaluated EXAFS
spectrum in the k£ domain and after applying a Fourier transform.
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The EXAFS (extended X-ray absorption fine structure) region is the fine-structure
after the absorption. The structure of the region around the edge is referred to as
XANES (X-ray absorption near edge structure; compare Fig. 1.5). This EXAFS part
of the XAS spectrum is normally analyzed as

(E) — po(E)
MO(E) ’

where po(E) is a background function which is subtracted from the measured data
(representing the case of absorbing atoms without any surrounding atoms).

Hereby, y is usually written as a function of the wavenumber, k, of the emitted
photoelectron instead of the energy, E, of the X-ray photon. The variables E and k
are connected via the formula

X(E) = (1.6)

2me,

k= 2

(E — Ey), (1.7)

where Ej is the threshold energy of the respective absorption edge and m,. the electron
mass. Additionally, y is often multiplied with k3 (or k?) to emphasize the EXAFS
oscillations for higher k values by this k* (or k%) weighting.

Typically, in the EXAFS region oscillations are visible. These oscillations can be
explained by an interference effect: The emitted photoelectron is backscattered from
the surrounding atoms and the electron wave interferes with itself. If the electron wave
is only scattered by one atom, this is called single scattering. In case of successive
backscattering processes from multiple atoms, one speaks of multiple scattering. The
interference changes the electron wavefunction and therefore the absorption probability
of photons at the position of the absorber. The energy of the incoming X-ray beam
changes the interference pattern of the photoelectron wave. Therefore, oscillations
are visible in the spectrum after the edge—the EXAFS. These oscillations contain
information about atoms that surround the absorber.

This effect can be described by calculating the probability for the absorption of an
X-ray photon. Fermi’s Golden rule states that the transition rate, P, from the initial
state, |i), to the final state, | f), is given by

Py = T \GIHLS) Pos(B), (1.9

with an interaction term H, which here is defined by an time-dependent pertubation
V(t) = He ' [Stohr, 1992]. The function p;(E) is the energy density of final states
[Koningsberger and Prins, 1988; Stéhr, 1992]. In the following, it is assumed that
this factor is incorporated into the wavefunction normalization. For the absorption
coefficient, p, holds

p(E) oc (il H|f)]*, (1.9)



1. Introduction

where within the dipole approzimation [Teo, 1986; Stohr, 1992; Rehr and Albers, 2000]
this expression can be rewritten in position space using the electric-field vector ¢ and
the electron coordinate 7 as

u(E) o |(ilé - 71 f)]*. (1.10)
By splitting | f)| into two parts we obtain
L) = 1fo) +1Af), (1.11)

where | fo)| relates to the absorber and |A f)| to the neighboring atoms. Thus, assuming
that the backscattered photoelectron wave is sufficiently weak and therefore neglecting
the square term |(i| H|Af)|* [Teo, 1986] substitution of (1.11) in (1.9) yields:
(i H|fo)* ]
SV e, (1.12)
| (i H ] fo)|?
Here, “c.c.” is the complex conjugate [Teo, 1986; Newville, 2008].
Equation (1.6) can be written as

(B o< |(GH| o) 21+ GIHIAS)

p(E) = po(E)[1+ x(E)]. (1.13)
Therefore, we get by comparing this expression with Eq. (1.12) and
po(E) o< (i H] fo)[? (1.14)

for the fine-structure of XAS:
2 - Re((i|H|Af)(i|H|fo)*)
(i H| fo) [?

Further evaluation of these expressions using the dipole approximation (see above)
as well as the plane wave approzimation (The size of the atoms is assumed as much
smaller than the interatomic distances. Spherical photoelectron waves can therefore
be approximated by plane waves [Teo, 1986].) and transformation from FE to k values
results in [Teo, 1986; Newville, 2008]:

X(E) o

(1.15)

x(k) = % sin(2kR + 0(k)) (1.16)
Here R is the bond distance. The amplitude function, f(k), and the phase shift, d(k),
are scattering properties of the neighboring atom. They depend on the Z value of
the atom and, to a lower extent, on the (local) atomic structure of the investigated
material.

For N atoms (NN equals the coordination number.) at distance R this equation can
be rewritten as

e 2" £(k)sin(2kR + 6(k)). (1.17)

10
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The quantity o2 is the mean-square displacement in the bond distance R, known as
the Debye-Waller factor. 1t reflects thermal movement and statistical disorder of the
backscattering atom. It is connected to a Gaussian distribution of distances about the
mean value R [Teo, 1986]:

1 (R'—R)

G(R) = We_ 27 (1.18)

Two more factors are usually added to Eq. (1.17):

x(k) = %sge%wem/wf) F(k)sin(2kR + 6(k)) (1.19)

This new quantities have the following meaning:

e The expression A is the mean-free path of the photoelectron, reflecting both
inelastic scattering and the core-hole lifetime.

e 52 < 1 is known as the amplitude reduction factor, which takes into account
multiple-electron excitation [Rehr 1978, Stern 1988]. Although methods for cal-
culating this value do exist (e.g., [Roy et al., 2001]), mostly empirical values are
used. Herein, for PSIT S? is set to 0.85.

In the past, the functions f(k), §(k), and A(k) were determined experimentally from
known structures, but today they are mostly calculated using computer programs like
FEFF [Mustre de Leon et al., 1991; Rehr and Albers, 2000; Ankudinov and Rehr,
2003].

Until now, only one coordination shell consisting of N backscatterer atoms per
absorber was taken into account. For the case of an arbitrary number n of coordination
shells, Eq. (1.19) can be generalized [Teo and Joy, 1981; Teo, 1986; Koningsberger and
Prins, 1988; Rehr and Albers, 2000; Newville, 2008]:

i NZ 21.2 . .
X(k)=>" N S2e200k = 2/ME) £ (k) sin[2kR; + 6; (k)] (1.20)
=1 v

This expression does not incorporate any multiple scattering effects.

Furthermore, it should be noted that due to the R;? term and the (k) function,
the EXAFS method is a local method, i.e., only atoms close to the absorber atom
(for proteins typically absorber-backscatterer distances up to 5 A [George et al., 1998])
influence the EXAFS spectrum significantly and therefore can be detected.

1.2.3. XAS measurements and EXAFS data evaluation

Today, most XAS experiments are pursued at synchrotron radiation sources. Using
a double-crystal monochromator the X-ray energy can be selected very precisely. As

11
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said above, XAS (and therefore also EXAFS) data can be measured in fluorescence
or transmission mode (Fig. 1.6). In both cases, the intensity Iy of the incoming X-ray
beam has to be measured. This is typically done by using an ionization chamber.
The intensity, 1, of the transmitted beam can be measured using a second ionization
chamber, whereas the fluorescence intensity, I, is typically detected with a photodiode
or an energy-resolving semiconductor detector (e.g., Ge detector).!

EXAFS spectra for high concentrated samples are measured in transmission. Thin
samples (EXAFS not visible in transmission) and also thick, but dilute samples (almost
no transmission existing) should be measured in fluorescence mode. In these cases,
the approximative formula from Eq. (1.5) holds. When measuring the fluorescence,
filter foils can be used to eliminate elastically scattered X-rays (“Z-1" low-pass filter,
see [Newville, 2008]).

Additionally to acquisition of the XAS spectrum of the sample, typically an energy
standard is measured in parallel to calibrate the energy axis of the spectra. The energy
standard is a sample with a characteristic feature (e. g., K-edge, pre-edge peak) in its
XAS spectrum of which the energy position is well known. For Mn-XAS for example,
potassium permanganate (KMnQy) is typically used. This chemical compound shows
a distinct pre-edge peak at 6543.3eV in its XAS spectrum. (It is important that the
feature used for energy-calibration does not change due to radiation damage.)

For measurement of this energy-calibration spectrum, the X-ray beam after the
second ionization chamber (with intensity I;) is directed through the energy standard.
Then the intensity, I, of the outgoing X-ray beam is measured again with an ionization
chamber (see Fig. 1.6). With I; and I, the XAS spectrum of the energy standard can
be calculated.

The evaluation of EXAFS spectra normally involves (at least) the following steps:

1. Energy calibration.

2. Subtraction of a smooth pre-edge background. Often a line or a polynomial is
fitted to the pre-edge region of the spectrum.

3. Calculation of x(F) by subtraction of a background function po(E) (after the
edge) plus normalization according to Eq. (1.6). Often a spline is used to ap-
proximate fig.

4. Transformation to k space using Eq. (1.7) and multiplication with k£ (or k?) to
emphasize the small oscillations for high &k values (compare Fig. 1.7A).

5. Curve fitting of x (k) based on Eq. (1.20) to determine distances R;, coordination
numbers N;, and Debye-Waller factors o?. The functions f(k), §(k), and A(k)

3"

can be calculated using programs like FEFF [Mustre de Leon et al., 1991; Rehr

!Energy-resolving multi-element semiconductor detectors were employed for all XAS measurements
of PSII samples discussed in this thesis.
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1.2. X-ray absorption spectroscopy

. energy
/ standard
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Figure 1.6.:

Scheme of a typical XAS experiment. The intensity Iy of the incoming
X-ray beam is measured by an ionization chamber. The beam then hits
the sample and the intensities of the transmitted beam (I;) as well as
of the fluorescence (Ir) are measured. Often, a “Z-1" filter before the
fluorescence detector absorbs most of the scattered X-rays. A spectrum of
a second sample placed between the second (/1) and a third (I2) ionization
chamber is used for energy calibration.

and Albers, 2000; Ankudinov and Rehr, 2003] based on a molecular structure
similar to the one of the examined sample. In Fig. 1.7, an example for such
a curve-fitting procedure is shown. (Alternatively, the data can be fitted after
performing a Fourier transformation.)

The exact approach for each of these steps may vary and depends also on the data
and the properties of the examined sample.

Often a Fourier transform of the y(k)k™ spectrum is calculated. For this purpose,
the data are multiplied with a window function w(k) to reduce side lobes. A frac-
tional cosine function, also named Tukey window [Harris, 1978; Tukey, 1967], may be
used.? For all FT spectra shown in this thesis, the amplitude of the Fourier transform
| Fx(k)k™w(k)](R)| is displayed (see Fig. 1.7B for an example of an EXAFS spectrum
in Fourier space).

Equation (1.20) predicts FT-peaks at the positions of the interatom distances, R;,
plus a small shift (typically 0.5A), which occurs due to the phase shift §;(k) in the
expression sin[2kR; 4 0;(k)]. Therefore, these shifted distance values are called reduced
distances. The heights of these peaks are among others determined by the coordination
numbers, N;, and by the Debye-Waller parameters, o?2.

2This window function is sometimes erroneously called Hanning window within the EXAFS litera-
ture, including the IFEFFIT software package [Newville, 2004].
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Figure 1.7.:

Evaluated EXAFS spectrum and fit result for the vanadium compound
shown in Fig. 1.5. A: Spectrum in k space after multiplication with k3.
Thin line with open circles depicts the experimental results, the thick
line the curve-fitting results. Data modeling reveals one 1.58 A distance
(V=0 bond), four 1.97 A distances (V-O bonds), and one 2.48 A distance
(probably from the solvent). B: Amplitude of Fourier transform from
spectra shown in A. A fractional cos-window from 0.9 to 12.5 A~ with
ramps spanning 10% at low and high & values was used.

1.2.4. Linear dichroism effect

Some of the formulas presented in Section 1.2.2, in particular Eq. (1.20), are only
correct for isotropic (i.e., fully disordered) systems. Due to the polarized nature of
synchrotron X-rays, the orientation of the investigated structure is important and
influences the XAS spectrum. Most notably, the amplitudes of the EXAFS spectra
can change. This effect is known as linear-dichroism (LD) effect. Through this effect,
the orientations of binding vectors become accessible. In the article Dittmer and
Dau [1998] a theory for the LD effect is presented for the case of single-scattering
contributions to the EXAFS.

For samples that are at least partially ordered, the LD effect comes into play. In
Fig. 1.8 an example for such an sample is given. PSII membrane sheets are stacked on
a substrate. Overall, a preferential orientation does exist: On average, the membrane
normal, M, points in the direction of the sample normal, S. Such a sample is called
partially oriented. EXAFS spectra collected for such a sample depend on the angle g
between the sample normal and the electric field, F, of the X-ray beam.

In Dittmer and Dau [1998] the authors introduce a distribution function P(«, 3,7),
which depends on the angles «, 3, and v reflecting the orientation of the vectors M
and R with respect to the sample normal S (compare Fig. 1.8). The vector R connects
an absorber and a backscatterer atom. In the case of an isotropic sample, the function
P equals (27)72, for crystals it consists of d-functions.
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1.2. X-ray absorption spectroscopy

Figure 1.8.:

Vectors and angles for a sample consisting of par-
tially oriented membranes. The vector S is the
sample normal, M is the normal of the membrane
plane, E is the electric-field vector of the X-ray
beam. The vector R connects an absorber atom,
A, and a backscatter atom, B. The angle Oggr is
the angle between FE and R, 6r the angle between
R and M, and 0 the angle between E and S. The
angles «, 3, and  describe the orientation of M
and R. Reprinted with permission from Dittmer,
J. and Dau, H. (1998). Theory of the linear dichro-
ism in the extended X-ray absorption fine structure
(EXAFS) of partially vectorially ordered systems.
J. Phys. Chem. B, 102(42):8196-8200. Copyright
1998 American Chemical Society.

With such a distribution function, partially unidirectionally oriented systems can
be defined by the characteristic that two vectors M and S exist such that P(«, 5,7)
depends solely on a, i.e.:

Pla, B,7) = P(a) (1.21)

Dittmer and Dau consider the general case of a quantity x depending on the energy €
and the direction of the electric field vector E given by the angle g between E and
the absorber-backscatterer vector R. Moreover, for this y two functions x¢ and x*®
should exist such that

x(€,05r) = x°(€) cos® Opr + x°(€) sin® Opp. (1.22)

This assumption is true for the EXAFS function, y, introduced in Section 1.2.2. In
this case, x° and x*® can be calculated equally to Eq. (1.19), but different functions
f(k), 6(k), and A(k) for x¢ and x® have to be used (compare Section 4.2 and Appendix
A.2 for more details).

Starting from Eq. (1.22) and using the definition of a partially oriented system as
described above (see Eq. (1.21)), the following equation is derived in Dittmer and Dau
[1998]:

x(e,05) = (X +2x°) + +(x° — x*)(Bcos® O — 1)(3cos® Or — 1) Lop (1.23)

Here, the variable 0y is the angle between M and R and the order parameter I,.q with
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0 < Iyq < 1is given by

w/2
Iorq = 277 / da(3cos® a — 1)P(a)sin . (1.24)

0

For an isotropic system [I,.q = 0 holds.

Furthermore, in case of 0y = arccos \/m ~ 55° (the so called magic angle) the
second summand of Eq. (1.23) vanishes. In this case, x equals the result for an
equivalent isotropic system (Io,q = 0). If the XAS spectrum of an perfectly isotropic
system is wanted, the sample should be measured with an angle of 55° between the
E-field of the incoming X-ray beam and the sample normal M (orientation axis).

It should be noted that Eq. (1.23) has been derived for partially oriented systems,
but can also be applied to crystals with specific symmetry groups. Among these groups
is the P2,2,2; symmetry of the PSII crystals, as shown in Appendix A.1.
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2. Structural models of the Mn
complex — Present status

For understanding of the mechanism of photosynthetic water oxidation, the structure
of the manganese complex of PSII is essential. Before the first successful X-ray crystal-
lographic data of photosystem II was measured by Zouni et al. [2001], various methods
like X-ray absorption spectroscopy (XAS) [Yachandra et al., 1986; MacLachlan et al.,
1992; Yachandra et al., 1993, 1996; Penner-Hahn, 1998; Dau et al., 2001; Sauer et al.,
2005; Dau and Haumann, 2008; Sauer et al., 2008, electron paramagnetic resonance
(EPR) and electron nuclear double-resonance (ENDOR) spectroscopy [Dismukes and
Siderer, 1981; Evelo et al., 1989; Miller and Brudvig, 1991; Pace et al., 1991; Hasegawa
et al., 1999; Ioannidis et al., 2002; Olesen and Andreasson, 2003; Britt et al., 2004;
Kulik et al., 2005; Haddy, 2007; Teutloff et al., 2009; Pantazis et al., 2009], Fourier-
transform infrared (FTIR) spectroscopy [Hillier and Babcock, 2001; Yamanari et al.,
2004; Noguchi, 2008; Debus, 2008] were used to examine the OEC and also develop
models of the manganese complex [Brudvig and Crabtree, 1986; Vincent and Chris-
tou, 1987; Sauer et al., 1992; Klein et al., 1993; Yachandra et al., 1993; Riittinger and
Dismukes, 1997; Peloquin et al., 2000].

Due to the successful X-ray diffraction measurements on photosystem II [Zouni
et al., 2001] and the steady improvement in this field [Kamiya and Shen, 2003; Ferreira
et al., 2004; Biesiadka et al., 2004; Loll et al., 2005; Guskov et al., 2009] and most
recently [Umena et al., 2011] (compare Fig. 1.3) as well as new approaches with X-
ray absorption spectroscopy (XAS) like extended-range EXAFS (Section 3.3) and
LD-EXAFS (Section 1.2.4), more and more information about the OEC is becoming
available [Sauer et al., 2005; Yano et al., 2005b; Pushkar et al., 2007; Dau et al., 2008].
As a result of this development, several promising models of the manganese complex
of photosystem have been proposed in recent years based on information of these new
techniques [Yano et al., 2006; Sproviero et al., 2008b; Dau et al., 2008].

In the following chapter, an overview over the historical development of the in

literature proposed models of the manganese complex is given and also the influencial
articles of Yano et al. [2006] and Sproviero et al. [2008b] are summarized.
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2. Structural models of the Mn complex — Present status

membrane normal

Figure 2.1.:

Early models of the manganese com-
plex of PSII. Oxygens are shown as white
spheres, all other elements are labeled
in the figure. The approximate direc-
tion of the membrane normal is shown.
A: Dimer-of-dimers model proposed by
Yachandra et al. [1993] (S;- and Se-state).
B: Dangler model of Peloquin et al. [2000].
For further explanations of these models
see text. Figure from Grundmeier and
Dau [2012].

2.1. Early models based on EXAFS and EPR results

Before crystallographic information became available, it was suggested that the center
of the OEC contained four manganese, one calcium, and probably one chloride ion
[Yachandra et al., 1996; Debus, 1992; Yocum and Pecoraro, 1999]. X-ray absorption
spectroscopy was widely used to gain information about the structure of the OEC
[Yachandra et al., 1996, 1986, 1993; Goodin et al., 1984]. Tt should be noted that
the information from experiments gained at cryogenic temperatures (as normally used
for EXAFS on PSII) is equivalent to the information obtained at room temperature
[Meinke et al., 2000; Haumann et al., 2002a,b, 2005].

Symmetric Mn,O,, structures like the butterfly or the cubane model from Christou
and Dismukes [Vincent and Christou, 1987; Riittinger and Dismukes, 1997] or the
cubane-adamantane model of Brudvig and Crabtree [1986] could be rejected early.
Another well known early model was the dimer-of dimers (DoD) model from the
Berkeley group proposed in 1993 [Yachandra et al., 1993; Sauer et al., 1992; Klein
et al., 1993]. This model (shown in Fig. 2.1A) consists of two Mn dimers where each
dimer is a di-p-oxo bridged Mny unit. This model was based on EXAFS results which
showed that 2-3 Mn-Mn vectors with a length of roughly 2.7 A must exist. This
distance is typical for di-py-oxo bridges between Mn'™! or Mn!V ions (see Table 2.1 for
a list of metal-metal distances in the manganese complex predicted based on EXAFS
results). The two Mn-(p2-O)2-Mn dimers of the DoD model are connected by mono-

18



2.2. Protein crystallography and OEC structure

Ho-0x0, bis-carboxylato bridging which results in a 3.3 A Mn-Mn distance (compare
Table 2.1). It was assumed that the chloride was a ligand of one of the manganese
ions; a hypothesis that was later disproven [Haumann et al., 2006] (see further below).
Also, a 3.4 A distance between Mn! and Ca as well as Mn* and Ca was assumed. This
distance has been confirmed with Ca and Sr (substituting Ca) XAS [Cinco et al., 2002;
Miiller et al., 2005]. The presence of the histidine (bound to Mn') was concluded from
EPR measurements [DeRose et al., 1991].

Additionally, it was known in 1993 by polarized EXAFS measurements that the
two 2.7 A-Mn-Mn vectors have an angle to the membrane normal that is greater than
54.7°, the magic angle [George et al., 1989; Yachandra et al., 1993] (see Section 1.2.4).
This result was confirmed repeatedly [Mukerji et al., 1994; Liang et al., 1994; Dau
et al., 1995; Schiller et al., 1998; Dau et al., 2001; Pushkar et al., 2007]. For the
Mn-Ca vector it was found that here the angle should be smaller than 54.7° [Cinco
et al., 2004]. However, the alignement of the 3.3 A-Mn-Mn vector parallelly to the
membrane normal was not confirmed by polarized EXAFS measurements of Pushkar
et al. [2007].

Based on EPR results, Britt and coworkers proposed in 2000 the dangler model
(Fig. 2.1B) [Peloquin et al., 2000]. In this model three manganese ions (Mn', Mn?
and Mn?) are connected by di-p-oxo bridges. The fourth Mn ion (Mn?) is connected
to this Mnjs core by a mono-p-oxo bridge.

In 1997, Hoganson and Babcock made an important proposal regarding the mech-
anism of oxygen-oxygen bond formation (hydrogen-atom abstraction, HAA) based on
the DoD model [Hoganson et al., 1995; Hoganson and Babcock, 1997; Tommos and
Babcock, 1998]: They suggested that the Tyry becomes a neutral radical after oxida-
tion and deprotonation. This radical could abstract H-atoms from two water molecules
bound to the terminal Mn ions in the DoD model (Mn! and Mn*). Eventually, an
0O-0O bond is formed between these two Mn-oxo species.

2.2. Protein crystallography and OEC structure

Crystallographic models and their improvement over the last 10 years played an es-
sential rule in development of a realistic model of the OEC structure (compare Fig.
1.3). From the beginning, XRD gave some essential answers, e.g., regarding possi-
ble ligands of the Mn complex, and it was also possible to exclude some previously
proposed models.

