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Abstract

XANES, EXAFS and KB Spectroscopic Studies of the
Oxygen-Evolving Complex in Photosystem II

by
John Henry Robblee

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Kenneth Sauer, Chair

A key question for the understanding of photosynthetic water oxidation is whether
the fouf oxidizing equivalents necessary tovoxidize water to dioxygen are accumulated on
the four Mn ions of the oxygén evolving complex (OEC), or whether some ligand-
centered oxidations. take place before the formaﬁoﬁ and release of dioxygén during the
S, > [S,] = S, transition. Progress in instrumentation and flash sample préparation
allowed us to apply Mn KB X-ray emission spectroscopy (KB XES) to this problem for
the first time. The KB XES results, in vcombination with Mn X-ray absorption near-edge
stfﬁcture (XANES) and electron paramégnetic resonance (EPR) data obtained ffom the
same set of samples, show that the S, — S, .trax;sition, in éontras‘t to the S0 — S, and

§, =S, :‘transitions, does not involve a M;l-centered oxidaﬁon. This is ré.tionalized by

manganese pJ-0xo bridgé radical formation during the S, — S, transition.



Using extended X-ray absorption fine structure (EXAFS) spectroscopy, the local
environment of the Mn atoms in the S, state has been structurally characterized. Thése
results show that the Mn—Mn distance in one of the di-u-oxo-bridged Mn;Mn moieties
increases from 2.7 A in the S, stafe to 2.85 A in the S, state. Furthermore, evidence is
presented that shows three di-p-oxo binuclear Mn, clusters may be present in the OEC,
which is contrary to the widely held theory that two such clusters are present in the OEC.

| The EPR properties of the S, state have been investigated and a characteristic
‘multiline’ signal in the S, state has been discovered inA the presence of methanol. This
provides the first direct confirmation that the native S, state is'paramagneﬁc. In addition, .
this signal was simulated usihg parameters derived from three possible oxidation states of
Mn in the S, state.

The dichroic nature of X-rays from synchrotron radiation and single-crystal Mn
complexes have been exploited to selecﬁvely piobé Mn-ligand bonds usihg XANES and
EXAFS spectroscopy. The results from single—crystal Mn complexes show that dramatic
dichroism exists in these complexes, and are shggestivé 6f a promising future for single- .

crystal studies of PS II.
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Chapter 1: Introduction

The advent of oxygen-evolving photosynthesis is perhaps the most important
event to have occurred in evolution. It was only through the conversion of Earth’s
anaerobic atmosphere' to an aerobic atmosphere 2 — 3 billion years ago®* that evolution
of eukaryotic life forms became possible. This conversion was accomplished by
photosynthetic organisms which harnessed the energy present in photons of sunlight and

stored it in the form of readily accessible molecules such as dioxygen, NADPH

H2O + C02 —> 02 + (CHQO)n
PSi

8

ey

(o))
1

Siroma

8
i
N

cyt bgf
complex

©
®
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&
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0.4 -
0.8 Tea
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Figure 1-1: Z-scheme for photosynthetic electron flow, as adapted from Miller et al."!
H,O is the primary electron donor, and a series of charge-transfer steps provide the
energy necessary for electron transport through the photosynthetic electron-transport
chain. The terminal acceptor for the electrons is NADP”; the resulting NADPH is used as
reducing equivalents in the dark reactions in the Calvin cycle (where carbon fixation

occurs). The equation above the Z-scheme describes the net reaction of photosynthesis.



(nicotinamide adenine dinucleotide phosphate), ATP (adenosine triphosphafc),
carbohydrates, and lipids. This process is summarized by the equation in Figure 1-1 and
consists of two major groups of reactions: the light reactions and the dark reactions. The
light reactions are schematically summarized in Figure 1-1; these reactions use light
energy to oxidize water to dioxygen, generate a proton gradient across the thylakoid
membrane, and generate reducing equivalents in the form of NADPH.> The potential
generated by the proton gradient is then used by a membrane-bound complex, known as
the ATP synthase, to generate ATP.*” The dark reactions of photosynthesis use the
reducing equivalents available in NADPH as well as ATP to fix CO, into carbohydrates,
generating biomass in a process known as the Calvin-Bassham cycle.**

The driving force behind photosynthetic electron transport is the absorption of
visible-light photons by the photosynthetic reaction centers photosystem II (PS II) and
photosystem I (PS I). This absorption process provides the necessary free energy to
transport electrons from water, the primary electron donor, to NADP®, the terminal
electron acceptor, and generates a proton gradient in the process. Each of these reaction
centers is a large multi-subunit membrane-bound complex; PS II has a molecular weight
of 300 — 400 kDa," and the active form of PS I, a trimer, has a molecular weight of
1000 kDa.”” These large reaction-center complexes trap photons with their large
chlorophyll (Chl) antenna systems and transfer the absorbed energy to a designated

cluster of Chl molecules (Pgg, in PS II and P,y in PS I).
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Figure 1-2: Schematic diagram of PS II. The labeled cofactors are described in the text.
The