The first XRD data with a resolution of 3.8 A was presented in 2001 by Zouni,
Fromme, Krauss, Saenger, Witt, and coworkers [Zouni et al., 2001]. For these mea-
surements the thermophilic cyanobacterium Synechococcus elongatus was used, be-
cause of the stability of its proteins. Zouni et al. were able to locate the Mn complex
and therefore determine the amino acid residues in its environment. Unfortunately,
the ligands of the Mn and Ca ions could not be identified. However, due to the size of
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2. Structural models of the Mn complex — Present status

Table 2.1.:

EXAFS results for Mn-Mn and Mn-Ca distances in the manganese com-
plex of PSII (S;-state). The first column indicates the type of bond, the
second column the expected length R of the bond, and the third column
the number of bonds of such type. In column four a assessment of this
bond type is listed. The angle 8z between the metal-metal vectors and
the membrane normal is shown in the last column. Table adapted from
Grundmeier and Dau [2012].

bond R[A]  number assessment avg. Or [°]
Mn-Mn 2.65-2.8 2 clearly present > 60
Mn-Mn 2.8-2.9 Oorl presence disputed > 60
Mn-Mn 2.9-3.1 ? possibly present ?
Mn-Ca  3.2-3.6 >2 undisputed < 45
Mn-Mn ~ 3.3 17 recently proposed > 60
Mn-Ca ~ 37 9 in conflict with 9

Ca/Sr EXAFS?
recently proposed

- ~ 3. ? ?
Mo-Mn &~ 3.7 1 [Dau et al., 2008]
possibly present

Mn-Mn =~ 4.8 17 [Grundmeier and ?

Dau, 2012]

identification not

- ? ?

Mn-Me > 5 ! possible 7

the complex, the DoD as well as the dangler model could be excluded. Additionally,
the distance between the Tyrz and the Mn ions was too high too allow the HAA model
from Babcock and coworkers. In 2003, the results from Zouni et al. [2001] could be
reproduced by 3.7 A XRD data measured by Kamiya and Shen [2003].

The next huge step occurred in 2003, when Barber and coworkers could present
crystallographic results with a resolution of 3.5 A [Ferreira et al., 2004] (compare Fig.
2.2). They succeeded in locating the Ca ion in a distance of 3-4 A to three Mn ions
in agreement with EXAFS data (Table 2.1). With this result, it was established
that the Mn complex was a pentanculear MnsCa complex. Barber et al. suggested a
CaMn3(pu-O), cubane with a fourth Mn ion (Mn?) connected to one of the oxygens
of this cubane (similar to the dangler model of Britt and coworkers [Peloquin et al.,
2000]). Unfortunately, the resolution was still not high enough to assign correctly the
ligating amino acids.

In 2005, Zouni and coworkers published XRD data of PSII with a resolution of
3.0A [Loll et al., 2005] (protein data bank accession code 2AXT). Due to the still
insufficient resolution and likely radiation damage, in this article no suggestions were
made regarding the oxygens bridging the metal ions. Nevertheless, twelve ligating
amino acid residues could be assigned (eleven oxygen ligands of carboxylate sidechains
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2.2. Protein crystallography and OEC structure

Figure 2.2.:
His 190 Tyr 161 OEC model R-QM/MM from
Ala 344 % Sproviero et al. [2008b] (Si-state)

based on the crystallographic model
presented by Ferreira et al. [2004]
and EXAFS data from Yano et al.
[2006] and Haumann et al. [2005].
Important modifications to the
structure presented in Ferreira et al.
[2004] are the removal of the origi-
nally suggested bicarbonate ligand
and complementation by additional
water molecules or hydroxides. All
depicted residues are from the D1
Glu 354 : protein of PSII, with the exception
‘ of Glu354, which is a residue of the
CP43 protein. Remark: For this fig-
ure (and also the calculations for B-
IT) coordinates personally communi-
cated were used which slightly de-
viate from the ones given in the
supporting material of the article
Sproviero et al. [2008b]. Figure from
Grundmeier and Dau [2012].

()
(o"‘o‘\
‘(\@

Asp 61

and one nitrogen ligand of a ligating histidine; Fig. 2.3). For only two of these ligands,
diverging results were found in the latest XRD analysis of Umena et al. [2011]. This
model as well as the earlier EXAFS-based model of Dau et al. [2008] suggests a special
role of Mn* where two water molecules are bound. Therefore, it may play a crucial
role in the generation of the oxygen-oxygen bond.

One year later in 2006, XAS at the Br K-edge showed (after substitution of the
chloride cofactor by bromide) that the halide cofactor is not bound to a metal ion
of the OEC [Haumann et al., 2006] (see also [Dau et al., 1999; Rehder et al., 2000]).
This result was later confirmed by XRD studies [Murray et al., 2008; Kawakami et al.,
2009; Guskov et al., 2009]. Therefore, the Mn complex is not a MnyCaCl complex
and it now is believed that chloride is not directly involved in the process of water
oxidation (but possibly in protein transfer steps).

In 2009, the workgroup around Zouni and Saenger could increase the resolution of
PSII XRD data from 3.0 A to 2.9 A by reprocessing the old XRD data 2AXT [Loll
et al., 2005] with an improved software package [Guskov et al., 2009] (accession codes
3BZ1 and 3BZ2 for the coordinate files of the two monomers).

In fall of 2010, Shen presented at an international photosynthesis congress in Beijing,
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2. Structural models of the Mn complex — Present status

Figure 2.3.:

Model of the OEC presented in Dau
et al. [2008]. The ligating amino acids
are connected to the Mn ions as shown
in the XRD data of Loll et al. [2005]. His 190
The model was obtained by molecular
mechanics modeling using HyperChem
7, Hypercube, and taking into account
the extended-range EXAFS data from
Dau et al. [2008]. The result is similar
to models of Siegbahn [2008, 2009] and
Umena et al. [2011]. Hydrogen bonds
are depicted as blue dashed lines. It
is assumed that 2-4 additional water
molecules are located close to Mn?.
The approximate region is margined
in the figure using a blue dotted line.
With the exception of Glu 354 (residue
of CP 43), all shown residues are from
the D1 protein of PSIIL. In this model,
the Mn' ion is quasi five-coordinated
with a long distance between Mn! and
O? (dashed bond). Remark: Only the
proton bound to Tyry (Tyr 161) is
depicted, all other protons are omit-
ted. Figure from Grundmeier and Dau
[2012].

China, new XRD results for PSII with an astonishing resolution of 1.9 A. In contrast to
the previous XRD measurements, this time Thermosynechococcus vulcanus was used
as species for extraction of PSII. The results were later published in the article Umena
et al. [2011] (accession code 3ARC). Due to the high resolution it was possible, to
identify clearly the binding modes of the amino acid residues (see Fig. 2.5). As already
mentioned above, the results from Loll et al. [2005] regarding the ligand assignment
could largely be confirmed (compare Fig. 2.4). Two notable exceptions are the bridging
of Mn* and Ca by Asp 170 in the data of Shen and coworkers and also the missing
bond between Glu 189 and the Ca ion, which the XRD data of Loll et al. suggested.
Instead of bridging Mn! and Ca, in the XRD data of Shen and coworkers Glu 189 is
only a ligand to Mn!. These two differences are partly due to a changed position of the
Ca ion. The very high resolution also allowed for resolving the bridging between the
ligating amino acids and the metal ions. Additionally, the bridging oxygens (named O*
to O° in this work) between the metal ions as well as more than 1,300 water molecules
per PSII monomer were made visible (2,795 water molecules per dimer).
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2.3. Radiation damage

Figure 2.4.:

Comparison of crystallographic data sets
3ARC published by Umena et al. [2011]
(1.9A resolution; colored by element code)
and 2AXT from Loll et al. [2005] (3.0 A res-
olution; blue). The spheres with labels 1, 2,
3, 4 and Ca depict the position of the metal
ions in the model of Loll et al., whereas the
spheres with primed numbers respectively
Ca’ refer to the model of Umena et al. Re-
mark: The XRD data set 3ARC was rotated
and shifted to maximize the correspondence
between the two crystal structures. This
was done using the align command of Py-
MOL [DeLano Scientific, LLC, 2008] and
considering only atoms with an approximate
distance between 7 and 20 A to the Mn ions.
Figure from Grundmeier and Dau [2012].

It should be noted that in the XRD data 3ARC of Umena et al. [2011], the dimen-
sions of the PSII unit cell are given as a ~ 122A, b ~ 228 A, and ¢ ~ 286 A and
therefore differ significantly from the values a ~ 128 A, b ~ 225 A, ¢ ~ 306 A given in
Loll et al. [2005] (accession code 2AXT). Additionally, the dimers in 3ARC are slightly
rotated in respect to the dimers of 2AXT. These deviations of the XRD results from
each other might inter alia be due to the different species used (Thermosynechococ-
cus elongatus vs. Thermosynechococcus vulcanus) or have their origin in differences
between the crystallization procedures.

2.3. Radiation damage

Modifications of the structure of the OEC by X-ray photoreduction (radiation damage)
of the manganese atoms is a very critical problem when examining PSII samples with
XAS. Even though the samples are typically measured at low temperatures (often 20 K
are used), photoreduction normally still occurs and is detectable through the shift of
the Mn-edge position [Dau et al., 1997; Schiller et al., 1998; Haumann et al., 2005].
Radiation damage is expected also for the case of XRD (measured at typically
100 K) where the intensity of the X-ray beam is normally magnitudes higher than
for XAS [Dau et al., 2004]. The positions of the metal ions of the OEC (and their
ligating oxygens) shown in XRD data therefore deviates probably from their original
positions. The results presented by Ferreira et al. [2004] and Loll et al. [2005] most
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Tyr 161

Figure 2.5.:

Manganese complex of PSII as obtained
by the XRD measurements from Umena
et al. [2011]. The Mn-O bonds with
a length greater than 2.3A are shown
as broken sticks. Oxygen atoms of se-
lected water molecules are depicted as red
spheres, possible hydrogen bonds as blue
dashed lines. Figure from Grundmeier
and Dau [2012].

likely shows a Mn complex close to an all-Mn!! level. This was in 2005 confirmed by
XAS measurements on single-crystals of PSII [Yano et al., 2005a].

For the XRD measurements presented in Umena et al. [2011], the authors tried to
avoid radiation damage by applying an optimized protocol for data collection. Never-
theless, the Mn photoreduction is still clearly visible in the data: Mn-Mn and Mn-O
distances are partly in stark conflict to results from XAS measurements. (For further
discussion of the model of Umena et al. [2011] and possible radiation damage, see
Section 5.4.)

The influence of the radiation damage on the ligating amino acid residues is still
unclear. The low temperature of 100 K used for X-ray crystallography might be enough
to keep the system in a stable state and thus the positions of the amino acids might
be accurate in the XRD data. On the other hand it was shown [Dau et al., 1997]
that each absorbed X-ray photon generates several hundred radicals. Therefore, even
major changes of the protein environment due to X-ray photoreduction seem possible.
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2.4. Combining XAS and XRD data

Due to lower X-ray intensities and special measurement protocols to further reduce
radiation damage (supporting information of Haumann et al. [2005]), XAS (especially
EXAFS) is a very good method to examine the structure of the manganese complex
of PSII and complement the XRD data of the OEC.

In the following, summaries of two prominent articles will be given, which pro-
posed models of the Mn complex solely based on EXAFS results [Yano et al., 2006]
and EXAFS in combination with XRD studies [Sproviero et al., 2008b], respectively.
Furthermore, a third approach presented in Dau et al. [2008] will be described using
extended-range EXAFS (compare Chapter 3 of this thesis) and the crystallographic
data from Loll et al. [2005].

2.4.1. Models of Yano and coworkers

In 2006, Yano and coworkers presented a group of models of the manganese com-
plex which are based on EXAFS measurements on PSII crystals (see Fig. 2.6) and
comparison of these results to simulated spectra [Yano et al., 2006].

In this article, PSII crystals from Thermosynechococcus elongatus in the Si-state
were examined. Using an X-ray beam with an E-field vector parallel to one of the
three crystal axes (a, b, or ¢), EXAFS spectra were collected. The Fourier transforms
of the measured EXAFS spectra are shown in Fig. 2.7. Obviously, the heights of the
three main peaks at ~ 1.8 A (mainly Mn-O distances), ~ 2.7 A (mainly Mn-Mn), and
~ 3.3 A (mainly Mn-Mn/Mn-Ca) depend clearly on the crystal axis.

Yano et al. used these experimental data to compare it to EXAFS spectra calculated
by FEFF for 18 in literature proposed models of the manganese complex (see Fig.
2.8) plus topologically equivalent structures. In a first step, they compared their
experimental data with simulated spectra from XRD-based models from Ferreira et al.
[2004] (3.5 A resolution) and Loll et al. [2005] (3.0 A). In their article they come to
the conclusion that the differences between the spectra are most likely due to limited
resolution and X-ray damage [Yano et al., 2005a].

Then, they compared the experimental data to simulated spectra calculated for sev-
eral previously proposed models of the manganese complex: Each model was rotated
stepwise. EXAFS spectra were simulated for each of these orientations. Yano and
coworkers focused in their analysis on the second and third peak originating mainly
from Mn-Mn and Mn-Ca distances.

Yano and coworkers exclude all models without three Mn-Mn distances between
roughly 2.7 A and 2.8 A based on the following findings:

e Analysis of extended-range EXAFS spectra (solution) published in Yano et al.
[2005b].

e Shift of second peak to longer distance along a axis for polarized EXAFS data.
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Figure 2.6.:

Unit cell of crystallized PSII with its four PSII dimers. The space
group is P21212;. The numbers 1 to 8 mark the positions of the eight Mn
complexes of PSII within the unit cell. For the measurements performed
by Yano et al. [2006], the electric field vector E of the X-ray beam was
parallel to one of the unit cell axes a, b, or c. The axes are shown in the
same color as used for the according spectra in the figures displaying the
spectra. The proportions of the unit-cell size were taken from the XRD
data published in Loll et al. [2005] with accession code 2AXT. Figure
adapted from Grundmeier and Dau [2012].

e Inability to reproduce intensity of second FT peak for polarized EXAFS data,
especially for b and ¢ axis. (This argument of Yano et al. is further discussed in
Section 5.6.)

In the article Yano et al. [2006] it is outlined that all models containing only two
distances in the 2.7 A region were unable to reproduce both the extended-range data
from Yano et al. [2005b] and the crystal data.

Models with one or two Mn-Mn distances at around 3.3A were used to find a
matching model. In this context Yano states that based on EXAFS on solution samples
the third peak is best simulated by one Mn-Mn vector at 3.3 A and two 3.4 A Mn-Ca
distances as was shown in [Haumann et al., 2005]. Yano mentions that this finding is
supported by Sr and Ca EXAFS [Cinco et al., 2002, 2004].

Finally, based on their calculations Yano et al. come to the conclusion that only one
of the tested models (plus topological equivalents) is consistent with the experimental
data, namely motif r from Fig. 2.8. This structure has been presented in Yano et al.
[2005b] and Robblee et al. [2002]. In the article and its supporting online material, four
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Figure 2.7.:

Fourier transform of polarized EXAFS spectra of PSII crystals as pre-
sented in Yano et al. [2006]. For these measurements, the electric field
vector F of the X-ray beam was aligned along one of the three crystal
axes a, b, and c. Remark: The data for this figure were taken from Fig. 1.
(B) of Yano et al. [2006] and multiplied by a factor to be consistent with
the amplitudes of the other Fourier transforms in this thesis. This factor
was determined by comparing the FT of isotropic data from Yano et al.
[2006] (Fig. 2. (B)) and a FT spectrum of the isotropic extended-range
EXAFS data from Dau et al. [2008] calculated using the same Ej value
and window function as used by Yano and coworkers (Ey = 6561.3 eV and
a Tukey window from 3.0 to 12.0 A=! with each ramp spanning 11.1% of
the data [Yano, pers. comm.]).

models are distinguished, named model I, II, IIa (only mentioned in the supporting
material), and III. These models are shown in Fig. 2.9.

Yano et al. states that all four models are very similar in regard to the second
and third FT peak (The first peak is hard to model due to contributions of terminal
ligands.). The authors were not able to discriminate between these models based on
the EXAFS results. Additionally, four orientation are possible for each model due to
the cos(#)? dependence and the Cy symmetry. Therefore, Yano and coworkers use the
following informations to reduce the number of possible orientations:

e The placement of the calcium. In detail, the Mn-Ca vectors are aligned along
the membrane normal [Cinco et al., 2004] and the Ca is expected to be above
the Mn plane [Loll et al., 2005; Ferreira et al., 2004].

e The electron density distribution [Loll et al., 2005].

e Putative position of amino acids [Loll et al., 2005].
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The best orientations for each of the four models are shown in Fig. 2.9. Yano mentions
that overlap between the models of the Mn complex and the ligand positions does exist
and the assignment of the ligands has to remain tentative due to radiation damage
during the XRD measurements.

2.4.2. Models of Sproviero and coworkers

In 2008 Sproviero and coworkers [Sproviero et al., 2008b] described a structural model
(named R-QM/MM,; see Fig. 2.2) of the Mn complex in the S;-state based on exper-
imental isotropic and polarized EXAFS spectra and a model of PSII named DFT-
QM/MM developed by DFT and QM/MM calculations presented earlier [Sproviero
et al., 2006, 2007, 2008a,c,e]. The DFT-QM /MM model (and therefore also the model
R-QM/MM) uses as a starting point the XRD data 1S5L from Thermosynecococcus
elongatus with a resolution of 3.5 A [Ferreira et al., 2004].

In their article, Sproviero and coworkers state that polarized-EXAFS data calculated
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A-lll Mn*

membrane normal

Figure 2.9.:

Proposed models I, 11, ITa, and III of the manganese complex (S; state)
from Yano et al. [2006] based on the polarized EXAFS spectra collected
on PSII crystals. The z axis points in the same direction as the membrane
normal, the x axis connects the two nonheme iron atoms of the PSII dimer.
The distance between Mn! and Mn? is roughly 2.8 A for all four models.
The other short Mn-Mn distances (Mn'-Mn?, Mn3-Mn?*) are ~ 2.7 A long.
The two ~ 3.4 A Mn-Ca distances for each model are illustrated by dashed
lines. Coordinates for these models (given in the coordinate system of the
3.0 A XRD structure 2AXT from Loll et al. [2005]) were taken from the
supporting material of Yano et al. [2006]. Remark: In Fig. 3 of Yano
et al. [2006], the x axis is displayed in a misleading way: The associated
arrow points away from the other Mn complex of the dimer. This has been
corrected. Therefore, the models shown here are rotated by 180° around
the z axis in contrast to the ones depicted in the article Yano et al. [2006].
Figure from Grundmeier and Dau [2012].
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from the coordinates of the XRD model from Ferreira et al. [2004] using FEFF deviate
significantly from the experimental data of Yano et al. [2006]. They explain these
differences with the relatively low resolution of the XRD data. Nevertheless, they
assume a cuboidal core of the OEC in agreement with the XRD data. They note
that the empirical models suggested by Yano et al. are neither consistent with such a
structure nor the ligand environment suggested by the XRD data.

In the article it is stressed that in contrast to the models of Yano and coworkers,
the model DFT-QM/MM is consistent with both a cuboidal Mn3CaQO, core with a
dangler Mn atom and the distribution of the ligating amino acids as implied by the
1S5L XRD data. This model is also in agreement with the isotropic EXAFS spectra
from Haumann et al. [2005]. Despite this, the calculated isotropic EXAF'S spectra are
not in good agreement with the spectra published in Yano et al. [2006].
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Figure 2.10.:

Fourier transform of polarized EXAFS spectra of PSII crystals for all
three crystal axes a, b, and ¢ for the DFT-QM/MM model (top) and the
R-QM/MM model (bottom). Experimental spectra are shown as red, cal-
culated spectra as blue lines. Reprinted with permission from Sproviero,
E. M., Gascén, J. A., McEvoy, J. P., Brudvig, G. W., and Batista, V. S.
(2008). A model of the oxygen-evolving center of photosystem II predicted
by structural refinement based on EXAFS simulations. J. Am. Chem.
Soc., 130(21):6728-6730. Copyright 2008 American Chemical Society.

Therefore, Sproviero et al. further optimized this model DFT-QM /MM by refining
the atom positions of the OEC based on FEFF simulation of isotropic and polarized
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EXAFS spectra and comparison of these spectra to the experimental data. During
this process, a sum of squared deviations between calculated and simulated spectra is
minimized plus a penalty factor reflecting displacements of the atoms (with respect to
the original DET model). The spectra calculated for the resulting refined R-QM/MM
model were found to be in good agreement to both the isotropic [Haumann et al.,
2005] and the crystal spectra [Yano et al., 2006]. In Fig. 2.10, the original spectra
published for both the DFT-QM/MM and the R-QM/MM (see Fig. 2.2) model are
shown. In their article, Sproviero and coworkers emphasize that this result is only a
local solution and other models may exist.

2.4.3. Model of Dau and coworkers

In Dau et al. [2008], a model based on the XRD structure 2AXT from Loll et al.
[2005] in combination with extended-range EXAFS data (measured by the author of
this thesis and presented in Chapter 3) was proposed (Fig. 2.3).

Starting from the crystallographic data 2AXT of Loll et al. [2005], the model was
optimized by a molecular mechanics (MM) approach utilizing the program Hyper-
Chem. As mentioned in Section 3.4, for this optimization restraints were used, which
were for intermetal distances based on curve-fitting results for extended-range EXAFS
data (compare Table 3.1). Movement of the atoms were restricted to a relatively small
range around Mn!, Mn?, and Mn®. To account for possible radiation damage, near
Mn* greater deviations from the crystallographic model were allowed.

The model of Dau and coworkers is very similar to another model presented by
Siegbahn and coworkers based on DFT calculations [Siegbahn, 2008, 2009]. Sieghbahn
et al. also are assuming a five-coordinated Mn'. However, for the model from Dau et al.
[2008] a Jahn-Teller axis is assumed along the O?---Mn'-N-His332 vector (resulting
in a long Mn'-O? distance), whereas the DFT calculations of Siegbahn show a Jahn-
Teller axis along the O4- - - Mn'-O-Asp342 vector (long Mn!-O¢ distance). Despite this
difference, both models are very similar and in good agreement to the XRD data from
Umena et al. [2011].

A slightly more optimized version of this model (C-I) published in Grundmeier and
Dau [2012] will be discussed further below in Section 5.5.

2.4.4. Conclusions

For all the models mentioned above, EXAF'S results were taken into account. However,
for none of them, all available types of EXAFS data (i. e., polarized EXAFS on partially
oriented PSIT membrane particles and polarized EXAFS on PSII crystals) were used.

For these models in Chapter 5 (and Grundmeier and Dau [2012]) LD-EXAFS spectra
will be calculated and discussed in respect to experimental data. Additionally, new
models are presented, which are optimized for all available EXAFS results and take
into account the XRD results of Loll et al. [2005].
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3. Improved distance resolution by
extended-range EXAFS

In this chapter, the so called extended-range EXAFS method is introduced, which
was used to examine PSII samples at the synchrotron DESY (Deutsches Elektronen-
Synchrotron) in Hamburg, Germany. The results of these measurements, which were
published in Dau et al. [2008], are discussed. Additionally, the sample preparation as
well as the experimental setup are briefly described.

3.1. Preparation of samples

3.1.1. Preparation of PSIl membrane particles

Photosystem II samples prepared from spinach (Spinacia Oleracea) were used for
the XAS measurements. PSII from spinach typically normally has a high oxygen
evolution, the preparations are relatively easy to perform, and comparability to many
other experiments is given. The production of PSII enriched membrane particles
was first described by Berthold, Babcock, and Yocum in Berthold et al. [1981] and
is therefore widely referred to as BBY preparation. Later, Tuzzolino and coworkers
improved this method [luzzolino et al., 1998]. (See also [Schiller and Dau, 2000]
for additional information.) For this work a modified version of the prescription of
Tuzzolino et al. [1998] was used [Schiller and Dau, 2000; Miiller, 2006].

The isolated membrane particles were kept at a temperature of —80°C. The oxygen
evolving rate for these samples under saturating white-light illumination and at 28°

. pmol of O
was determined to be at about 1200 W.

3.1.2. Preparation of partially oriented samples

Partially oriented samples consisting of oriented PSII membrane fragments were used
for the EXAFS measurements. To produce such samples, the PSII membrane particles
were treated as explained in detail in Miiller [2006]. This procedure is again based on
the work of Iuzzolino et al. [1998].

During this process, a solution containing the PSII membrane particles was centrifu-
gated on thin Kapton foils held by small PVC frames (see Fig. 3.1). Directly after the
preparation, the samples were illuminated from both sides with one pulse from a xenon

33



3. Improved distance resolution by extended-range EXAFS

flash lamp with a pulse length of app. 5 us (FWHM) and a wavelength of A > 400 nm.
This step is necessary, to drive the majority of the PSII to the dark-stable S;-state.
(Dark adapted samples have up to 25% of their centers in the Sy-state and 75% in the
Si-state; compare Section 1.1.3.) Therefore, directly after the flash most of the PSII
are in S;- and Sy-state. As a last step, these frames were dried for roughly 2 hours
in dark at 10°C and at a pressure of ~ 300 mbar. Afterwards, they were kept under
liquid nitrogen and in total darkness until the measurements.

Al holder
\

Figure 3.1.:

PVC frames with PSII membrane fragments un-
der liquid nitrogen and green light directly after they
were examined with XAS at DESY. The three shown
frames are mounted on an aluminum holder, which \
itself is attached to the cryostat rod. Aluminum and rod for cryostat  PVC frames
PVC are used to avoid additional Fe fluorescence
that could occur when using, e. g., steal.

3.2. Experimental setup and data collection

The XAS data were collected at a bending-magnet beamline of the DORIS 11T ( Doppel-
Ring-Speicher) synchrotron source (EMBL outstation at DESY, Hamburg). The data
analysis was performed as described elsewhere [Iuzzolino et al., 1998; Schiller et al.,
1998; Haumann et al., 2005] (see also Section 1.2.3).

During the measurements, the samples were kept in a liquid He cryostat at 20K
and the X-ray energy was scanned from 6420 to 7610eV. Here, the samples were
measured with an angle 0 of roughly 55° between the electric-field vector of the X-
ray beam and the sample normal (“magic angle”, see Section 1.2.4). After each scan of
roughly 40 min duration the position of the sample in the beam was changed to reduce
radiation damage. Approx. 75 XAS spectra were measured in fluorescence mode. An
energy-resolving 13-element Ge detector from Canberra was used for data acquisition.

3.3. Extended-range EXAFS and data evaluation

The idea of the so called extended-range (also originally “range-extended”) EXAFS
was first used in Gu et al. [2003]: When measuring EXAFS for an element (in this
case Mn with K, at approximately 5899 ¢V), normally only the measurement until the
K-edge of the next element (Z + 1, here Fe with K, at approximately 6404eV and
the K-edge at 7110eV) is possible. This may reduce the quality of the EXAFS data
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drastically. A possibility to circumvent this problem is to measure the K, fluorescences
of both elements parallelly. After the measurement the weighted “Z + 1”-signal can
be subtracted from the polluted second signal to generate a pure spectrum.
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Figure 3.2.:

Mn and Fe XAS signals measured for PSII samples at DESY. For gen-
erating a pure Mn spectrum (solid line), the Fe signal (dashed line) was
multiplied with an empirical factor and subtracted from the polluted Mn
spectrum (dotted line). The inset shows the region around the Fe-edge
on an expanded scale. The extended and the conventional (approximately
up to the Fe-edge) energy ranges are marked by a blue and a green arrow,
respectively. Figure adapted from Dau et al. [2008].

In the case of the measurements at DESY, in 11 discriminators of the 13-element
Ge detector the windows were set to the Mn K,-fluorescence. The remaining two
measured the Fe fluorescence. The Fe spectra multiplied by a factor could then be
subtracted from the whole spectrum as can be seen in Fig. 3.2. The choice of this
factor is important, but reliable Mn EXAFS data can be generated by this method
(Fig. 3.3).

Such extended-range EXAFS measurements allow in case of Mn spectra for a sig-
nificantly higher distance resolution as can be seen in Fig. 3.4. In comparison to other
approaches like [Yano et al., 2005b; Pushkar et al., 2007] to increase the energy range
of EXAFS, the method described above is based purely on data evaluation and re-
quires no modifications of the experimental setup aside from setting the discriminator
windows to the fluorescence of the two elements.

A value of Ey = 6547.0eV was used for transformation to k-scale where the spectra
were weighted with k°. For data modeling, the k-values from 1.2 to 16.6 A were
considered. Furthermore, an amplitude reduction factor, S? = 0.85, was used. The

35



3. Improved distance resolution by extended-range EXAFS

6 .
B :
3 I
_ 1
A T |
=
R
— = -3
= |
S, |
8 i - 1 T T T é T T T é T T T 1|3 T T 17
§ :> wavevektor, k [1/A]
g 6
S 71
— =
- S, 4
[}]
o
- E
. . 5 .
7100 7150 7200 E
Energy [eV] =
0 v 1 v T
0 2 4 6
Reduced distance [A]
Figure 3.3.:
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Effect of different factors for subtraction of the Fe spectrum on the
resulting EXAFS spectrum. Red line: Factor too small. Blue line: Op-
timal factor. Green line: Factor too large. A: Spectrum around Fe K-
edge. Black line: Fe spectrum (plus constant). B: Spectrum in k& do-
main. The approximate position of the Fe K-Edge is marked by a dashed
line. C: Fourier-transformed spectra for extended-range EXAFS of PSII
(0.9-16.6 A=1). A fractional cos-window function was applied with ramps
extending at the low and high k-sides over 20% of the data. There are
only small variations in the FT if a close to optimal subtraction of the
Fe-edge is employed. Thus, reliable Mn EXAFS data can be obtained by
a relative simple subtraction of the Fe K-edge. Extended-range XAS is
feasible using a “conventional” BioXAS setup.




3.4. Results

functions f(k), 6(k), and A(k) needed for this curve-fitting process (compare Section
1.2.2) were calculated using FEFF [Mustre de Leon et al., 1991; Rehr and Albers,

2000; Ankudinov and Rehr, 2003].

FT amplitude [a. u.]

Reduced distance [A]

Figure 3.4.:

Fourier-transformed spectra for conventional (4.1-11.8 A-1, dashed
line) and extended-range (4.1-16.6 A1, solid line) EXAFS of PSII. Peak
IIT (open arrow) of the conventional EXAFS spectrum splits into two
peaks III-a and III-b (filled arrows) in the extended-range EXAF'S spec-
trum. These peaks correspond to Mn-backscatterer distances of approxi-
mately 3.3 A and 3.7A. For calculation of the shown Fourier transforms,
a fractional cos-window function was used with ramps extending at the
low k-side over 10% and at the high k-side over 20% of the data. Figure
adapted from Dau et al. [2008].

3.4. Results

As can be seen in Fig. 3.4, the extended energy range (4.1-16.6 A=) has a distinctively
better distance resolution than the conventional range (4.1-11.8 A=1): Peak III at a
reduced distance of approximately 3 A splits into two peaks at 2.85A (peak III-a)
and 3.3 A (ITI-b) of reduced distance. This suggests the presence of backscatterer
distances of roughly 3.3A and 3.7 A. Additionally, peak II, which is mainly due to
Mn-Mn vectors of roughly 2.7 A, becomes narrower but increases in height. In other
extended-range EXAFS measurements, peak IIl-a was also found at lower R values,
but peak III-b remained below the noise level [Yano et al., 2005b; Pushkar et al., 2007].
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The curve fitting (for results see Table 3.1) was performed in k space with a k3-
weighted version of the measured EXAFS spectrum using the in-house software SimX
presented in the PhD thesis of Dittmer [1999]. The peak I1I-b could only be simulated
if atoms at 3.7 A distance were assumed to be present. This suggests a Mn-Ca/Mn
vector of this length (compare [MacLachlan et al., 1992]). Because EXAFS measure-
ments at the Ca- or Sr-edge (substituting Ca) do not indicate a 3.7 A Mn-Ca vector
[Cinco et al., 2002, 2004; Miiller et al., 2005], the existence of a Mn-Mn vector of
this length seems to be more likely. Alternatively, several light backscatteres (5-20
Mn-O/N vectors) at this distance as suggested [Pospisil et al., 2003; Haumann et al.,
2005] could be assumed, but this would be in stark conflict to all recently published
models and is therefore highly unrealistic.

The coordination number N is approximately one for the 2.7 A distance correspond-
ing to two Mn-Mn vectors per MnsCa complex. Adding a third Mn-Mn vector of a
length between 2.77-2.97 A results in very small coordination numbers (< 0.15, often
< 0.08) for this additional shell. The data are therefore incompatible with three short

Table 3.1.:

Parameters obtained by curve fitting of the extended-range EXAFS
data. The first column indicates the backscatter for the respective shell.
Numbers set in italics were kept constant during the fit process. Fit I and
IT were presented in Dau et al. [2008] (Table 1). The results were used
for modeling the in Dau et al. [2008] proposed structure of the OEC (see
Section 2.4.3). Fit III reflects another fit possibility with a single shell for
each Mn/Ca-backscatterer. The absorber-backscatterer distances R from
this fit were partly used for the HyperChem restraints in Step 1 of the in
Section 4.4 described optimization process for new models.

Fit T Fit I1 Fit 11
N[] R[A] o[A] N[] R[A] o[A] N[] R[A] o[A]

0) 3.0 1.85 0.07 3.0 1.85 0.07 2.5 1.83  0.07
o 27 206 013 275 206 013 325 196 0.13
Mn 1.04 272 0.03 102 272 003 05 2.70 0.032
Mn 0.5 3.25 003 1.0 3.27 005 0.5 271 0.032
Mn - - - - - - 0.5 3.00 0.032
Mn - - - - - 0.5 3.14  0.032
Ca 0.5 3.29 0.06 0.5 336 0.07 025 326 0.032
Ca - - - - - 0.25 333 0.032
Ca - - - - 0.25 333 0.032
Mn 0.5 3.71  0.06 0.5 3.71 006 0.5 3.68 0.032
Ca - - - - - - 0.25 3.87 0.052
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Mn-Mn vectors (< 2.9 A) as suggested by Yano et al. [2005b] and Pushkar et al. [2007].
Possible reasons for the different results have been discussed in Dau et al. [2004].

The fit results were used as restraints when utilizing geometry optimization via
HyperChem for construction of the models presented in Dau et al. [2008] (fit I and II)
as well as Grundmeier and Dau [2012] (fit III). For a more detailed explanation, see
Section 2.4.3 and Section 4.4.

3.5. Summary

In this chapter, extended-range EXAFS data measured (using a simple approach as
described by Gu et al. [2003]) on PSII membrane particles were presented. Hereby, a
significantly better distance resolution than with conventional EXAFS (up to the Fe
K-edge) could be achieved. For the first time the region around 3 A was clearly better
resolved (compare Fig. 3.4), splitting the the third main FT peak and suggesting Mn-
Mn/Ca distances of both 3.3 A and 3.7 A. In the following chapter, these experimental
results will be used to evaluate and optimize models of the manganese complex of
PSII.
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4. Modeling the Mn complex

In this chapter, the method used for evaluating alternative models of the manganese
complex is described. For given models of the Mn complex, EXAFS spectra were
calculated using FEFF and equations derived by Dittmer and Dau [1998]. The dif-
ference to experimental data was then reduced by modifying these models applying a
Levenberg-Marquardt algorithm (levmar, [Lourakis, 2004]) utilized by a self-written
program (for a description of this program, see Appendix A.4).

4.1. Experimental data used for model evaluation

Seven spectra belonging to three different types of experimental EXAFS data were
used. All spectra were collected for PSII samples at the K-edge of manganese:

Isotropic extended-range EXAFS (Iso). The extended-range EXAFS spectrum pre-
sented in Dau et al. [2008] was used. As described in detail in Chapter 3, the
data were collected for curves ranging up to 1050 eV above the K-edge (16.6 A~!)
using PSII membrane particles. To obtain an isotropic spectrum, measurements
were performed at an angle of roughly 55° (“magic angle”, Section 1.2.4) be-
tween the normal of the sample substrate and the electric field vector E of the
incoming X-ray beam.

Polarized EXAFS of unidirectionally oriented membrane particles (Mem). This
data set consist of three EXAFS spectra in the range up to 510eV (11.6 A~1)
above the K-edge measured at angles of 15°, 35°, and 75° between the sample
normal and the F-field vector of the X-ray beam. (For 55° the extended EXAFS
spectrum as described above was used.) To get a better signal-to-noise ratio,
spectra from Schiller et al. [1998] and Haumann et al. [2001] were averaged.
(The theory behind this angle dependence is described in Chapter 1.2.4, for
more information regarding the samples see Section 3.1.2.)

Polarized EXAFS of PSII crystals (Cry). The third set of experimental data con-
sists of three EXAFS spectra published in Yano et al. [2006] as Fourier trans-
forms. Yano, Yachandra and coworkers measured EXAFS spectra for single
crystals of dimeric PSII with the electric field vector E parallel to one of the
three unit-cell vectors (a, b, and c). (For a summary of the article Yano et al.
[2006], see Section 2.4.1.)
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4. Modeling the Mn complex

4.2. Calculation of EXAFS spectra

The EXAFS spectra were calculated in k space using the equations from Dittmer and
Dau [1998]. In the following, this procedure is described in detail:

The EXAFS spectrum, y, of a model can be given as a function of k£ and the angle
fr. Here, 0g is the angle between the X-ray electric field vector E and either the
sample normal S for oriented membrane particles (Fig. 4.1) or one of the unit cell
vectors (a, b, or ¢) for single-crystal EXAFS (Fig. 2.6). In latter case, the E-field
vector is parallel to one of the vectors a, b, ¢ and therefore 8z = 0 in this case.

Figure 4.1.: 4s

Sketch of partially oriented PSII sample with illus- M
tration of important variables. Substrate plane (gray
rectangle) and exemplary thylakoid membranes sheets
(white) are shown. For one of the membrane sheets,
PSII dimers and the corresponding membrane normal e\
M are depicted. The vector S (sample normal) is the .
normal of the substrate plane. The variable E is the
electric field vector of the incoming X-ray beam. For
measurements and calculations of spectra, the angle 0g ~
between S and E was varied. Figure from Grundmeier ’substrate plane J
and Dau [2012].

The function x can be written as the sum of m EXAFS spectra y;, one spectrum
for each “shell”:

Here, one “shell” consists of one manganese-backscatterer vector with each of these m
spectra given by the following equation:

xi(k, 0) = 3N:[ (i (k) + 2x3 (k) + (42)

+ 1(x§(k) = x5(k)) (3cos® O — 1)(3cos® O — 1) Iova] '

In this equation, the angle 0p; is the angle between the absorber-backscatterer vector

of shell 7 and either the membrane normal M (Fig. 4.1) or one specific crystal axis (a,
b, or ¢, Fig. 2.6). The constant I,q is the order parameter (see Section 1.2.4).

The factor N; is the coordination number divided by the number of absorbing atoms

for the " shell. Due to the four Mn atoms per manganese complex, this value equals

0.5 in the case of manganese as an backscatterer (a Mn-Mn vector has to be counted
twice) and 0.25 else.
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4.2. Calculation of EXAFS spectra

The functions x§ and x% are defined as follows:!

SZ oo 2R

XS(k) = Bk TN e (k) sin[2kR; + ¢ (k) 4 205 (k)] (4.3a)

and

S(Q) —202k2— 2R,

(k) = Nk N0 5 (k) sin[2kR; + ¢5(k) 4 208 (k)] (4.3b)

Here, R; is the absorber-backscatterer distance, o; is the Debye-Waller parameter,
and S2 the amplitude reduction factor. The program FEFF 8.4 [Mustre de Leon
et al., 1991; Rehr and Albers, 2000; Ankudinov and Rehr, 2003] was used for ab-initio
calculation of the phase and amplitude functions (more precisely )\?/ I / ° gbf/ % 0; / ®).
For this, a structural model close to the discussed models was used. (For details on
the calculation process of the phase/amplitude functions see Appendix A.2.) It was
verified that multiple-scattering contributions to the EXAFS were small and that their
neglect could not affect the conclusions.

All spectra were calculated using an S3-value of 0.85 and a o? value of 0.001 A2
for all shells. The order parameter I,.q was set to 1 in case of crystals and near to
0.5 (exact value used: 0.468) for partially oriented membrane particles, as has been
determined in previous EPR experiments [Schiller et al., 1998]. A weighting by k% was
applied to all spectra.

The EXAFS Fourier transforms for the Mem and Iso spectra were calculated for
k-values ranging from 3.5 to 11.5 A~! using a fractional cosine window, which ramps
spanned 10.0% of the data at low k-values and 10% at high k-values. For the Cry
spectra, a fractional cosine window from 3.0 to 12.0 A~! with 11.1% ramps was used
as within the articles Yano et al. [2006] and Sproviero et al. [2008b].?

Further, different AE, values were chosen for the Mem/Iso and the Cry case for
shifting of the calculated spectra to account for vastly different Fy values used when

'Erroneously, in the article Grundmeier and Dau [2012] a cosine instead of a sine function was
printed for x¢(k). Though this does only add an additional constant phase shift, it is important
to use the correct formula when having calculated ¢S (k) + 265 (k) with, e.g., FEFF (see Appendix
A.2).

2Yano and coworkers as well as Sproviero and coworkers used this type of window for their articles
Yano et al. [2006] and Sproviero et al. [2008b]. In more detail, the IFEFFIT command fftf was
applied with the parameters ki, = 3.5 A1 kpay = 11.5A~ and Ak = 1 A~! [Sproviero, Yano,
pers. comm.|. Here, the variables ki, and kmax denote the center positions of the two slopes
and Ak equals the width of these slopes [Newville, 2004]. This translates to a window function
from kmin — Ak/2 = 3.0 A1 10 kpax + Ak/2 = 12.0 A~ with the two ramps spanning both
Ak/(12.0A1 —3.0A"1) ~ 11.1% of the data each.

For reasons of simplification, in the article Grundmeier and Dau [2012] only a
3.5A71/11.5A71/10.0% window is mentioned. Although the resulting differences in the FT
spectra are small, they are still visible.
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4. Modeling the Mn complex

evaluating the experimental data (Ey, = 6547.0eV for Mem/Iso, Ey = 6561.3¢eV for
Cry [Yano, pers. comm.]).

Due to the fact that for shells with backscatterers of the same element and at
exactly the same distance varying only in the value of 0g;, the functions x§ and x;
are identical, the number m of spectra x; to be calculated (and therefore also the
computer power needed for calculation of x) can be reduced by defining an average
angle Op;:

N
_ 1
cos? Op = N Zz; cos? Or,i (4.4)

Here, N is the number of angles 0, that are averaged (which equals the number of
equivalent shells). Using this definition, Eqgs. (4.1) and (4.2) can be rewritten as

and

xi(k,0g) = %Nz[(Xf(k) + QXi(k))""

+ (X5 (k) — x5 (k) (3cos® O — 1)(3cos® Op; — 1) Iopa] (4.6)

with n < m shells and angles 0 ; given by the average value of N; angles.

The two Mn complexes of one PSII dimer have the same orientation to the mem-
brane normal. Therefore, for calculating spectra for the case of partial oriented (or
isotropic) samples, one shell consists only of one absorber-backscatter combination.
Consequently, no angles have to be averaged (N; = 1 for all ¢). In case of PSII crys-
tals, the average angle for one whole unit cell consisting of four PSII dimers (see Fig.
2.6) has to be taken into account. Due to the P2;2;2; symmetry of PSII (see Appendix
A.1), the average angle can be calculated averaging the angles for only one dimer (two
Mn complexes, therefore N; = 2 for all 7).

All four manganese atoms of the OEC had to be taken into account as absorbers,
as backscatterers O, N, C, Mn and Ca atoms were used. Because each individual
absorber-backscatterer combination with the average angle given by equation (4.4) is
treated as a single shell, the n-value in Eq. (4.5) is very high (e.g., 326 shells for 84
atoms, in simulation of model C-II).

The method described above for calculation of EXAFS spectra is different from the
one used by Yano et al. [2006] and Sproviero et al. [2008b], who use solely the FEFF
program for calculation of spectra. However, the calculations result in very similar
spectra. Advantages of the approach described above, are:

e (learly smaller computational costs.

e The possibility to treat correctly the spectra collected on partially oriented PSII
membrane particles.

44



4.3. Considered models of the OEC

4.3. Considered models of the OEC

EXAFS spectra were calculated for the following OEC models:

Models of Yano et al. (A-l, A-ll, A-lla, A-11l) The coordinates for the four models
A-I to A-III were taken from the supporting material of the article Yano et al.
[2006] (named I, II, ITa, III in Yano et al. [2006]; Fig. 2.9).

Models of Sproviero et al. (B-I, B-1l) The coordinates for model B-I were taken
from the supporting material of Sproviero et al. [2008b] (equals model DFT-
QM/MM in Sproviero et al. [2008b]). For the model B-II (equals R-QM/MM
from Sproviero et al. [2008b]) coordinates were used that had been personally
communicated. These coordinates are slightly different from the coordinates
given in the supporting material of Sproviero et al. [2008b] (Fig. 2.2).

Model of Dau et al. (C-1) The coordinates of the model C-I were obtained as de-
scribed in the following section using only the Iso data set. This model is
essentially identical to the model in Dau et al. [2008] (Chapter 2.4.3; Fig. 2.3).

Modifications of model of Dau et al. (C-Il, C-Ill, C-IV, D, F) The models C-II to
C-1V, D, and F were constructed as described in the following section using all
three data sets (Iso, Mem, Cry). They are based on different structural con-
cepts, but are (like model C-I) based on the XRD data from Loll et al. [2005].
Here, model C-II is an optimization of model C-I, taking all EXAF'S spectra into
account but preserving the overall idea (Figs. 2.3 and 5.5).

Models of Umena et al. (E-A, E-B) The coordinates for these models were taken
from the crystallographic data 3ARC published by Umena et al. [2011] where E-
A and E-B refer to the two Mn complexes of the PSII dimer and their surrounding
amino acids. Here, the names E-A and E-B correspond to monomers A and B
from the supplementary information of Umena et al. [2011] (Fig. 2.5).

4.4. Optimization of structural models

A series of (new) models named C-1, C-11, C-III, C-IV, D, and F was created as variants
of the model proposed in Dau et al. [2008] (which is largely equivalent to model C-I).
Starting from the crystallographic data of Loll et al. [2005], for all six models the
following steps were implemented:

Step 1 — Molecular mechanics modeling with restraints

This first step is similar to the procedure described in Dau et al. [2008]. The crys-
tallographic results from Loll et al. [2005] were refined using molecular mechanics
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4. Modeling the Mn complex

Figure 4.2.:

Flow chart showing steps
used for optimization of mod-
els. For each model, at
first a geometry optimization
using HyperChem is applied
(Step 1), then the model is re-
fined by EXAFS simulations
to reach a better agreement
with experimental data (using
a Levenberg-Marquardt algo-
rithm, Step 2). Finally, the po-
sitions of ligating amino acids
and possibly misplaced atoms
are corrected by renewed ge-
ometry optimization and EX-
AFS calculations (Step 3 and
4).  For a detailed descrip-
tion of the optimization pro-
cess, see text.
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4.4. Optimization of structural models

simulations (using HyperChem 6, Hypercube, with a MM+ force field and steepest
descent algorithm).

Strong restraints for all Mn-Mn distances (with exception of the long Mn2-Mn*
distance), for the Mn-ligand distances of the first coordination sphere (Mn-O/N) and
for selected bond angles of the Mn atoms were used. The chosen Mn-Mn and Mn-
Ca distances were mostly based on EXAFS fit results (fit III in Table 3.1) for the
isotropic spectrum from Dau et al. [2008] (equals Iso data set), whereas the Mn-O/N
bond lengths and the bond angles were restrained to chemically reasonable values. All
in all, six specific combinations of metal-metal distances were used for the assignment
of the fit results to the metal-metal distances, resulting in the models C-I, C-II, C-III,
C-1V, D, and F.

For the geometry optimization, only movement of atoms in spheres of about 5.5 A
around Mn!, Mn?, and Mn?® and of 6.5 A around Mn?* were allowed. Here, the sphere
around Mn* was chosen larger to account for the influence of the assumed severe
radiation damage in this region [Loll et al., 2005]. The positions of all atoms outside
of these four spheres were kept constant (fixed to the values of the crystallographic
coordinates of Loll et al. [2005]).

Step 2 — Refined models by EXAFS simulations

This refinement aims at the optimization of the Mn-Mn and Mn-Ca distances of the
model. For this, the agreement between calculated and experimental EXAFS spectra
was maximized. Except for model C-I, all three types of EXAFS data described
in Section 4.1 were used, namely the isotropic extended-range spectrum (/so), the
polarized EXAFS collected on PSII membrane particles (Mem), and the polarized
EXAFS collected on PSII crystals (Cry). For model C-I; only the Iso spectrum was
used, in line with the modeling approach of Dau et al. [2008].

The spectra were calculated using Eqgs. (4.5) and (4.6) as described in Section 4.2.
Here, all non-hydrogen atoms with a maximal distance of 6.5 A to the Mn atoms were
considered as backscatteres, resulting in around 80 atoms.

To optimize the structure, that is, the atom coordinates, an error ¢ was calculated
and minimized using the Levenberg-Marquardt (LM) algorithm levmar [Lourakis,
2004], implemented in a self-written program (see Appendix A.4 for details). This
error consisted of two parts: Firstly, the differences between experimental and simu-
lated spectra (least-square error), and secondly, a term implementing chosen restraints
regarding atom-atom distances.

In more detail, for a spectrum an error sum was calculated by summing up the
squared differences between experimental and simulated spectra. For the partial ori-
ented and isotropic spectra (Mem and Iso data sets), the error sums eye, and erg,,
respectively, were calculated directly in k-space. In contrast, for crystal spectra (Cry),
the Fourier transforms of the simulated EXAF'S spectra were calculated and compared
to the experimental FT-amplitude spectra published in Yano et al. [2006] to generate
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4. Modeling the Mn complex

the corresponding error ecy,. For this comparison, only the region between 1.1 and
3.2 A of reduced distance was considered (equals roughly first to third main peak).

Further, weak restraints for the length of internal Mn-O bonds were used. To
preserve the structural idea of the model during the fit process, a strong additional
restraint was applied to the single 2.45A Mn-O distance (either Mn'-O* or Mn!-
09) of the Mn complex. Finally, more strong restraints were used for all short C-C,
C-0, and C-N distances (< 2.5A) to maintain the structures of the ligating amino
acids. For terminal oxygens and Mn-Mn/Ca distances, no restraints were applied. All
the distance restraints were implemented as an additional error sum egs of weighted
squared deviations from the wanted distances.

Using all calculated error sums, the final joint error ¢ for the models C-II, C-III,
C-1V, D, and F was calculated by adding up all error sums weighting ¢,y with an
empirical factor c. In case of model C-I, the error ¢ was given only by the difference
of the calculated 55° spectrum to the Iso data set plus restraints. Therefore, the
restraints had to be weighted weaker (i.e., eges multiplied with an additional factor
d < 1) to keep the ratio of spectra and restraints the same for both cases. Summarized,
the joint error used is described by the following formula:

so d- es f del C—I
- {51 + d - eR, or mode (4'7)

EMem T €Iso + C - Ecry + €Res  for models C-1I, C-III, C-IV, and D

For this optimization process, the coordinates of all atoms with a distance greater
than 5 A to their nearest Mn atom were held constant resulting in around 50 movable
atoms.

Step 3 — Corrections in the molecular mechanics framework

This step optimizes the coordinates of ligating amino acids as well as internal oxygen
atoms misplaced in Step 1. Despite the fact that the LM algorithm does not affect the
coordinates of the outer atoms as much as the more central ones (shorter absorber-
backscatter distances), normally the positions of all movable atoms are changed no-
tably. Due to this, some of the the ligating amino acids partly were moved to chem-
ically impossible positions. Additionally, the same problem could occur for internal
bridging oxygen atoms. Therefore, renewed geometry optimizations using HyperChem
(MM+ force field and steepest descent algorithm as in Step 1) were applied to all lig-
ating amino acids as well as obviously misplaced internal bridging oxygens.

Step 4 — Further refinement of model

The movement of the light backscatterers in Step 3 normally changes strongly the
calculated EXAFS spectra. Especially, the first FT peak is affected drastically, but
also the second peak is modified visibly. To correct for this, the LM algorithm from
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4.4. Optimization of structural models

Step 2 was used again. In comparison to Step 2 the squared differences between the
starting and current position of the atoms was added to the error sum (4.7), here
denoted as €0, and weighted using a factor e:

8;ll = Eall T € Epos (48)

Due to €05, the atoms are moved only slightly by the LM algorithm (average movement
of atoms during this fit process was typically in the region of 0.07 A) and therefore
the structure generated by the previous steps was mostly preserved. In the case of re-
newed misplaced internal oxygen atoms (unrealistic Mn-O distances), a new geometry
optimization was performed for these misplaced atoms (see Step 3) before repeating
Step 4.
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5. Evaluation of OEC models

In this chapter, OEC models based on the method described in Chapter 4 are evaluated
and compared to recently proposed models [Yano et al., 2006; Sproviero et al., 2008b;
Umena et al., 2011]. The models are judged based on the agreement of simulated to
experimental data using all seven spectra listed in Section 4.1.

For the following considerations, it is required that structure and orientation of
the OEC are identical in the cyanobacterial (Cry data) and plant PSII (Mem data).
Otherwhise, these two data sets could not be used in combination. X-ray absorption
spectroscopy [McDermott et al., 1988; Yachandra et al., 1993] as well as EPR mea-
surements [Aasa et al., 1989; McDermott et al., 1988] on Synechococcus and spinach
indicate that in fact both system are remarkably similar.

5.1. Calculation and evaluation of spectra

As described in Section 4.1, seven spectra were used to analyze existing models of the
OEC and develop new ones: One isotropic extended EXAFS spectrum at 55° (Iso),
three spectra collected on unidirectionally oriented PSII membrane particles at 15°,
35°, and 75° (Mem), and three spectra measured with single crystals of PSII for all
three crystal axes (Cry). Tables 5.1 and 5.2, important structural parameters of the
models are listed, namely the metal-metal distances and the angles between these
vectors and the membrane normal. Additionally, an error value, €gpectra, Calculated
via

ESpectra +— €Mem + €0t C ECry (5]-)

is displayed (compare Eq. (4.7) and Section 4.4 for explanation of the used variables).
It reflects the difference between the calculated spectra and the experimental Iso,
Mem, and Cry data sets described in Section 4.1.

For evaluation of the models presented in Yano et al. [2006] and Sproviero et al.
[2008b] as well as the models developed using the procedure from Section 4.4, the
second main FT peak is of high interest. It is mainly originating from di-p-oxo bridged
pairs of Mn atoms with distances typically around 2.7 A. The exact length of these
di-p-oxo bridges and especially their orientation towards the membrane normal is an
important characteristic of the respective OEC model. Therefore, the peak height
of the second peak and its dependence on the measurement angle is a feature of the
EXAFS data comparable to a “fingerprint” of the discussed Mn complex. Additionally,
this peak is typically clearly above noise level and therefore eases the comparison
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Figure 5.1.:

Bar diagrams showing the height of the second FT peak (at ~ 2.7A)
for the calculated EXAFS spectra for models A-I, A-II, A-ITa, and A-IIT
of Yano et al. [2006] as well as B-I, B-II of Sproviero et al. [2008b] and
the XRD data of Umena et al. [2011] (both monomers E-A and E-B) in
comparison to the experimental results. The upper bar diagram displays
the results for polarized EXAFS spectra of PSII crystals (Cry data), the
lower relates to the case of polarized EXAFS on partially oriented samples
(Mem and Iso data). The color coding for this and following figures
showing bar diagrams or spectra (excluding Fig. 5.2) is for Cry data:
Electric-field vector of the X-ray beam parallel to crystal axis a: red, b:
blue, ¢: green. For Mem and Iso data: Angle between Electric-field vector
and sample normal 15°: red, 35°: yellow, 55°: green, 75°: blue. The error
bars for the experimental data are 20-errors calculated of the FT data in
the region between 5.5 and 8 A of reduced distance. Remarks: The error
for the experimental 75°-spectrum of the Mem data is probably greater
than the displayed error bar. Figure from Grundmeier and Dau [2012].



5.2. Models A-l, A-ll, A-lla, and A-llI

between simulation and experiment. In Fig. 5.1 a bar diagram is shown, comparing
the heights of this important second FT peak for the examined models.

5.2. Models A-I, A-Ill, A-lla, and A-III

As described in Section 2.4.1, Yano et al. proposed four models A-I, A-II, A-Ila, and
A-IIT (Fig. 2.9) in Yano et al. [2006] (there plainly named I, II, ITa, and III), for which
the calculated EXAFS spectra reproduce the polarized EXAFS data obtained for PSII
crystals (Cry data).

The four models of Yano et al. were optimized (Yano et al.) to match the experi-
mental EXAFS data gained from PSII crystals (Cry). Therefore, the good agreement
shown in Fig. 5.1 between calculated and experimental data is expected.

It should be mentioned that the calculated spectra for the models A-I, A-II, A-IIa,
and A-III presented in Yano et al. [2006] match even better with the experimental data
than the spectra for these models calculated for this thesis (and Grundmeier and Dau
[2012]). This is due to two things: Firstly, the differences in methods for calculation
of the spectra (compare Section 2.4.1 and 4.2). Secondly, Yano and coworkers used
a Debye-Waller factor of o2 = 0.002A? [Yano, pers. comm.], where for this work
0? = 0.001 A? was used.

However, the models of Yano et al. contradict the experimental EXAFS spectra of
PSII membrane particles (Mem data): As can be seen in Fig. 5.1, the height of the
second peak should increase with increasing angle #z between membrane normal and
FE-field vector. This is not the case for the simulated spectra. Thus, the models of
Yano et al. can be ruled out.

Additionally, there could be other issues with the models of Yano et al.:

e They are hard to reconcile with the experimental XRD data. It is unclear, how
the amino acids are bound to the Mn complex, though in Yano et al. [2006]
suggestions are made.

e The models were optimized without taking into any specific ligand environ-
ment of ligating amino acid residues (only the internal bridging oxygens plus
manganese and calcium atoms). This could lead to a significant change of the
EXAFS spectra when actually inserting the model structures into a PSII dimer
in a chemically reasonable way.

5.3. Models B-I and B-II

Sproviero and coworkers used QM /MM and DFT calculations to create a model (DFT-
QM/MM, in this thesis named B-I; Fig. 2.2) based on the 3.5 A-resolution XRD data
from Ferreira et al. [2004], which he later refined by using EXAFS data collected on
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Table 5.1.:

Mn-Mn/Ca distances (R) and angles (6r) between Mn-Mn/Ca vectors
and membrane normal for models A-I to A-III from Yano et al. [2006], B-I
(DFT-QM/MM) and B-II (R-QM/MM) from Sproviero et al. [2008b], and
both monomers E-A and E-B of the XRD data from Umena et al. [2011].
Short Mn-Mn vectors are emphasized by bold printing. The error (egpectra;
see Eq. (5.1), in arbitrary units) is shown in the last row, reflecting the
difference between the calculated spectra and the experimental Iso, Mem,
and Cry data sets described in Section 4.1 for the respective model. Table
adapted from Grundmeier and Dau [2012].

A-1 A-11 A-Ila A-II1 B-1 B-I1 E-A E-B

atom pair RIA] 0n["] RIAL 0el) RIA] 02) RIA) 6n[] () O[] RIA] 0nl) RIA] 0n[) RIA] 0l

Mn'-Mn? 2.81 86 2.80 57 280 60 280 63 276 60 274 58 284 74 276 74

Mn!'-Mn® 2.70 23 2.70 50 2.70 46 2.70 47 2.82 65 2.77 68 329 8 3.30 87

Mn'-Mn* 474 40 496 41 496 36 497 35 334 54 334 55 500 64 495 63

Mn2-Mn® 326 34 328 8 328 8 325 8 276 8 263 81 289 78 291 79

Mn2-Mn* 494 38 550 66 549 61 546 59 538 52 540 52 544 56  5.37 56

Mn3-Mn* 2.73 65 2.72 42 2.72 38 272 35 372 33 368 37 297 35 291 33
Mn!-Ca 494 58  4.36 6 341 29 340 27 331 50 329 50 351 45 346 45
Mn2-Ca 340 33 339 34 341 62 340 59 359 12  3.57 8 336 13 329 12
Mn3-Ca 340 8 340 40 375 73 373 71 395 33 38 36 341 38 344 40
Mn*Ca 504 78 361 81 441 76 438 76 384 8 412 8 379 8 380 87
Mn-Ca

avg. 4.19 60 3.69 41 3.75 58 3.73 56 3.67 44 3.72 44 3.52 44 3.50 44
dist. /angle
ESpectra 6.5 5.6 5.8 6.6 18.1 5.8 50.2 42.9

5. Evaluation of OEC models
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5.3. Models B-I and B-II
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5. Evaluation of OEC models

PSII crystals (equals Cry data set) resulting in model R-QM /MM, which corresponds
to B-II [Sproviero et al., 2008b] (see Chapter 2.4.2). The heights of the 2.7 A FT peaks
for the calculated EXAFS data are shown in Fig. 5.1.

Ky (k) [A®]

Ty
wavevector, k [1/A]

Figure 5.2.:

Comparison of experimental extended-range EXAFS data for isotropic
PSII samples in the Si-state (Iso data; open circles) with calculated spec-
tra for (i) model C-II (black line) and (ii) monomer A (solid red line) and
B (dashed red line) from 1.9 A-structure published in Umena et al. [2011].
The EXAFS data has been weighted by k3. The spectra calculated for
the individual PSIT monomers differ only slightly at lower wavenumbers
but more pronouncedly at higher wavenumbers. Both spectra calculated
on the basis of the crystallographic coordinates of Umena et al. [2011] are
incompatible with the experimental spectrum.

While the model B-I shows a strong linear dichroism for partially oriented samples
in the second main peak as can be seen in Fig. 5.1, the calculated spectra contradict
the experimental data for the crystal case. In contrast to this, the model B-II is in
sufficently good agreement with both the Cry as well as the Mem/Iso data sets as
also illustrated by the according bar diagrams in Fig. 5.1. While the linear dichroism
in case of partially oriented samples is weaker than for model B-1 (but still distinct),
the calculated peak heights for the crystal case also reproduce the experimental data
(when taking into account the error of the experimental spectra).

A serious problem of both models, B-I and B-II, are the ligating amino acids. Their
proposed arrangement reflects the XRD results from Ferreira et al. [2004], but con-
tradicts more accurate crystallographic results from Loll et al. [2005] and also more
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5.4. Models E-A and E-B
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Figure 5.3.:

Fourier transform of polarized EX-
AFS spectra for partially oriented PSII
samples at different excitation angles.
Top: Experimental results (Mem and
calculated spectra Iso data sets). Bottom: Calculated spec-
tra for the 1.9 A-structure published in
Umena et al. [2011]. The results for both
monomers A (solid lines) and B (dashed
lines) are shown. Beginning and end
of distance range covered by the second
main peak of the experimental data are
¢ marked by dashed lines to stress the dif-
0 T T v ferent position of this peak in the calcu-

0 2 4 6 8 lated spectra. Figure from Grundmeier
Reduced distance [A] and Dau [2012)].
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recently [Umena et al., 2011]. As the ligand environment chosen by Sproviero et al.
now appears to be unreasonable, the corresponding models can be rejected.

5.4. Models E-A and E-B

As already mentioned in Section 2.2, Shen and coworkers published in 2011 new XRD
data (3ARC) of PSII from Thermosynechococcus vulcanus with a very high resolution
of 1.9A [Umena et al., 2011]. The two Mn complexes of this data set and their
surrounding amino acids (see Fig. 2.5) are named model E-A and E-B in this thesis.
(E-A equals monomer A from the supplementary information of Umena et al. [2011].
Accordingly, E-B equals monomer B.)

The simulated EXAFS spectra for the XRD data of Shen and coworkers are in stark
contradiction to the experimental results (compare Figs. 5.1, 5.2, 5.3, and 5.4). This
result is to be expected as most Mn-ligand bonds as well as Mn-Mn distances are
longer than predicted for the 1\/[nle’HI’IV’IV oxidation state (Mn complex in its S;-state;
compare Table 5.1 of this thesis and Table 3 of the supplementary information of
Umena et al. [2011]). For example, for both monomers of the 3ARC data there exists
only one short Mn-Mn distance in the region of roughly 2.7 A, but at least two are
expected from EXAFS results (compare Table 2.1).

Using the bond valence method and bond valence parameters from Brese and
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5. Evaluation of OEC models

9
experimental spectra
] a
6- —b

c

calculated spectra

Figure 5.4.:

Fourier transform of polarized EXAFS
spectra for crystallized PSII particles.
Top: Experimental spectra collected by
Yano et al. [2006]. Bottom: Calculated
spectra for the 1.9 A-structure published
in Umena et al. [2011]. The results for
both monomers A (solid lines) and B

(dashed lines) are shown. Figure from 0 2 4 6 8
Grundmeier and Dau [2012]. Reduced distance [A]

FT amplitude [a. u.]
o

O’Keeffe [1991], it is possible to estimate the oxidation states of the Mn ions as shown
in Table 5.3 (see Appendix A.3 for a description of these calculations). Assuming
fully localized valencies, this again clearly indicates a heavily reduced Mn complex in
a MHE’H’HI’III complex, which could be denoted as S_s-state (given that MHLH’IH’IVJV
equals the Si-state and the sums of the oxidation numbers of these states differ by
four).

All in all, photoreduction of the Mn complex during the XRD measurements of
Umena et al. [2011] is very likely.

5.5. Models C-I, C-Il, C-1ll, C-1V, D, and F

In the following, six models developed with the optimization procedure described in
Section 4.4 are presented. All of these models follow different structural concepts
(compare Table 5.4), but are all (with exception of model C-I) optimized for both
EXAFS data of partial oriented PSII samples and PSII crystals. All models were
optimized starting from the XRD structure of Loll et al. [2005]. The inorganic cores
of these models can be seen in Fig. 5.5.

58



5.5. Models C-1, C-Il, C-1ll, C-IV, D, and F

Table 5.3.:

Fractional oxidiation states V' and Mn-O distances R for the Mn atoms
of the manganese complex. The values for both monomers A and B of the
XRD data 3ARC presented in Umena et al. [2011] as well as the averaged
values for the PSII dimer are given. The fractional oxidation states were
derived by linear interpolation of the results shown in Table A.1. Here,
a five-coordinated Mn' (N = 5) and six-coordinted Mn?, Mn?, and Mn*
(N = 6) were assumed to be present. Table adapted from Grundmeier
and Dau [2012].

Monomer A Monomer B Dimer
N [1] R [A] V(1] R [A] vV [1] R [A] vV [1]
Mn! 5 1.99 2.7 1.97 2.9 1.98 2.8
Mn?2 6 2.08 2.6 2.07 2.7 2.08 2.7
Mn? 6 2.13 2.4 2.10 2.5 2.12 2.5
Mn# 6 2.19 2.0 2.17 2.2 2.18 2.1
Mean 2.4 2.6 2.5

oxidation state

Model C-I

In Dau et al. [2008], the model shown in Fig. 2.3 was proposed. The XRD data from
Loll et al. [2005] and fit results based on extended-range EXAFS data (Iso, published
within the same article Dau et al. [2008]) were used in combination with geometry
optimization via HyperChem to design this model.

A further optimized version—preserving the original idea—is the model C-1. The
method described in Section 4.4 was used to optimize the model C-I in regard to the
55° EXAFS data (Iso). In contrast to the approach used in Dau et al. [2008], this
method takes the ligating amino acids into account, which can significantly influence
the EXAFS spectra (compare Section 5.6).

As can be seen in Fig. 5.6, the spectra calculated for the C-I model are in contra-
diction to the Mem and Cry data sets. For the Mem data this effect can be explained
straight forward: The angle 0p \p,3 0t between the Mn?3-Mn* vector (2.73 A) and the
membrane normal is only 40°, which results together with the second short Mn-Mn
vector (i.e., Mn?-Mn® with 2.69 A and 79°) in an average angle equaling roughly the
magic angle. Therefore, no significant angle-dependence of the second EXAFS peak
is observed for this model.
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C-li
4
2 3
C-lv
4
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Figure 5.5.: Z 4
Mn4Ca(p-0)4 cores of the OEC models C- g
I, C-II, C-I11, G-IV, D, and F (S;-state). For & 2 2
calculation of model C-I, only the Iso spec- § 3
trum was used. For models C-1I, C-III, C-1V, § y 3
D, and F all data sets (Iso, Mem, Cry) were v

taken into account.

Model C-II

The model C-II can be seen as an improved version of model C-I. It was obtained
using the same initial model and the same restraints as model C-I, but optimized not
only for the Iso spectra, but also for Mem and Cry data. This results in an increase
of the previously mentioned angle 0p \p3.\ms by 10°. This increase results in better
agreement with the angle dependence of the Mem spectra. Additionally, the crystal
spectra (Cry) are better reproduced. The calculated spectra for this model can be
seen in Figs. 5.7 and 5.8.

Model C-III

In contrast to the two models C-I and C-II, the C-III model is based on a different
structural idea: In C-I and C-II, the open coordination site is in trans-position to
N-His332, but for model C-III it is in trans-position to O-Asp342. Therefore, a long
Mn-O distance (> 2.4 A) occurs between Mn' and O? and not O*. This equals the
structural model proposed by Sieghbahn based on DFT calculations [Siegbahn, 2008,
2009]. Instead of Mn3-Mn* for C-T and C-II, now Mn'-Mn? is the second short Mn-Mn
vector (additionally to Mn?-Mn?). The Mn*-Mn* distance is now in the region of 3.0 A
which may indicate a protonation of O or O°.
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5.5. Models C-1, C-Il, C-1ll, C-IV, D, and F

Table 5.4.:

Comparison of structural concepts of models C-I to C-IV, D, and F.
The first column indicates the five-coordinated manganese ion, the second
column shows the two short Mn-Mn distances. The third column finally
displays the long Mn-O distance belonging to the open coordination site.

five- long (> 2.4A)
model coordinated short Mn-Mn distances & .
Mn ion Mn-O distance
C-1 Mn! Mn?2-Mn?3/Mn3-Mn* Mn!-O®
C-11 Mn! Mn2-Mn?/Mn3-Mn* Mn!-O2
C-I1T Mn! Mn!-Mn?/Mn?-Mn? Mn'!-0Od
C-1v Mn'! Mn!-Mn?/Mn2-Mn? Mnt!-Od
D Mn? Mn!-Mn?/Mn?-Mn? Mn3-04
1 N2
F Mn! Mn -Mn®/ Mn!-Od

Mn2-Mn?/Mn3-Mn*

Model C-1V

This model is similar to model C-IIT but has a longer Mn'-Mn* distance (4.3 A for
model C-IV compared to 3.7A for models C-I to C-I1I). Additionally, the O%-Ca
distance is slightly longer (2.3 A in model C-IV versus 2.2 A in model C-IIT). Due to
these changes, the atoms Mn', O¢, Mn*, O* Mn3, and OP all lie roughly within the
same plane, which is not given for model C-III. Another interesting feature of the
model C-1V is that it only requires small variations of the ligating amino acids during

the optimization process via the Levenberg-Marquardt algorithm (see overlay plot in
Fig. 5.12).

Model D

The model D has Mn? as a five-coordinated Mn'" ion. This more exotic assumption
is not supported by DFT calculations [Siegbahn, 2008, 2009], but results also in qual-
itatively good agreement to the Cry/Mem and Crys data sets. Therefore, this idea
cannot be ruled out by the in this thesis considered EXAFS and XRD data.

Model F

This model is the only model presented in this section with three short Mn-Mn dis-
tances. The overall structural idea is equal to the concepts of the models C-III and
C-IV (albeit most of its distances are closer to C-III, compare Table 5.2). The ion
Mn' is five-coordinated with a long Mn'-O9 distance. Additionally to the two 2.7 A
Mn-Mn vectors of the models C-III and C-IV, for model F a third short Mn-Mn dis-
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Figure 5.6.:

Bar diagram of the magnitude
of the second Fourier peak calcu-
lated for models C-I, C-II, C-III,
C-1V, D, and F (optimized using
the procedure from Section 4.4) |
and in the experimental spec- C1 Cl Cii C-IVv D F 1 Exp.
tra. In the upper panel the po- !
larized EXAFS spectra obtained
from PSII crystals (Cry data) is
shown. The lower panel displays
the results for polarized EXAFS
collected on partially oriented
PSIT membrane particles (Mem
data). The error bars for the ex-
perimental data are 20 errors cal-
culated of the FT data in the re-
gion between 5.5 and 8.0 A of re-
duced distance.

N

Amplitude of
2.7 A FT peak [a. u.]
N
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Ea) » (0] o

Amplitude of
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C1 C-l C-ll CIV D F |Exp.

tance exists: The Mn3-Mn* vector is with 2.75 A significantly shorter as for the models
C-ITI and C-IV (3.03 A).

This model reproduces the spectra for partially oriented as well as crystal samples
reasonably well, although the error value is slightly higher than for models C-III, C-1V,
and D. However, this shows that possible models with three short Mn-Mn distances
do exist.

5.6. Influence of ligating amino acids on EXAFS

For calculation and optimization of the models C-I, C-1I, C-III, C-IV, D, and F all
atoms up to a distance of 6.5 A to the Mn ions were taken into account (see Section
4.4). 1If these ligating amino acids are neglected, this may influence the resulting
EXAFS spectra significantly.

This effect can be seen in Figs. 5.9 and 5.9 for the exemplary case of model C-
II. Considering only the ligating oxygens/nitrogens (plus the metal ions) reduces the
height of the second FT peak at roughly 2.7 A. Taking only the five intermetal oxygens
into account (i. e., calculating the spectra only for the atoms shown in Fig. 5.5) reduces
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© Figure 5.7.:

E Fourier transform of polarized EXAFS
spectra for partially oriented PSII sam-
ples at different excitation angles. Top:
Experimental EXAFS spectra collected
on partially oriented PSII membrane
particles (equals Mem and Iso data).

0-1 ) T j T ) ) Bottom: Calculated spectra calculated
0 2 4 6 8 for model C-II. Figure from Grundmeier
Reduced distance [A] and Dau [2012].

the peak height even further. It is likely that this effect influenced the optimization
procedure of Yano et al. [2006]:

As mentioned in Section 5.2, Yano and coworkers did only consider the metal ions
plus the intermetal oxygens for the calculation of the EXAFS spectra and the opti-
mization of their models A-I, A-II, A-ITa, and A-III. They state in their article Yano
et al. [2006] that “In addition to the 2.8 A vector, two 2.7 A vectors are required to re-
produce the intensity of the FT peak IT [...]. Therefore, the models containing only two
short 2.7 A Mn-Mn distances, or one 2.7 A and one 2.8 A Mn-Mn distances |...], were
unacceptable in reproducing both the solution range-extended EXAFS and polarized
EXAFS data.”

The reason for these observations of Yano and coworkers could be due the effect
described above: By neglecting the amino acids for the EXAFS calculations, the
EXAFS spectra were changed and a third short Mn-Mn distance became necessary.
It should be noted that Yano et al. also excluded the dangler model (model n of Fig.
2.8), which was later successfully optimized by Sproviero et al. [2008b]. This exclusion
also may have been caused by this over-simplification.
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Figure 5.8.:

Fourier transform of polarized EXAFS
spectra for crystallized PSII particles.
Top: Experimental EXAFS spectra col-
lected by Yano et al. [2006] on PSII crys-
tals (Cry data). Spectra calculated for
model C-II are shown in the lower panel.
Figure from Grundmeier and Dau [2012].
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Figure 5.9.:

Influence of the amino acids
on the EXAFS spectra in case
of model C-II. From top to
bottom: 75°, 55°, 35°, 15°
between sample normal and
electric-field vector of the X-
ray beam. Colored lines: All
atoms up to 6.5 A distance to
the Mn ions are considered
as backscatterers. Black solid
lines: Only oxygens/nitrogen
of the first ligand sphere and
metal ions. Black dashed
lines: Only intermetal oxy-
gens and metal ions.
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5.7. Summary and conclusions

5.7. Summary and conclusions

The models of Yano et al. are in strong conflict with the experimental EXAFS data of
partially oriented PSII particles (Mem). Further, it is difficult to bring these structural
models in agreement with current XRD data [Loll et al., 2005; Umena et al., 2011].

The refined model of Sproviero et al. (B-II, R-QM/MM) is in reasonable agree-
ment with the experimental EXAFS results. Nevertheless, conflicts with current XRD
results do exist [Loll et al., 2005; Umena et al., 2011].

In contrast, the models C-I to C-IV, D, and F reflect the overall topology suggested
by Dau and Haumann [2008], Dau et al. [2008], Siegbahn [2008, 2009] and most recently
Umena et al. [2011]. These models are also in agreement with the proposition that in
the Sy — S; transition a five-coordinated Mn'! is transformed into a six-coordinated
Mn!V [Dau et al., 2001]. This suggestion is supported by changes in the XANES spectra
in the Sy — S3 transition [Dau et al., 2003; Miiller et al., 2005; Haumann et al., 2005].
Additionally, recent EPR simulations [Pantazis et al., 2009] and the computational
work of Siegbahn [2008, 2009] also point toward the presence of five-coordinated Mn'!!
in the S; and S, states of the OEC (and likely also in the Sy state).

All in all, the EXAFS-based approach of Dau and coworkers [Dau and Haumann,
2008; Dau et al., 2008; Grundmeier and Dau, 2012] (as described in this thesis) and
the DFT-based approach of Siegbahn [2008, 2009]—all in conjunction with the crys-
tallographic model of Loll et al. on the protein environment of the OEC [Loll et al.,
2005]—result in similar OEC models. All of these models are largely in line with the
high-resolution crystallographic model of Shen and his coworkers [Umena et al., 2011].

Figure 5.10.:

Influence of the amino acids
on the EXAFS spectra in case
of model C-II. From top to
bottom: Electric-field vector
of the X-ray beam parallel to
¢, b, a axis. Colored lines:
All atoms to 6.5A distance
to the Mn ions are considered
as backscatterers. Black solid
lines: Only oxygens/nitrogen
of the first ligand sphere and
metal ions. Black dashed
lines: Only intermetal oxy-
gens and metal ions.

-_—
(3,
1

-_—
o
1

FT amplitude [a. u.]
(3]

Reduced distance [A]

65



5. Evaluation of OEC models

S

Ala ui. T

«
Glu3 \

| ¢

Figure 5.11.:

Overlay of the crystal structure 2AXT from Loll et al. [2005] (bright
green) and the OEC model C-I and C-II (colored). The encircled numbers
reflect the positions of the Mn ions. Primed numbers and the label Ca’
relate to the structures of model C-1 and C-II. Figure from Grundmeier
and Dau [2012].
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5. Evaluation of OEC models

.
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Figure 5.13.:

Overlay of the crystal structure 2AXT from Loll et al. [2005] (bright
green) and the OEC model D and F (colored). The encircled numbers
reflect the positions of the Mn ions. Primed numbers and the label Ca’
relate to the structures of model D and F. Left figure from Grundmeier
and Dau [2012].
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6. Implications and future directions

In this chapter, mechanistic implications of the recently developed models for the
process of photosynthetic water oxidation will be presented. Additionally, this chapter
will give an overview of open problems regarding the manganese complex and possible
new approaches will be discussed. The chapter closes with a summary of this thesis.

6.1. Mechanistic implications

In literature several possible mechanisms for the photosynthetic water oxidation at the
manganese complex have been proposed. In Fig. 6.1, seven proposed modes (named
A-G) for the O-O bond formation are listed. In the following these modes will be
discussed based on the recent structural information presented in the chapters before.

A: The structure of the manganese complex as resolved by X-ray crystallography
[Ferreira et al., 2004; Loll et al., 2005; Umena et al., 2011] as well as all models
presented in this thesis show a particularly exposed position of the Mn* ion.
Additionally, terminally coordinated water molecules (HoO or OH™) are only
found for this single Mn ion (Figs. 2.3, 2.5, and 6.2). This suggests an essential
role of the Mn?* in the process of O-O bond formation. The possibility that two
different Mn ions are deprotonated to form an O-O bond as shown in Fig. 6.1A
and proposed by Babcock and coworkers [Hoganson et al., 1995; Hoganson and
Babcock, 1997; Tommos and Babcock, 1998; Tommos et al., 1998] can therefore
be excluded.

B: An O-O bond formation between the oxygens of two water molecules OW! and
OW?2 as shown in Fig. 6.1B at the Mn* ion (compare also Figs. 2.3, 2.5, and 6.2)
seems not possible on a first glance: Wydrzynski, Messinger, Hillier, and their
coworkers showed that there are two binding sites for the two substrate water
molecules [Messinger et al., 1995; Hillier et al., 1998; Hillier and Wydrzynski,
2000, 2001; Hillier et al., 2001; Hillier and Wydrzynski, 2004, 2008] that are
distinct and “immiscible”: The water molecules can only slowly exchange their
positions. On the other hand, a rapid exchange between OW! and OW? appears
likely. However, the hydrogen bonds implied by the XRD data of Umena et al.
[2011] may indeed prevent the water molecules from exchanging their position
quickly. Therefore, this possibility cannot be ruled out.
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Figure 6.1.:
Some in literature proposed modes for O-O bond formation. For a
detailed explanation, see text. Figure from Grundmeier and Dau [2012].

C: The O-O formation between two bridging oxygens seems unlikely due to the
OEC structure: All p-oxygens despite O° are stabilized by bonds to three metal
ions (pu3-0). The oxygen O° only bridges two metal atoms (Mn? and Mn*), but a
hydrogen bond to Arg 357 might stabilize this atom. Additionally, the exchange
of bridging oxygens [Tagore et al., 2006, 2007] normally takes too much time to be
in accord with the experimentally observed exchange rates for the PSII substrate
water [Messinger et al., 1995; Hillier et al., 1998; Hillier and Wydrzynski, 2000,
2001; Hillier et al., 2001; Hillier and Wydrzynski, 2004, 2008]. Nevertheless,
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6.1. Mechanistic implications

recent DFT calculations by Siegbahn [2008, 2009] indicate that a O-O formation
involving the oxygen O¢ might be feasible (see mode G).

Assuming that one of the water species at the Mn* is an oxyl radical, the O-O bond
formation mechanism might work due to a nucleophilic attack of a water or hydroxide
coordinated to the Ca ion (Figs. 6.1D, 6.1F), or alternatively originates from outer-
sphere water (Fig. 6.1E). Such nucleophilic attack mechanisms have been discussed
on basis of crystallographic results [Ferreira et al., 2004; McEvoy and Brudvig, 2006;
Barber and Murray, 2008; Barber, 2009].

D: The recent XRD results by Umena et al. [2011] show a second water molecule
(OW3 in Fig. 6.2) bond to the Ca ion (in contrast to a bond to Glu 189 as in
the crystallographic data from Loll et al. [2005]) and relatively close to an oxyl
group (OW* in Fig. 6.2) at Mn®. A nucleophilic attack of the Ca-bound water
molecule toward this pxyl group seems possible (compare Fig. 6.2).

E: In Dau et al. [2001], a nucleophilic attack of an outer-sphere water is described
where one or more protons from an outer-sphere water are transferred to bridging
oxygens.

F: Brudvig, Batista, Sproviero, and coworkers presented a detailed mechanism in-
cluding a nucleophilic attack by a Ca-bound water. This mode is based on the
XRD results of Ferreira et al. [2004] and quantum chemical studies [McEvoy
et al., 2005; McEvoy and Brudvig, 2006; Sproviero et al., 2007, 2008¢c,d]. It was
pointed out that the Arg 357 (of CP 43) may facilitate proton movements and
serve as a catalytic base. As shown in Fig. 6.1F, it involves the transfer of a
proton to a bridging oxide. However, this research is based on the XRD model
of Ferreira et al. [2004], which is not in agreement with the most recent crystal-
lographic results [Loll et al., 2005; Guskov et al., 2009; Umena et al., 2011].

G: Based on DFT calculations, Siegbahn and coworkers derived a model for the
Si-state of the OEC, which is similar to thes model C-IIT and C-IV presented
in this work [Siegbahn, 2008, 2009]. During the Sy — S3 transition, a hydroxide
binds at Mn'. This oxygen then serves as a bridging ligand between Mn' and
the Ca ion. After that, it is deprotonated plus oxidized in the S3 — S, transition
and becomes a oxygen radical. As Fig. 6.1G shows, now an O-O bond can be
formed between O (bridging Mn®, Mn*, and Ca) and this radical. This from
Sieghbahn and coworkers predicted mechanism and its S;-state model are in good
agreement to both the XRD data and the EXAFS measurements (compare model
C-I1T and C-1V).

With the current structural information available on the manganese complex several
0O-0 bond formation modes can be excluded. Beside the O-O bond formation proposed
by Siegbahn (mode G) the nucleophilic attack toward an oxyl radical seem likely.
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Tyr 161

<3A
Figure 6.2.:
Schematic illustration of the OEC o4
complex (based on the coordinates of g.u 3354 ow2

model C-II plus the ligand environ-
ment from Umena et al. [2011]). A
nucleophilic attack of the water (or
hydroxide) OW3 on the oxyl ligand
OW2 of Mn? seems sterically possi-
ble. Figure from Grundmeier and
Dau [2012].

0W1

His 3

Glu 333

The attacking substrate water could be an outer-sphere water species (mode E) or a
hydroxid coordinated by the Ca ion (mode D). Alternatively, the extensive hydrogen-
bonding network formed by the water molecules OW!, OWV2 OW3 OW* (see Fig. 6.2),
the Tyr161-His190 moiety, and several outer-sphere water molecules (Fig. 2.5) may
facilitate O-O bond formation mechanisms (compare Dau et al. [2010]).

6.2. Future perspectives and outlook

During the last decades, huge progress was made in understanding the structure of
the Mn complex of PSII and also the mechanism of water oxidation. However, many
questions remain open. In the following, some of these still existing problems are
pointed out and possibilities for new approaches (in conjunction with this work) are
listed.

e The classical S-state cycle consists of four one-electron oxidation steps [Kok et al.,
1970]. Later it was found that the accumulation of positive charges proposed by
Kok will increase tremendously the energy required to remove the next electron
and therefore alternating e~ and H* removal is required [Dau and Haumann,
2006]. This extended S-state cycle is shown in Fig. 6.3 [Dau and Haumann,
2007a,b, 2008]. Each of these steps—including the corresponding energetics and
kintecis [Dau and Zaharieva, 2009]—needs to be brought in line with the strutu-
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Figure 6.3.:

Extended S-state cycle as pro-
posed by Dau and Haumann
[2006, 2007a]. The states S}, Sy,
S:}f, and S§ correspond to the four
S-states of the classical Kok cy-
cle [Kok et al., 1970]. In this
extended cycle, electrons and
protons are removed alternately
from the Mn complex. Fig-
ure from Grundmeier and Dau
2012].

ral information available today through inter alia XRD and XAS as presented
in this thesis.

e The chemical and structural changes accompanying each step of the S-state cycle
are still not completely understood [Dau and Haumann, 2008]. Therefore, it may
be beneficial to develop new methods to complement the present experimental
results. As an example for such a new approach, in Fig. 16 of Grundmeier
and Dau [2012] a new X-ray spectroscopy experiment is presented: Emission-
resolved X-ray spectroscopy with utilization of the linear dichroism effect. This
experiment (developed and conducted by Dau, Zaharieva, Haumann, Chernev,
and Risch) is based on measuring Mn K-edge spectra under angles of 15° and
55°, but registering the fluorescence at three different emission energies at the
Mn-K, emission lines.

e An atomistic model of the OEC including structures and free-energy differences
for all steps of the extended S-state cycle in Fig. 6.3 was proposed by Siegbahn
[2008, 2009]. It should be tested, if this model is really in agreement with all
experimental information available today. Additionally, it is necessary to gain
new experimental results to prove or disprove this models. Especially an estimate
for the free-energy differences for each of the steps shown in Fig. 6.3 is needed.
First approaches in this direction have been made by Zaharieva et al. [2011]
(based on the work of Bernat et al. [2002] and Suzuki et al. [2005]).

e In each step of the S-state cycle, either a Mn ion or the water substrate is
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partially oxidized. The corresponding oxidant in PSII is Tyrz with a midpoint
potential of E,, =~ +1.2V for the Tyr/Tyry; couple [Rappaport et al., 2002;
Grabolle and Dau, 2005; Cser and Vass, 2007; Rappaport and Diner, 2008; Dau
and Zaharieva, 2009]. This potential equals the anodic potential in electrochem-
ical water oxidation. In electrochemical water oxidation, the overpotential is
determined by the step associated with the largest potential requirements. This
defines the energetic efficiency of the process. For PSII, the overpotential is only
roughly 0.3V at pH 5 and in PSII the reactions in water oxidation have to be
so fast that charge recombinations are impossible [Grabolle and Dau, 2007; Dau
and Zaharieva, 2009]. Complete understanding of these highly optimized steps
before the O-O bond formation is crucial for full insight into the process of water
oxidation.

Beside the more general problems listed above, several improvements for the structure-
modeling approach described in this thesis and in the article by Grundmeier and Dau
[2012] are conceivable:
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e In this thesis, for modeling of the Mn complex, geometry optimization using

HyperChem and calculations of EXAFS spectra were done alternately. A di-
rect combination of a molecular-mechanics or DFT approach and calculation of
EXAFS data via a combined error value would be more convenient and precise.

Only extended-range EXAFS data for 55° between the sample normal and the
electric-field vector of the incoming X-ray beam were used. Extended-range
spectra for all used angles would improve the accuracy considerably.

The S-state considered in this thesis was the S;-state. It may be promising to
use LD-EXAFS spectra (preferably extended-range) for additional S-states and
construct models based on these data. Combining the results for all S-states
should drastically reduce the number of possible models.

The now X-ray crystallography results from Loll et al. [2005] served as a starting
point for the construction of the models of the Mn complex presented in this
thesis. Despite being mostly very similar to the data of Loll and coworkers (as
pointed out in Section 2.2), new modeling should be done based on the XRD
data of Umena et al. [2011].
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A. Appendix

A.1. Average angle to unit cell axes for PSII crystal

In the following it is shown that due to the symmetry properties of the PSII crystal,
only one dimer has to be considered when calculating the average angle g ; for one
shell used in Eq. (4.5). As outlined below, the specific symmetry of P2,2,2; also allows
generalization of the LD-EXAFS theory.

The space group of the PSII crystal is P2,2,2;. With a, b, and ¢ being the dimension
of the unit cell (a ~ 122 A, b~ 228 A, and ¢ ~ 286 A; see XRD structure 3ARC from
Umena et al. [2011]) and given the position z; of an atom in the first PSIT dimer,
the coordinates x5, x3, x4 of the equivalent atoms in the other three dimers can be
calculated as:

-1 0 0 1 (@

To = 0 -1 0 T+ 5 0 (Ala)
0O 0 1 c
-1 0 O 1 0
0 0 —1 c
1 0 1 (¢

rg=10 =1 0 |z + 5 b (A.1c)
0 0 -1 0

The angles 6;; (with ¢ = 1,2,3) between an absorber-backscatterer binding vector
v1 = (v11,v12, v13)" and the crystal axes

er = (1,0,0)", e =(0,1,0)", e3=1(0,0,1)" (A.2)

are given by e o
Oy = — = — A3
0S8 = 1] = (A-3)

With this, the angles 0,5, 0;3, and ;4 for the equivalent binding vectors (resulting from
Eq. (A.1)),

Vg = (—v11, —V12, +U13)t (A4a)

vg = (=011, +012, —V13)" (A.4b)
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vy = (Fv11, —V12, —U13)t, (A.dc)

in the other three dimers can be written as

vjel- . Uji Vs

cosb;; = = —— = —¢; (A.5)
Tyl ol foa|
with
1 ifi+5=5
€j 1= todrh =0, (A.6)
—1 else.

The index ¢ = 1,2, 3 is again representing the crystal axis, and the index 7 = 2, 3,4
expresses the considered dimer.

Equation (A.5) implies that the values cos®6;; for all dimers j are identical. This
property (in combination with Z?:l v; = 0) allows generalization of the LD-EXAFS
theory as described in Section 1.2.4 and especially application of Eq. (1.23) to the case
of P212,2; crystals.

Furthermore, it follows that the cosine squared of the average angle, 8;, between one
crystal axis, e;, and all four equivalent binding vectors, vy, v, v3, v4, within the PSII
unit cell is equal to the cosine squared of the angle 6;; between e; and v; (j = 2,3,4):

4
— 1
cos?0; = 1 (Z cos? Qik)
k=1
4

5 1
(A:5) Z (Z COS2 01])

k=1

= cos® 0, (A.7)

Therefore, when calculating an EXAFS spectrum for a PSII crystal using Eq. (4.5),
it is sufficient to determine the average angle @ r,i with the crystal axes for an absorber-
backscatterer combination only for one of the four PSII dimers (i.e., only two angles
have to be averaged, not eight).

A.2. Calculation of amplitude and phase functions
using FEFF

A.2.1. General principle

For calculation of the amplitude and phase functions (in detail: A%, f/°, /%, 65/%) of
a given absorber-backscatter vector v with FEFF the formula

x(k,0pr) = X°(k) cos® Opr + x° (k) sin® Opg (A.8)
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A.2. Calculation of amplitude and phase functions using FEFF

can be used. Here, the value fgg is the angle between the absorber-backscatterer and
the electric-field vector, E.

Setting the E-field parallel to the vector v in FEFF (via POLARIZATION card),
i.e., Ogr = 0, results in x(k,0gr) = Xx°(k). Therefore, the X, f¢, ¢S, 0% values are
calculated by FEFF. Accordingly, with an E-field vector perpendicular to v (0gr =
7/2), one gets x(k,0rr) = x°(k) and with this the A, f7, ¢%, 65 data.

» ¥ Vg

A.2.2. Actual procedure

To calculate a set of phase/amplitude functions, a model of the manganese complex of
PSII was used containing typical Mn-Mn, Mn-Ca, Mn-O, Mn-C, and Mn-N distances
(holgersModel1080710bPdb.xyz). For this model, absorber-backscatterer vectors v
were selected and a self-written Mathematica script (calculate_phase_functions.nb,
see Fig. A.1 and its legend for a screenshot and brief description of the script) was
utilized to automatically determine the according E-field vector for each v, write the

file feff.inp, and start FEFF 8.4.
The parameters used within feff.inp (excluding the POLARIZATION card) were:

* pot xsph fms path genfmt ff2chi
PRINT 000003
SCF 6 1
DEBYE 20 410

* include MS paths with effective length up to 6 Ang
RPATH 6.00

* only single scattering paths (i.e., 2 legged paths)
NLEG 2

* use all paths (cw and pw criteria turned off)
CRITERIA O O

POTENTIALS

* ipot z  label
0 25 cMn
1 25 Mn
2 8 0
3 8 mu0
4 20 Ca
5 6 C
6 7 N

These parameters were given to the Mathematica script via a file named header . txt.

A.2.3. Phase/amplitude functions used

The following list shows the contents of a text file loaded by the program EXAFS
Calculations. This file contains the names of the (for the calculations) used phase and
amplitude functions files and prescribes, when to use them.
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calculate_phase_functions.nb *

Calculate phase functions

‘This script canbe used fo calrulate phase fanction for the anisotropic case. The script has o be started far each of the four IMn atoms neve. (There must be a directory for each of the four M atorss )

Constants

Coordinates of model

Tests

Used functions

Calculations

= Define atoms to calculate phase functions for
Select the nurber of the I atora for which you want to caleulate phase finctions (i ., define the dbsofber)

RadioBut tonBar [Dynanic [MnAten] , Range [4]]

Q1 ®2 O3 Q4
nfté)= 115tOfAtomSToUSe = (};
‘tedL Atoms = Sort[ [{Range [Length[] n, [IALL, 21], Horm[) [[MmAtom, 111 - #1 & /@holgershiodel [[A11, 111}1,
Horm[#1[[3]11] = Horm[#2[[311] &1:
‘tedL Atoms - Select [sortedl Atoms, FI[211 = "H' &1;

Check atoms you want to caleulate phase fanctions for

ngil= [Dymamic [Li: 1, « [[#L[1111] - #[[2]] <>" (" <>ToString[#[[1]]]1<>"): " <> ToString[#[[3]1]) & /@ sortedList0fAtoms,
Tppearance — "Vertical"]

Om : o

[Muuo (76): 1.77382
Cwuo (78): 1.82379
Mo (66): 1.57435
Oo 61 1.93574
[Jo (7z): z.02081
Mo (s5): 2.10267
VM ¢3): z.73698
Mc sm: 2.89023
[ (64y: z.91394
Cwuo (73): 2.91645
[ (54y: z.98338
Mmn 1z 3.14991
[Jo (56): 3.23482
Oo c62): 3.28913
[V]cta czd): 3.31652
Mo (65): 3.33212
VW (&): 4.03861
Cwuo (74): 4.12526

100% ~

Figure A.1.:

Screenshot of the script calculate_phase_functions.nb. This Math-
ematica file calculates amplitude/phase functions (both sine and cosine
part) for a given model. One of the manganese atoms has to be selected as
the absorber via radio buttons. Based on this information, the according
absorber-backscatter distances are displayed and the backscatteres can be
chosen using check boxes. For each of defined absorber-backscatter com-
bination defined in this way, the phase/amplitude functions are calculated
with FEFF 8.4. Remark: A file named header.txt containing parame-
ters for FEFF (see text) has to exist within the directory where the phase
functions are to be stored.




A.2. Calculation of amplitude and phase functions using FEFF

ZE2=2=2=2=2=2=22=2=2 0000000000000 000000000000000O0O0O
AP P OO oad DD P OWWLWWWWWWNDNNNMNRERPRPO

2.72 MnMn2.70Cos.dat MnMn2.70Sin.dat

.72 2.87 MnMn2.74Cos.dat MnMn2.74Sin.dat
.87 3.075 MnMn3.00Cos.dat MnMn3.00Sin.dat
.075 3.415 MnMn3.15Cos.dat MnMn3.15Sin.dat
.415 4.025 MnMn3.68Cos.dat MnMn3.68Sin.dat
.025 100 MnMn4.37Cos.dat MnMn4.37Sin.dat
3.595 MnCa3.32Cos.dat MnCa3.32Sin.dat
.595 3.99 MnCa3.87Cos.dat MnCa3.87Sin.dat
.99 100 MnCa4.11Cos.dat MnCa4.11Sin.dat
1.86 Mnmu01.82Cos.dat MnmuO1.82Sin.dat

.86 1.91 Mnmu01.90Cos.dat Mnmu01.90Sin.dat
91 1.97 Mn01.92Cos.dat Mn01.92Sin.dat
.97 2.04 Mn02.02Cos.dat Mn02.02Sin.dat
.04 2.08 Mn02.06Cos.dat Mn02.06Sin.dat
.08 2.39 Mn02.10Cos.dat Mn02.10Sin.dat
.39 2.78 Mn02.68Cos.dat Mn02.68Sin.dat
.78 3.01 Mn02.88Cos.dat Mn02.88Sin.dat
.01 3.185 Mn03.14Cos.dat Mn03.14Sin.dat
.185 3.26 Mn03.23Cos.dat Mn03.23Sin.dat
.26 3.34 Mn03.29Cos.dat Mn03.29Sin.dat
.34 3.48 Mn03.39Cos.dat Mn03.39Sin.dat
.48 3.63 Mn03.57Cos.dat Mn03.57Sin.dat
.63 3.78 Mn03.69Cos.dat Mn03.69Sin.dat
.78 3.93 Mn03.87Cos.dat Mn03.87Sin.dat
.93 4.04 Mn03.99Cos.dat Mn03.99Sin.dat
.04 4.13 Mn04.09Cos.dat Mn04.09Sin.dat
.13 4.24 Mn04.17Cos.dat Mn04.17Sin.dat
.24 4.32 Mn04.31Cos.dat Mn04.31Sin.dat
.32 4.365 Mn04.33Cos.dat Mn04.33Sin.dat

.365 4.44 Mn04.40Cos.dat Mn04.40Sin.dat
.44 4 .58 Mn04.48Cos.dat Mn04.48Sin.dat
.58 4.74 Mn04.68Cos.dat Mn04.68Sin.dat
.74 4.85 Mn04.80Cos.dat Mn04.80Sin.dat
.85 5.045 Mn04.90Cos.dat Mn04.90Sin.dat
.045 5.26 Mn05.19Cos.dat Mn05.19Sin.dat
.26 5.455 Mn05.33Cos.dat Mn05.33Sin.dat
.455 5.595 Mn05.58Cos.dat Mn05.58Sin.dat
.595 5.73 Mn05.61Cos.dat Mn05.61Sin.dat
.73 100 Mn05.85Cos.dat Mn05.85Sin.dat

3. MnN2.19Cos.dat MnN2.19Sin.dat

. 3.925 MnN3.81Cos.dat MnN3.81Sin.dat
.925 4.145 MnN4.04Cos.dat MnN4.04Sin.dat
.145 4.28 MnN4.25Cos.dat MnN4.25Sin.dat
.28 4.34 MnN4.31Cos.dat MnN4.31Sin.dat
.34 4.425 MnN4.37Cos.dat MnN4.37Sin.dat
.425 4.575 MnN4.48Cos.dat MnN4.48Sin.dat
.575 4.73 MnN4.67Cos.dat MnN4.67Sin.dat
.73 4.82 MnN4.79Cos.dat MnN4.79Sin.dat
.82 5.03 MnN4.85Cos.dat MnN4.85Sin.dat
.03 5.545 MnN5.21Cos.dat MnN5.21Sin.dat
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.545 100 MnN5.88Cos.dat MnN5.88Sin.dat
2.615 MnC2.54Cos.dat MnC2.54Sin.dat
.615 2.8 MnC2.69Cos.dat MnC2.69Sin.dat
.8 2.955 MnC2.91Cos.dat MnC2.91Sin.dat
.955 3.095 MnC3.00Cos.dat MnC3.00Sin.dat
.095 3.36 MnC3.19Cos.dat MnC3.19Sin.dat
.36 3.57 MnC3.53Cos.dat MnC3.53Sin.dat
.57 3.72 MnC3.61Cos.dat MnC3.61Sin.dat
.72 4.01 MnC3.83Cos.dat MnC3.83Sin.dat
.01 4.215 MnC4.19Cos.dat MnC4.19Sin.dat
.215 4.395 MnC4.24Cos.dat MnC4.24Sin.dat
.395 4.64 MnC4.55Cos.dat MnC4.55Sin.dat
.64 4.78 MnC4.73Cos.dat MnC4.73Sin.dat
.78 4.89 MnC4.83Cos.dat MnC4.83Sin.dat
.89 4.99 MnC4.95Cos.dat MnC4.95Sin.dat
.99 5.07 MnC5.03Cos.dat MnC5.03Sin.dat
.07 5.19 MnC5.11Cos.dat MnC5.11Sin.dat
.19 5.4 MnC5.27Cos.dat MnC5.27Sin.dat
.4 5.65 MnC5.53Cos.dat MnC5.53Sin.dat
.65 5.82 MnC5.77Cos.dat MnC5.77Sin.dat
.82 5.9 MnC5.87Cos.dat MnC5.87Sin.dat
.9 100 MnC5.93Cos.dat MnC5.93Sin.dat

eNoNoNoNoNoNoNoNoNo NN NN NN NGO IO IO I IE-—
OO o OO oD DD P WOWwWWwWwNDNNO O

The first column displays the backscatterer, the second and third one show the distance
region for which the files mentioned in the fourth and fifth column should be used.
Such a list can also be generated using the script calculate_phase_functions.nb.

A.3. Formal oxidation states derived from Mn-0O bond
lengths

For the Mn ions of the XRD results from Umena et al. [2011], formal oxidation states
were calculated using the bond-valence method described, e. g., in Brese and O’Keeffe
[1991].

The valence (or ozidation state), V', of an atom can be written as a sum of so called
bond valences, v;, of the bonds between this atom and all N bound atoms:!

A bond valence, v;, can be calculated from the according bond length R; using two
empirical parameters b and R; o:

v; = o(Rio—Ri)/b (A.lO)

The parameter b is typically chosen as 0.37 A (also in this thesis) as derived by Brown
and Altermatt [1985]. The parameter R, is called bond-valence parameter.

IThe terms ozidation state and valence are used equivalently in this context.
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A.4. Program for calculation of EXAFS spectra

Table A.1.:

Lengths R of Mn-O bonds calculated with Eq. (A.11) in dependence of
the coordination number N of the central Mn atom and the valence (or
oxidation state) V. Values for bond-valence parameters Ry from Table 2
of Brese and O’Keeffe [1991]. Table adapted from Grundmeier and Dau
[2012].

N[ VI[] R[A] R[]

S 2 1.79 2.13
) 3 1.76 1.95
S 4 1.753 1.84
6 2 1.79 2.20
6 3 1.76 2.02
6 4 1.753 1.90

With these formulas, it is possible to calculate the expected bond lengths based on
the number of ligating atoms and the oxidation state of the central atom, assuming
that (i) for all bound atoms the bond length R is the same and (ii) all bound atoms
are of the same kind (resulting in a bond-valence parameter R; independent from i):

N
V= Z e(Ro—R)/b
=1

_ Ne(Ro—R)/b
= R=Ry—bln¥ (A.11)

Using the values for the bond-valence parameters Ry from Table 2 of Brese and
O’Keeffe [1991] and Eq. (A.11), the results presented in Table A.1 can be calculated
for Mn-O bonds. The bond-valence parameter Ry itself depends on the valence of the
central atom.

Calculating the average bond lengths for the Mn ions from the XRD data 3ARC and
the values for R from Table A.1, it is possible to derive fractional oxidation states for
the Mn ions using linear interpolation. The result is presented in Table 5.3. The Mn!

ion is assumed to be five-coordinated (N = 5) and all other Mn ions six-coordinated
(N =6).

A.4. Program for calculation of EXAFS spectra

For calculation of the EXAFS spectra and optimization of the models of the Mn
complex as described in Chapter 4, a self-written program, mostly programed in C+-+
using Microsoft Visual Studio 2008, was used. In the following, this program—called
EXAFS Calculations—is introduced and the main features are highlighted.
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EXAFS Calculations - ModelTest.xyz
File  Caleulate  Help

PR R k(S N S XS K @ W Dorctusema Ronin= 100 & e Y

Initial model | Shells initial model | Final madel | Shells final model | Festraints

Atom % 18] % 2 [A] % 3[A] 1 R_min [A] ~
Mri? -0.806207 19.9584 16134
Mn2 324154 204665 151375
Mn3 -3.30909  -18.1803 16.642
tnd -1.40608 163 15B351 0

Cah 221649 184035 131291 3.0862014..
MNE 230957 2003571 19.0905 4.2727906..
N7 0519187 194816 175643 1.9651283..
NE 0907213 171571 21.7614 G.4B36702..
N3 -266578  -26.8553  15.9178 E.4625691..
W10 -4.53044 254278 139384 52793315
M1 -5.15456 227948 126556 3.9033024..
M12 -345816 194715 944273 B.7B5097E.
N13 46408 124507 128734 57EEE322.
N14 -253751  -21.6808  21.2594 5233139
MN15 277934 217685 191242 3.9693561..
N16 070744 174266 134566 B.3132416..
N17 -6.85328 17617 121591 5.4804363.
N18 -6.63597  -16.6338  14.2081 4.4026380...
CiE 157245  -18.268  21.4818 6.0335604...
cz20 32301 -18.0736 19663 H.E4E0788
c21 230541  -18.9874 189224 4.2807843.
czz 1.32608 -18.4945  18.0033 3.1564564..
cz3 1.20805 2004833  18.2BB3 2.93720%9.
C24 0503511 171525 220842 6.2084770..

C25 -1.28333 74411 207978 46816732
=1 moe A 472090 AR 4R 19072 41709009

o oo

Murnber of skoms in initial model: 86 {moveable: 86) Mumber of shells of initial model: 334

Figure A.2.:

Screenshot of the main window of the program EXAFS Calculations
showing the atom coordinates of the initial model. The variable Rin
reflects the distance to the nearest manganese atom. Atoms can be
(de-)selected using the checkboxes on the left-hand side of the window.

A.4.1. Description of features

The program FXAFS Calculations allows the calculation of EXAFS spectra for a given
model of the manganese complex and optimization of the atom coordinates in regard
to experimental spectra. The used equations can be found in Section 4.2 and 4.4.

On start of the program, the user is asked to select the file containing the coordinates
of the model (as xyz format), the phase/amplitude functions (via a text file with a
list of phase-function files; see Section A.2.3 for details), and also (optionally) a list of
distance restraints to use when optimizing the model (see A.4.2).

After this, the main window of the program appears, which can be seen in Fig.
A.2. In this window the list of atoms is shown. Via different tab pages also the XAS
shells considered for calculations of the EXAFS spectra and the loaded restraints can
be viewed (Fig. A.3). After the curve fitting is done, the results of the optimization
process (both model coordinates and shells) can be viewed in separate tab pages.

One of the main features of this window is to select and de-select certain atoms
and/or shells via checkboxes to allow for testing of the influence of certain atoms/shells
on the EXAFS spectra. This selection can be either done manually or via some
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A.4. Program for calculation of EXAFS spectra

EXAFS Calculations - ModelTest.xyz (9[=1[E3]
File  Calculate  Help

PR Ry bk (% N @ @ W @ W Conciusemac Romin= 100 & e G

Initial model | Shells initial model | Final madel | Shells final madel | Restraints

Shel N[1] R [4] 20°[5%] AngetoM[] Angletoal] Angletob[’] Angletoc[]  Phase funclion cos Fhasze function sin A
Mnd-081 025 1.91B653 0.002 4E.2988887. 44 6532607 E3.7407725 BE.9016292 Mn01.92Cos dat MnD1.925in.dat
Mn2-085 025 1.92868.. 0002 39.7291214.. 51.9836595.. 59.0256711... G53.38016%81. Mn01.92C0s.dat Mn01.925in.dat
Mnd-078 025 1.94486. 0002 50.9440856.. 427600747.. E2.0551835. BO.57E31EZ. Mn01.92C0s.dat Mn01.925in.dat
Mnd-082 025 1.94726. 0002 77.0087111.. 7B.E193402.. 34.9336315.. 674827244, Mn01.92C0s.dat Mn01.925in.dat
Mn3-061 0.25 1.95803.. 0002 63.6750157.. G4.7376053.. 51.7798976.. 48.7288299. Mn01.92C0s.dat Mn01.925in.dat
Mn1-N7 025 1.98512. 0002 78.2800690.. 424338578.. 68.1042104.. 55.7835987. MrMZ2.19C0s.dat MnMZ.195in.dat
Mn1-063 025 1.57343. 0002 58.8524871.. 67.1703338.. 41.4348431.. S7.5160104. Mn02 02Cos.dat Mn02.025in.dat
Mn1-073 025 201233. 0002 56.2343126.. 36.0912241.. 68.5545033.. 62.4916289. Mn02 02Cos.dat MnOZ.025in.dat
Mn3-073 025 208771 0.002 E1.18750E7. E3.5843062 420443811 59.9611450 Mn02 10Cos dat MnD 2 105in.dat
Mn3-086 025 215307. 0002 57.8485408.. 35.1668422. 72.3855930.. B0.6556223. Mn0210Cos.dat MnO210Sin.dat
Mn3-077 025 228171 0002 40.6445390.. 52.0164629.. 58.3631658.. 53.9630789. Mn0210Cos.dat MnO210Sin.dat
Mn1-077 025 231883.. 0002 45.7175930.. 57.0125764.. 51.5352391.. 65.7565182. Mn0210Cos.dat MnO2105in.dat
Mn1-Mn2 05 270281.. 0002 §5.6582693.. 26.4069876.. 61.1863893.. 63.2318080.. Mnhn2 70Cos. dat MnMn2. 70Sin.dat
Mn2-Mn3 0.5 273766.. 0002 88.2642550.. B87.9950043.. 35.0708326.. 55.0037703. Mnbn2. 74Cos. dat MntnZ. 745in.dat
Mn2-C45 025 277317.. 0002 57.2785300.. 49.0843071.. 64.7857601... G1.3735288. MnC2 63Cos. dat MnC2.635in.dat
Mnl-Ca 0.25 278873. 0002 58.6231774.. BO.2876793.. 42.3246636.. 49.3184312. MnC2 63Cos. dat MnC2.695in.dat
Mn3-C27 025 273440 0.002 B85.9504572 54.8196789 57.2287039 52.235344F MnC2 E3Cos dat MnC2 E9Sin.dat
Mn3-Mnd 05 283788.. 0002 34.0783478.. BOEBS0217.. 59.8251145. 44.5628093. MnhinZ2 74Cos dat MntnZ. 74Sin.dat
Mn3-C37 0.25 2.85086.. 0002 50.0448475. 51.2792110.. B4.0729327.. 49.74565949. MnC2 91 Cos.dat MnC2.915in.dat
Mn4-CE0 0.25 285707.. 0002 528475929.. 407234114, 70.3325974.. 66.0205612. MnC2.91Cos.dat MnC2.915in.dat
Mnd-C27 0.25 286726.. 0002 27.2995972.. 723352838.. 53.7502782.. 41.6533181. MnC2.91Cos.dat MnC2.915in.dat
Mn1-C33 025 291754 0002 30.5729172.. BE7S77E16.. D2.30B6348.. 46.6956687. MnC2.91Cos.dat MnC2.915in.dat
Mn1-C23 0.25 2393720.. 0002 E3.8890375.. 34.0325181.. 75.3380235.. 60.0559132. MnC2 91 Cos. dat MnC2.915in.dat
Mn1-068 025 2353764 0002 B5.9384134.. 61.2023351.. 54.0436578.. 49.4131461. Mn02 88C0s.dat Mn02.885in.dat
Mn2-C41 025 235240 0.002 E4.80E1601 40.8459783 55.96299E1 70.2257759 MnC2 91 Cos dat MnC2915in.dat v

Murmber of atoms in initial model: 86 {moveable: 86) Mumber of shells of initial model: 334

Figure A.3.:

Screenshot of the program showing the shells used for calculation of EX-
AFS spectra for the initial model. All important variables including the
distances and angles are listed. Additionally, the used phase/amplitude
function files are displayed. The shells can be (de-)activated using
checkboxes.

toggle buttons in the toolbar of the main window. Using the icons, atoms of certain
elements can be (de-)selected, and also one toggle button (with lettering “Do not
use...” /“Use...”) can be used to (de-)select atoms only specifically outside a (in
the text field) given radius around the Mn (compare Fig. A.2 and Fig. A.3). Spectra
as shown in Figs. 5.9 and 5.10 can therefore easily be calculated. Additionally, after
pressing the toggle button with the red arrow symbol, atoms can be defined which
cannot be moved by the Levenberg-Marquardt (LM) algorithm levmar [Lourakis, 2004]
by deselecting them.

Options for general and fit parameters are accessible under the menu entry “Set-
tings” (under “Calculate”; Figs. A.4 and A.5). In the “Fit parameters” tab, parame-
ters for the LM algorithm can be set. Additionally, the experimental data to consider
for the curve-fitting process can be (de-)selected and weighting parameters for the
starting position (equals factor e in Eq. (4.8)) and the EXAFS data of crystals (factor
cin Eq. (4.7)) can be defined (compare Section 4.4). This window also allows defining
the fit region of the EXAFS data for PSII crystal, since in this case the curve fitting is
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done in Fourier space (as described in Section 4.4). Finally, the use of restraints can
be (de-)activated and several fit methods—like fitting of the AFEj values or additional
rotation of the model—can be selected.

EEX
General parameters
Parameters for Lk algorithim Experimental data to fit
&%, number of iterations (itrnax]: 100 15 [D:ADaten_alexsPSI Kristall\aufaddieren Ph
L 35 [D:ADaten_Alex\PSI Kiistall\bufaddieren Ph
Seale factor for initial mu (taul 0.0m 55 [DADaten_AlsxiPS I Kristalhdufaddisren Ph
Stopping threshold for 0T ell_inf [eps_11 1E-15 75 [D:ADaten_Alex\PSI Kristall\Aufaddieren Ph
a [:ADaten_Alex\PSI KristallAufaddieren Pha
. Stopping threshold for IDpI_2 (eps_2]: 1E-15 b (D:\Daten_alex\PSI Kristalldufaddieren Pha
Flgure A4.: Stopping threshold for lell_2 feps_3: JE20 ¢ [DADater_Alex\PSI KristalhAufaddieren Pha
Screenshot Of the main Op— Step used in diff. approx. to the Jacobian ([Deka): | 1E-06 < ¥
. . . W
tlons dla‘log Wlth SeleCted Flt Fit region for experimental data given in Fourier space ‘weighting pararmeters
parameters” tab Here, aH pa- Left: 1.1 B Right |32 A ‘weighting of starting position: |30
rameters for the LM algorithm _ " Weghlng of cystal data: |3
Fit method and fitting of DeltaE 0
and the ﬁt pl“OCGSS can be Set (&) No ratation [nomal movement] [] Fit DeltaE0p Restaints
including selection of the ex- | © Retafenenb L1 FiDetat 0 Use restaints
. t 1 d t d tt f ) Both methods [movement +rot) [ Fit factar exp. crvstal data Bl il sl
perlmen a ata and se lng o () Fit only DelkaED values D:MDaten_alex\P5II Kiistall\Modifying Holger
weighting parameters for the
starting position of the atoms Ok ‘ ‘ Cancel ‘
and the crystal spectra.

The “General parameters” tab offers possibilities to change several EXAFS param-
eters like, e.g., S2 or I,q. Also the membrane normal can be defined (default is the
vector calculated based on the XRD data from Loll et al. [2005]) and the number of
points for interpolation of the phase/amplitude functions as well as the experimental
spectra can be set. In the lower part of the window, parameters for the Fourier trans-
form like the window function are modifiable. The “Restraints” tab offers an overview
of the used distance restraints including the current and the target distance as can be
seen in Fig. A.6.

EXAFS spectra calculated using the currently selected atoms and shells can be
viewed by pressing the respective icon or menu entry (“Calculate” — “Show spec-
tra...”). In this window it is possible to save and load certain graphs for comparison
(compare Fig. A.7). Also, the distance distribution for Mn-Mn, Mn-Ca, Mn-O, Mn-C,
Mn-N; and C-O distances can be displayed (“Calculate” — “Show distance distribu-
tions...”).

After a fit of the experimental data is completed, the results can also be graphically
shown in the windows mentioned above (Fig. A.7). In the “Final model” tab, apart
from the atom coordinates also the distance which the respective atom has moved
during the fit process are listed (A.9). Moreover, in the “Restraints” tab now the
distance for the model after the fit is automatically displayed (Fig. A.6). These feature
allow for a quick evaluation of the fit quality apart from the error value, which is
always displayed directly after the fit and can later be shown (“Calculate” — “Show
fit results...”).
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Settings

Fit paramaters ;

EXAFS parameters Membrane narmal

SCF= (085
Nx= |0.30064181079154| &
207 = 0,002 A2
My = 0.55539088037341| A
lord = |0 468 1 e
Fit of DeltaE 0 values: Nz= |0 7753423070437 | A
AEOp = |63 = 53 &

AEOc = |-21.2 i -21.2 ey Interpolation of data
Murnber of points from 041 to 2041

Phase functions description file used: . . 5
2 for interpalation of phase functions: | 200

D:\Daten_Alex\PSI Kiistall\Phase functionstholgers
for interpolation of exp. data: | 1000

Parameters for FT

FT from |3 A1 o 12 A Mumber of points of FT [for zero padding): | 4096

“window function:

Left: 0111 Right: {0111
Fit of factor

Factor ta rultiply exp. FT crpstal spectra with: | 0.833 1}

‘ Ok ‘ ‘ Cancel

Figure A.5.:

Screenshot of the main
options dialog with selected
“General parameters” tab. In
this tab, it is possible to de-
fine EXAFS parameters, but
also configure details of the
Fourier transform, and spec-
ify how many points are used
for interpolation of the phase
functions and the experimen-
tal data.

Using the “File” menu, the atom coordinates, the shells, and the spectra can be

saved (both for the original and the fit model).

Every file generated in this way

contains a detailed header with all important information.

A.4.2. Format of restraints

As mentioned in the section above, restraints for the curve-fitting process can be set
for distances between atom using a text file. Hereby, every restraint entry contains of
two number defining the atoms involved, the target distance, and a weighting factor
for calculation of the error value. The respective line in the text file has the following

format:

numberOfAtoml numberOfAtom2 targetDistance weightingFactor

Example:

4 3 2.697 1000

This line defines a restraint between atoms 4 and 3. The distance should be 2.697 A.
The used weighting factor for this restraint is 1000. The atom numbers are referring

to a model without H atoms.

Alternatively, restraints for all atom pairs of selected elements and distance regions

can be defined:

elementl element2 minDist maxDist targetDistance weightingFactor
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EXAFS Calculations - ModelTest.xyz

File  Caleulate  Help
PR R g | ® K @ % ® W @ B [UscmacRin=]s0 & [[ea]2,
Initial model | Shells initial model | Final madel | Shells final model | Festraints
Atom 1 Atom 2 Target distance [8] ‘Weighting Factar Distance starting model [#)] Distance fit [4] A
Mni 079 185 40 2123719647337 1.90367840553..
tnl 0ve 18 40 1.77711080520293  1.82984344078..
tnl 77 2.45 100 2.3188391200273  2.47595952305..
tn2 073 18 40 1.69197981370937  1.75828668327..
Mn2 076 177 40 1.76983857255401  1.79083810115..
tn2 [ufl] 177 40 1.86452811244561  1.75341289682.
Mna 07a 182 40 1.B1516177251505  1.77918345749.
tn3 o7z 23 40 2.28171705046879  2.20584955600..
Mn3 073 1.85 40 2.08771933278878  2.05401535148.
tn3 [ufl] 182 40 1.804653546659532  1.80363439218..
Mnd 07a 177 40 1.94486111588977  1.67549634534..
tnd 77 18 40 1.681593091115925  1.70343385177..
ME cz1 1.37998297293843 80 1.37998297293843  1.38580212763.
ME czz 2.370344949601 22 80 2.370344549601 22 2.37059366140..
ME Cz3 1.38151308006837 a0 1.38151308006837  1.37991542067..
N7 cz1 2.297664434597 065 a0 2.29766443497065  2.30470503459..
N7 czz2 1.34839301520328 80 1.34839301520328  1.34344624214..
M7 cz3 1.40383016165382 80 1.40383016165382  1.40490830974..
ME c13 1.3246943934935 a0 1.3246943934335  1.3246943934335
ME cz4 1.44719148842715 a0 1.44719148842715  1.44719148842.
ME C5 2.41050856609326 80 2.41050856609326  2.410841959228..
M3 [oecz] 1.4B659E4 2028746 80 1.46659642028746  1.46859642029..
KE) c 2.42841600340633 a0 2.42341600340633  2.42104660973.
N10 e 2.42735750510715 a0 2.42735750510715  2.42735750510..
H10 c3 1.330960503659648 80 1.33096050369648  1.32989723420..
M10 caz 1.47189843318077 80 1.47189843318077  1.47189843318.
N10 C43 2.47455661614395 a0 2.47455661514395  2.47455661614..
N11 C43 1.38074516317194 a0 1.38074916317194  1.3808468775879
H11 C44 1.50190849671343 80 1.50190849671343  1.5022236E096..
M11 C45 2.40029378776849 80 2.40029378776549  2.40479199389..
N1 C46 2.42438787534091 a0 2.42438787534091  2.42341301936.. v
Murmber of skoms in initial model: 86 {moveable: 50) Mumber of shells of initial model: 334

Figure A.6.:

Screenshot of the “Restraints” tab of the main window after a fit is
done. A list of the used restraints is given. Additionally, the respective
distances for both the initial and the fit model are listed.

Example:
Mn 01.0 1.5 1.4 100

sets restraints for all Mn-O vectors of a distance between 1.0 and 1.5 A. The target
distance is 1.4 A. The used weighting factor for all restraints of this type is 100.

An X can be used as placeholder for element symbols in restraints, e. g.,
Mn X 1.0 1.5 1.4 100

sets restraints for all atom-atom distances where at least one Mn is involved and
which are between 1.0 and 1.5 A long.

If targetDistance is set to 0, the according distance in the original model is taken
instead. Comments can be added after each line or as a separate line. Additionally, a
number sign (#) can be used to comment out single lines in restraint files.

In the following, an example for a typical restraint file is shown:
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A.4. Program for calculation of EXAFS spectra

Comparison of spectra. SEx

| Spectrum tostore: 15° (1) = B3 | Spectrum to load; 55° (3) * P | Spectrum to delete: 15° (1) - %X
8.0 —15°(1) — —af)
#°0) & o0 - &
.04 —550) < 404 -
— —75°(4) L 50 —a(Finy (19)
404 +eup data15°@) €@ g |l — b (Fit) (20)
= exp. data 35° (3) < | — c (Fity 21)
= 2.0 + exp. data 55° (10)  S2-2.04 4
Q@ + eap data 75° (1) .4 0
< o4 —15° (Fit) (15) = ol
5 | — 35> iy (1) S-60
=204 B =552 it 7 r T T T T T T T T T 1
= =75 Fi) (18) 00 20 40 60 80 100 120 140 160 180 200
4.0 k [A~-1]
6.04 ] —FTofa)
- ) a0 —FTofb )
150 200 & & —FTofci?)
800 + exp. data a (12)
+ exp. data b (13)
+ exp. data c (14)
—FTof 15° ¢1) 7004 — FT of a (Fit) (18)
FTof35° ) —FT of b (Fit) (20)
—FTof55° 3) S 00l —FTof e (Fity (21)
fard —FTof76° 1) ©
S + FTofexp. data 15° (8) O
S, FTof exp. data 35° ) 3 500
o + FTofexp. data 55° (10) &
k-] + FTofexp. data 75° (1) &
2 = FT of 16° (Fit) (15) & 400
B FT of 35° (Fit) (16) 7]
£ —FT of 55° (Fit) (17) &3007
& —FT of 75° Fit) (18) >
@ ]
< 2004
] ;
1 001 & -
e 000 e e e’
0.0 200 4.00 6.00 8.00 0.00 1.00 200 300 400 5.00 6.00 7.00 8.00
Reduced distance [A] Reduced distance [A]

Figure A.7.:

Screenshot of the window showing the EXAFS data in k£ and Fourier
space for both partially oriented and crystal samples. Spectra for the
initial model (bright colors), the fit model (dark colors), and the experi-
mental data (crosses) are displayed parallelly. Single spectra can be stored
and later reloaded and also deleted. The size of the individual graphs is
variable.

All atom numbers without H!
Internal (short) Mn-0 distances:

179 1.85 40
176 1.80 40
1 77 2.45 100 long Mn-0 distance
2 79 1.80 40
276 1.77 40
2 80 1.77 40
3 78 1.82 40
3 77 2.30 40
3 79 1.85 40
3 80 1.82 40
#3 90 1.80 40
4 78 1.77 40
4 77 1.80 40
Rest:
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A. Appendix

Distance distributions EHE'E‘
Distance distributions 2

Mn-Mn distances

5 Il ‘ ‘ Il

2.5 2 2.5 - 45
Distance [A]
Intial model M Fit

|
|l

Mn-Ca distances

0 . II ‘I
3.5

3 4 4.5 s
Distance [A]

W iniial mode! M Fit

Mn-0O distances

Il JIL‘I EEE =N I.L“I . J.LI
< >
2 2.5 3 3.5 4

5

G Wb d w0

Distance [A]
W irtial model M Fi

Figure A.8.:

Screenshot of window displaying the distance distribution for the Mn-
Mn, Mn-Ca, Mn-O, Mn-C, Mn-N, and C-O distances of initial model
(bright colors) and the fit model (dark colors).

5 0 80 short C-X
5 0 80 short N-N

The resulting restraints for this list are shown in Fig. A.6.

A.4.3. List of used libraries

For the program, the following non-standard libraries were used:

e For implementation of the Levenberg-Marquardt algorithm:
levmar version 2.4, http://www.ics.forth.gr/ lourakis/levmar/ [Lourakis,
2004].

e For the fast Fourier transforms:
FFTW3, http://www.fftw.org/ [Frigo and Johnson, 2005].

e For displaying of spectra (window “Comparison of spectra”):
Mitov PlotLab .NET 4.3, http://www.mitov.com/html/plotlab.html.
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A.5. Used molecular visualization programs

EXAFES Calculations - ModelTest. xy=

File Calculate  Help
éWW“lﬂﬂ.‘.'.‘Usemameln— 50 A [[es]

Initial model | Shels initial model Fl T || Shells final mode! | Restraints
Atorn w 1[4 w 2[4] H_E 8] Fi_min .. A [A)
Mni -0.8210..  -20.037.. 16.2458.. 0 0.09586...
Mn2 -3.2887.. 20415, 151437 0 0.05397..
Mn3 33744, 18202, 16.6844.. 0 0.08091...
tnd -1.4280.. -16.392.. 15.85974.. 0 0.22337..
Cab -21275.. -18.297.. 13.2600.. 3.05209.. 0.19052..
NE 232114 20339, 19.0974.. 4.25394.. 002199..
N7 052257.. -19560.. 175248.. 1.91550.. 0.08791.
N& 05907213 171571 21.7614 6.35806.. 0
N9 -2BEB578  -26.8558  15.9178 6.51357.. 0
N10 -459044 254278 13.9384 5.32420..

N11 61541, -22790.. 126778.. 3.91235.. 002270..
N12 345816 194715 944273 5.78211.. 0
N13 46408 124507 128734 551619.. 0
M1d -253751  -21.6808  21.2594 5.54804.. 0
N15 -27482.. 21784, 191135, 387133 0D03635..
N16 870744 17.4266 13.4566 6.28183..

N17 -6.85328 17617 121591 5.44624..

N18 6419, 16613, 14.2002.. 4.40150.. 002299..
c19 157245 18268  21.4818 6.02289.. 0
c20 32301 -18.0738 19.663 5.65208.. 0
c21 227346.. -18.968.. 18.9019.. 4.21582.. 004218..
caz 1.27479.. -18.538. 17.9662.. 3.09845. DO7FEIZ..
c23 1.22108.. -20514. 18.2828.. 292359.. 003F79..
c24 0503511 -17.1525 220842 6.20434.. 0
C25 -1.2800.. -17.389.. 20.7746.. 4.BEB46.. D.0S641..
C26 -1.3957..  1B.233. 197831 388912 0100%8..
c27 -1.7356.. -16.753.. 18.4568.. 2.60338.. 005352.
c2s 427341 159274 151135 577974 0
c29 313110, 16948, 15.0162.. 467684 002207
Cio 434908 -15.4085 165346 5.89512.. 0
C3l 273875 208417 11.9221 5.65810.. 0

Murmber of atoms in initial model: 86 {moveable: 50) Mumber of shells of initial model: 334

Figure A.9.:

Screenshot of the main window with a list of the atom coordinates of
the fit model. The column Az reflects the movement of the atoms due
to the optimization process. In this example, the positions of some atoms
were kept constant. In these cases 0 is displayed.

e For displaying of bar diagrams (window “Distance distributions”):
Visifire 2.3.5, http://www.visifire.com/.

A.b.

Used molecular visualization programs

The following molecular visualization programs were used in making the figures of this

thesis:

o For Figs. 2.2, 2.3, 2.4, 2.5, 2.6, 2.9, 5.5, 5.11, 5.12, 5.13, 6.2: PyMOL [DeLano
Scientific, LLC, 2008].

e For Figs. 1.2, 4.1: QuteMol [Tarini et al., 2006].
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B. Atom coordinates of models

In the following, the coordinates for the models C-I, C-II, C-III, C-IV, D, and F are
listed.

B

Mn
Mn
Mn
Mn
Ca

.1. Model C-I

-0.679583 -20.066978 15.905499
-3.522658 -20.703953 15.241081
-3.208783 -18.305963 16.428991
-1.343768 -16.411973 15.817822
-1.971405 -18.589914 13.306518

N 2.242999 -20.267311 18.761708
N 0.746505 -19.690020 17.276958
N 0.907200 -17.157000 21.761000

OO a0 a0 ac==2=2 =2

-2.665700 -26.855500 15.917700
-4.599326 -25.405598 13.942265
-4.958252 -22.991928 11.946182
-4.599400 -12.499200 12.932900
1.572500 -18.268000 21.481700
3.230100 -18.073200 19.663000
2.296711 -18.909393 18.700587
1.246642 -18.563476 17.750459
1.190349 -20.697737 17.952016
-0.503200 -17.152400 22.083800
-1.326936 -17.574678 20.898762
-1.363925 -16.450062 19.881470
-1.689621 -17.044339 18.489141
2.805600 -20.885700 11.817000
2.409287 -20.353080 13.223055
0.970687 -20.003912 13.717824
-9.224800 -20.273000 17.990800
-7.951295 -20.446575 17.083338
-6.745484 -19.950262 17.918832
-5.544950 -19.845951 16.992500
-2.852388 -25.449080 15.608703
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B. Atom coordinates of models

=2 =2 00000 =2=2= 0000000000000 00D0O0OD00O0O00OD0O0O0ODO0O0OOOOOOOOOOOQOQOCQ0CQCCQ

108

.296334 -25.
.702364 -24.
.961315 -22.
.175200 -25.
.877116 -23.
.208692 -21
.382235 -20.
.503600 -21.
.242100 -12.
.983265 -14.
.805604 -15.
1.066500 -19.380800 21.455100
-2.612649 -17.930498 18.413002
-0.917598 -16.400206 17.697879
0.234146 -19.323610 12.948089
0.741779 -20.445258 14.879699
.157744 -20.
. 762230 -18.
.493780 -25.
.130773 -22.
.002840 -22.
.961400 -23.
.539109 -19.
.470645 -21.
.807549 -16.
.014030 -15.
.172398 -20.
.501611 -18.
.937954 -16.
.471170 -20.
.639848 -18.
0.694165 -17.023316 15.021783
.947472 -14.
.920400 -18.
.458200 -19.
.5637500 -21.
.960977 -21.
.413800 -22.
.657756 -22.
.375576 -20.
.707300 -17.
.853300 -17.

254133
490778
941375
312100
981515

.619153

773613
105600
796500
390242
370740

834636
878925
152018
659257
139116
886800
961918
148740
335944
630785
642402
300549
493634
001353
909944

456014
323300
471100
680200
591292
711900
640178
952042
426600
617000

14.
16.
15.

177539
137915
918906
12.592600
12.371751
11.789404
12.602873
11.232600
12.419200
12.246323
13.622645

16.
17.
13.

327408
135389
243638
15.591323
16.047377
11.855900
12.104226
13.799954
13.765827
14.220341
14.051738
15.664232
16.449255
16.530431
14.689105

15.807966
11.170700
9.442700

21.259100
19.165059
21.006000
19.637265
20.145695
13.456500
12.159100



B.2. Model C-lI

OO0 oO O aooaoaoaaaa=

B

-6.697487 -16.475969 14.138444
-7.422500 -17.184100 13.265200
4.279300 -15.927400 15.113500
3.111496 -16.910282 14.986486
4.349000 -15.406200 16.534600
-3.993500 -13.636100 20.034500
-3.1562428 -14.071745 19.001177
-3.031800 -13.331500 20.950900
-5.186600 -18.182300 21.927700
0.063100 -23.861400 20.130600
3.226000 -22.577700 19.641300
-3.921100 -10.888700 14.398400
-8.486100 -15.233100 15.410500

.2. Model C-II

-0.823786 -20.470438 16.012389
-3.675550 -20.578976 14.889770
-3.182289 -18.312505 16.360056
-0.989119 -16.779087 16.092929
-1.302264 -18.771472 13.303762
2.177854 -20.360384 19.096389
0.688828 -19.974158 17.530494
0.907200 -17.157000 21.761000
-2.665700 -26.855500 15.917700
-4.589782 -25.430693 13.938359
-4.824246 -22.991769 12.125442
-4.599400 -12.499200 12.932900
1.572500 -18.268000 21.481700
3.230100 -18.073200 19.663000
2.310979 -19.048184 18.815096
1.318708 -18.827273 17.814118
1.235599 -20.911690 18.293072
-0.503200 -17.152400 22.083800
-1.295828 -17.821716 20.978914
-2.102096 -16.878425 20.080952
-1.955652 -17.258810 18.608947
2.805600 -20.885700 11.817000
2.493928 -21.343841 13.289451
1.2129956 -20.741713 13.896851
-9.224800 -20.273000 17.990800
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B. Atom coordinates of models

Q=2 =2=2 0000000000000 0000D0DO0O0DO0ODO0O0O0ODO0O00OOOOOOOOOOQOOOOOOOCOCOC0CQCCQ

.708000 -20.
.145583 -19.
.623035 -19.
.809652 -25.
.276021 -25.
.080418 -24.
.233115 -22.
.175200 -25.
.869815 -23.
.751202 -21
.029382 -20.
.928525 -21
.242100 -12.
.436198 -14.
.381184 -15.

446500
448724
517807
433965
350341
368601
899961
312100
947591

. 730645

691445

.215166

796500
205506
478307

17.
16.
16.
15.
14.
16.
15.
12.
12.

11

731700
694701
355776
583229
130805
391360
983660
592600
428847

.415608
12.
10.
12.
12.
13.

210170
632954
419200
573866
793893

1.066500 -19.380800 21.455100
-2.856300 -17.929388 18.053988
-0.988313 -16.623305 18.079423
0.740535 -19.906587 13.094311
0.822320 -21.058999 15.076196

.259523 -20.
.993495 -18.
.467218 -25.
.336777 -22.
.232653 -22.
.961400 -23.
.897274 -20.
.5156668 -20.
.261250 -16.
.667985 -15.
.033441 -20.
.300656 -18.
.817798 -16.
.694705 -20.
.663637 -18.

557751
511297
125835
491608
183990
886800
089158
882683
313563
925698
926145
572234
499356
138188
903744

15.
16.
13.
15.
16.
.855900
12.
13.
14.
13.
13.
16.
16.
16.
14.

11

713881
831881
226823
521290
235582

110367
351834
093860
755311
939929
038900
175255
391517
703334

0.909606 -17.258524 15.433543

110

.523406 -14.956389
.920400 -18.323300
.458200 -19.471100
.537500 -21.680200
.375037 -21.307211
.413800 -22.711900

16.
11.

228329
170700

9.442700

21.
19.
21.

259100
311666
006000



B.3. Model C-III

-4.042600 -22.389000 19.840900
-2.429109 -20.939302 20.161075
-8.707300 -17.426600 13.456500
-6.853300 -17.617000 12.159100
-6.658981 -16.556619 14.174927
-7.422500 -17.184100 13.265200
4.279300 -15.927400 15.113500
3.562464 -17.281137 15.094926
4.349000 -15.406200 16.534600
-3.993500 -13.636100 20.034500
-3.527646 -14.533178 19.037461
-3.031800 -13.331500 20.950900
-5.186600 -18.182300 21.927700
0.063100 -23.861400 20.130600
3.226000 -22.577700 19.641300
-3.921100 -10.888700 14.398400
-8.486100 -15.233100 15.410500

OO0 o0 oo ==22=20 Q0

B.3. Model C-III

Mn -0.758080 -19.765569 15.687982
Mn -3.364145 -20.376224 15.161389
Mn -3.318669 -18.434223 17.053546
Mn -1.420562 -16.166942 16.381640
Ca -2.686605 -17.534274 13.547472
N 1.984971 -20.199962 18.767297
N 0.689563 -19.594734 17.069027
N -2.665700 -26.855700 15.917700
-4.590300 -25.427800 13.938300
-4.982538 -22.829798 12.306761
-4.633600 -12.441900 12.881300
3.230100 -18.073400 19.663000
2.249127 -18.878221 18.602002
1.386206 -18.526494 17.507557
1.056964 -20.597622 17.853573
-0.503300 -17.152400 22.084000
-1.396305 -16.989966 20.871698
-0.479709 -17.702931 19.874491
-1.162583 -17.648865 18.596148
2.729700 -20.838400 11.885800
1.699569 -19.554886 12.068804

OO ==2=
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B. Atom coordinates of models

C 0.422672 -19.369694 13.056409

C
C
C
C
C
C
C
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
N

.224800 -20.
.935100 -20.
.639462 -20.
.384662 -20.
.808700 -25.
.281400 -25.
.670367 -24.
.8602569 -22.
.175200 -25.
.868500 -23.
.117169 -21
.421507 -20.
.265600 -21
.821600 -11.
.290700 -12.
.671853 -14.
.586911 -14.
.149365 -18.
. 758745 -16.
.513485 -18.

273200
710000
595446
177918
432900
310900
350146
759883
312100
952400

.467705

443730

.048000

371200
735500
088385
579329
415878
736456
539370

17.
17.
18.
17.
15.
14.
16.
15.
12.
12.
.832123
12.
10.
13.
12.
12.
14.
18.
17.
12.

11

990800
254900
104450
289150
588400
147700
048895
706582
592600
417500

665702
967300
742300
352100
871898
302135
520441
807359
714800

0.572239 -19.893543 14.201617

.993700 -20.
.803730 -19.
.473100 -25.
.979393 -22.
.956909 -21
.961400 -23.
.943329 -19.
.337836 -21
.927800 -10.
.654453 -15.
.717430 -14.
.924394 -19.
.925721 -17.
.006579 -16.
.376812 -20.
.006129 -18.

910132
154864
124500
251233

.850283

886800
304549

.006539

888100
584079
584455
846989
608475
531392
076172
726918

16.
17.
13.
15.
15.
.856000
12.
13.
14.
14.
15.
14.
15.
17.
16.
15.

11

318657
775842
231700
455053
781789

330322
781782
397900
398645
055972
235036
424599
156436
690849
404808

0.380912 -15.921949 15.779911
-1.441859 -14.345921 17.026258
-2.565000 -16.815500 11.246900
-3.458200 -19.471300 9.442700
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B.4. Model C-IV

OO0 oo o OO o= a=2=z 000 =2=

B

Mn
Mn
Mn
Mn
Ca

N
N
N
N
N
N
N
C
C
C

-2.537500 -21.680400 21.259200
-2.498205 -22.047101 19.136050
-3.413800 -22.711900 21.006200
-3.556800 -22.768200 19.655300
-1.920486 -21.375936 20.119206
-8.707300 -17.426600 13.456500
-6.853300 -17.617000 12.159100
-6.606148 -16.827199 14.282323
-7.422500 -17.184100 13.265300
1.572500 -18.268000 21.481700
1.066600 -19.380800 21.455100
4.279300 -15.927400 15.113500
2.857167 -16.441143 14.840051
4.349000 -15.406300 16.534600
-5.530000 -13.646100 20.687000
-3.969900 -13.624200 20.010600
-4.150723 -13.902916 18.634741
-3.016900 -13.343900 20.944100
-5.186600 -18.182300 21.927700
0.063100 -23.861600 20.130600
3.226000 -22.577700 19.641300
-8.486100 -15.233100 15.410500
-6.718000 -20.643200 21.685700

4. Model C-1V

-0.249205 -20.188600 15.852777
-2.896215 -20.768532 15.500917
-2.696150 -18.491719 16.938666
-1.323028 -15.996099 15.910154
-1.794833 -18.606699 13.308044
2.076948 -20.260370 18.992764
0.780374 -19.763854 17.296414
0.907200 -17.157000 21.761200
-2.665700 -26.855700 15.917700
-4.590300 -25.427800 13.938300
-4.974563 -22.895065 12.233070
-4.588800 -12.512900 12.935200
1.572500 -18.268000 21.481700
3.230100 -18.073400 19.663000
2.302447 -18.948205 18.740979
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B. Atom coordinates of models
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.471303 -18.666011 17.611486

.205001 -20.746658 18.079573

-0.503300 -17.152400 22.084000
-1.346994 -17.322621 20.828457
-0.596969 -16.460607 19.813229
-1.048495 -16.876348 18.467927
4.113100 -21.798800 11.695300

2.844100 -20.866800 11.745500

2.716657 -20.033523 13.040273

1.298168 -19.868941 13.583957

-7.865800 -20.621500 17.281400
-6.502076 -20.352990 18.051045
-5.140996 -20.066731 17.272721
-2.814972 -25.427896 15.595967
-3.283015 -25.311138 14.151235
-1.563303 -24.515018 15.995132
-1.608323 -22.957823 15.858593
-5.175200 -25.312100 12.592600
-5.868500 -23.952400 12.417500
-5.264508 -21.518661 12.199214
-4.295066 -20.768607 12.993663
-6.672384 -20.997264 12.179305
-4.802600 -11.405300 13.748300
-3.229800 -12.796300 12.412200
-2.993172 -14.403008 12.510493
-2.849456 -15.335579 13.753729
1.066600 -19.380800 21.455100

-1.742716 -17.930185 18.361536
-0.664702 -16.069059 17.589497
0.421621 -19.249551 12.913991

1.138801 -20.384242 14.719873

-4.706134 -20.994658 16.523049
-4.501074 -19.012836 17.666310
-2.499909 -24.966616 13.260519
-2.785587 -22.525902 15.744680
-0.513645 -22.263603 15.949049
-6.961400 -23.886800 11.856000
-3.692029 -19.808768 12.447920
-4.159973 -21.239364 14.154922
-3.918200 -10.892500 14.395300
-1.864298 -16.295768 13.948406
-3.953250 -15.432234 14.540548

1
1
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B.5. Model D

-1.566981 -20.399865
-0.900143 -17.825685
-2.837803 -16.554658
-1.867556 -20.253268
-3.597302 -19.022524
0.414234 -15.421483 15.273683

3.
4.
2.
4.
-4
-3
-3
-5

0.
3.

.880800 -14.
.877800 -18.
.458200 -19.
.680400
.558255

.537500 -21
.006248 -21

.413800 -22.
.587167 -22.
.030314

.284095 -21

.8563300 -17.
.648900 -16.
.422500 -17.

140291
374300
471300

711900
713897

617000
615300
184100

14.528869
15.678099
16.707569
16.908901
15.428057

16.194687
11.144800
9.442700

21.259200
19.160884
21.006200
19.644558
20.138394
12.159100
14.205100
13.265300

797400 -24.704200 17.568000
279300 -15.927400 15.113500
988881 -16.745337 14.935370
349000 -15.406300 16.534600

100100 -13.559100 20.193300

138100 -13.347300 21.135300

.681155 -13.7451562 18.880956

186600 -18.182300 21.927700
063100 -23.861600 20.130600
226000 -22.577700 19.641300
-1.755300 -18.996300 22.991400
2.954600 -11.468700 16.984700

B.5. Model D

Mn
Mn
Mn
Mn
Ca

-0.550322 -20.118710
-3.105250 -20.752609
-3.160018 -18.568238
-1.093462 -16.465850
-1.879677 -18.320305

15.971362
15.277529
16.878110
16.195416
13.491719

N 2.698377 -20.289380 18.349116
N 0.857314 -19.821993 17.218915
N 0.907200 -17.157000 21.761000
N -2.665700 -26.855500 15.917700
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B. Atom coordinates of models
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-4.590300 -25.427800 13.938300
-4.913471 -22.946546 12.133817
-4.597800 -12.487800 12.917700
1.572500 -18.268000 21.481700

3.230100 -18.073200 19.663000

2.412535 -19.000014 18.662201

1.214688 -18.738865 17.921978

1.742005 -20.749138 17.470368

-0.503200 -17.152400 22.083800
-1.389691 -17.872378 21.084982
-1.415736 -16.718020 20.088747
-1.476271 -17.310349 18.736035
2.777000 -20.876500 11.869600

2.596293 -20.012274 13.138837

1.166332 -19.904529 13.641842

-9.224800 -20.273000 17.990800
-7.911900 -20.682300 17.260000
-6.548463 -20.626502 18.046075
-5.192395 -20.342691 17.286302
-2.809987 -25.433687 15.589450
-3.281224 -25.300934 14.150783
-1.610492 -24.499786 16.008496
-1.837657 -22.9471565 15.793943
-5.175200 -25.312100 12.592600
-5.868500 -23.952400 12.417500
-5.020563 -21.556871 11.834369
-4.194514 -20.752417 12.757666
-6.320800 -20.979600 11.355800
-4.808300 -11.394500 13.748300
-3.242100 -12.767200 12.391700
-2.873576 -14.196822 13.062077
-2.534709 -15.065880 14.319187
1.066500 -19.380800 21.455100

-2.431477 -18.126390 18.561189
-0.757264 -16.597039 17.929263
0.378602 -19.105331 13.054500

0.967084 -20.404755 14.795867

-4.788586 -21.181766 16.398248
-4.628523 -19.243129 17.661145
-2.469160 -25.234813 13.221174
-3.022761 -22.690268 15.502076
-0.789796 -22.243691 15.982824
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B.6. Model F

.961400 -23.
.475133 -19.
.321905

.225595 -21

.922400 -10.
.751679 -16.
.462320 -15.
.644297 -20.
.810831 -18.
.868822 -16.
.279089 -20.
.078301 -19.

886800
780372

891000
240102
094526
411685
385696
820225
276569
164219

11.855900
12.399818
13.876014
14.400600
14.277424
15.304223
14.536104
16.254583
16.523402
16.791959
15.427298

0.711674 -16.612422 15.286247

4.
3.
4.
-3
-5

0.
3.

. 721298 -14.
.960500 -18.
.458200 -19.
.680200

.537500 -21

.206188 -22.
.413800 -22.
.163100 -23.
.382765

.889574 -21

.707300 -17.
.853300 -17.
.584061 -16.
.422500 -17.

524488
267100
471100

280606
711900
120600

426600
617000
960077
184100

16.443170
11.122700
9.442700

21.259100
19.221093
21.006000
19.733200
20.135400
13.456500
12.159100
14.313262
13.265200

279300 -15.927400 15.113500
267001 -17.080775 15.050092
349000 -15.406200 16.534600
-4.028500 -13.643000 20.048900
-3.364897 -14.024855 18.863251
057900 -13.337600 20.955800

186600 -18.182300 21.927700

063100 -23.861400 20.130600
226000 -22.577700 19.641300
-8.486100 -15.233100 15.410500
2.954600 -11.468700 16.984700

B.6. Model F

Mn -0.873202 -19.990111 16.320087
Mn -3.348700 -20.286787 15.249370
Mn -3.375463 -18.112968 16.834884
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B. Atom coordinates of models

Mn -1.438963 -16.328672 16.042666
Ca -2.077050 -18.231737 13.370846
N 2.112381 -20.288740 19.089708
N 0.615319 -19.766715 17.548134
N 0.907200 -17.157000 21.760800
N -2.665700 -26.855300 15.917700
-4.590300 -25.427800 13.938300
-4.919842 -22.947332 12.167135
-4.640800 -12.450400 12.873400
1.572500 -18.268000 21.481700
3.230100 -18.073100 19.663000
2.293274 -18.979427 18.828902
1.338159 -18.660039 17.858530
1.126317 -20.760878 18.297377
-0.503200 -17.152400 22.083800
-1.443386 -17.690439 20.996027
-0.642435 -17.491338 19.712587
-1.407450 -17.531496 18.386222
2.738700 -20.841500 11.922100
2.337403 -20.250883 13.350040
0.862083 -19.916010 13.864665
-9.224800 -20.272800 17.990800
-7.944700 -20.731700 17.248400
.344201 -19.5195616 16.533393
-5.834773 -19.495387 16.533322
-2.810600 -25.434000 15.589000
-3.280600 -25.318400 14.145300
-1.836081 -24.376802 16.257631
-2.076683 -22.813099 15.995265
-5.175200 -25.312100 12.592600
-5.868500 -23.952400 12.417500
-5.072742 -21.602095 11.767795
-4.257656 -20.708679 12.598903
-6.340700 -21.076000 11.172900
-4.821300 -11.380300 13.736100
-3.300800 -12.752300 12.339900
-2.853478 -14.280257 12.330339
-2.866951 -15.176831 13.666227
1.066500 -19.380800 21.455100
-2.446676 -18.245261 18.377123
-0.879393 -16.650735 17.690734
0 0.111121 -19.301601 13.004500
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B.6. Model F

0.714638 -20.155720 15.122711

-5.
-5.
-2.
-3.
.202662 -21
961400 -23.
671851 -19.
.172706 -21.
.923000 -10.
.892589 -16.
.035860 -15.
.750848 -20.
.814109 -17.
.169582 -16.
.625701 -19.
.921932 -18.

-1

-6.
-3.

163869 -20.
358842 -18.
473100 -25.
144166 -22.
.931866

328720
474685
124500
306205

886800
696683
128739
902300
101096
254546
230762
922789
367088
868121
493636

15.837683
17.128253
13.231700
15.590825
16.231647
11.855900
12.140981
13.778812
14.389400
14.067973
14.392183
14.734561
15.354803
16.591187
16.861330
15.092536

0.326060 -16.599205 15.362206

.420285 -14.
.023400 -18.
.458200 -19.
.537500 -21
.578440 -21
.413800 -22.
.566800 -22.
.138841 -21.
.707300 -17.
.8563300 -17.
.691983 -16.
.422500 -17.

391893
269800
471000

.680000
.934487

711900
768200
163680
426600
617000
467989
184100

16.272183
11.048000
9.442700

21.259100
19.112982
21.006000
19.655300
20.092631
13.456500
12.159100
14.131917
13.265200

4.279300 -15.927400 15.113500
3.197394 -16.981364 14.985514
4.349000 -15.406200 16.534600
-5.547100 -13.649400 20.704200
-4.054800 -13.641700 20.060700
-3.638105 -13.769411 18.723034
-3.078800 -13.348800 20.965900
-5.186600 -18.182300 21.927700
C 0.063100 -23.861300 20.130600
0 3.226000 -22.577700 19.641300
0 -8.486100 -15.233100 15.410500

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 -1
N
N
N
C
C
C
N
N
N
C
C
C
C
C
C
0
0
C
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Abstract

The manganese complex (Mn complex) bound to the protein complex photosystem II
(PSII) is responsible for water oxidation and O formation in photosynthesis. Due to
its important role, the structure of the Mn complex is of very high interest.

In this thesis, extended-range EXAFS spectra measured for PSII membrane particles
are presented which allow for significantly higher distance resolution in contrast to
standard EXAFS at the Mn-edge.

Further, recently in literature published models of the Mn complex are discussed
in regard to these data as well as in literature published EXAFS spectra and XRD
results. The EXAFS data from literature taken into account were measured

(i) on partially oriented PSII membrane particles under different angles between
the electric-field vector of the X-ray beam and the sample normal and

(ii) on PSII crystals for all three axes of the unit cell.

For the structural models, EXAFS spectra are calculated and compared to these ex-
perimental results.

Based on the experimental EXAFS data and starting from an XRD structure of
PSII, for the first time models of the Mn complex are developed which are in agreement
with EXAFS measurements on both partially oriented PSII samples and PSII crystals.
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Kurzfassung

Der Mangankomplex des Photosystem IT (PSII) ist in der Photosynthese verantwort-
lich fiir die Oxidation von Wasser und Bildung von molekularem Sauerstoff. Auf Grund
dieser wichtigen Funktion ist die Aufklarung der Struktur des Mangankomplexes von
herausragender Bedeutung.

In dieser Arbeit werden sogenannte , FExtended-range“-EXAFS-Spektren von PSII-
Membranpartikeln présentiert. Diese Daten ermdglichen im Vergleich zu Standard-
EXAFS-Spektren an der Mn-Kante eine deutliche hohere Distanzauflosung.

Des Weiteren werden einige in den letzten Jahren in der Literatur verdffentlichte
Modelle des Mangankomplexes im Hinblick auf diese Daten als auch weiterer in der Li-
teratur veroffentlichter EXAFS-Spektren analysiert. Hierzu wurden EXAFS-Spektren
aus der Literatur verwendet, die

(i) an partiell-orientieren PSII-Membranpartikeln unter verschiedenen Winkeln zwi-
schen dem Vektor des elektrischen Feldes des Rontgenstrahls und der Proben-
normalen sowie

(ii) an PSII-Kristallen fiir alle drei Achsen der Einheitszelle

gemessen wurden. Fiir alle betrachteten Modelle wurden EXAFS-Spektren simuliert
und mit diesen experimentellen Resultaten verglichen.

Basierend auf den experimentellen EXAFS-Daten und ausgehend von Ergebnissen
der Rontgenstrukturanalyse des PSII werden erstmalig Modelle des Mangankomplexes
entwickelt, die in Ubereinstimmung mit den EXAFS-Messungen sowohl an partiell
orientierten PSII-Proben als auch PSII-Kristallen sind.
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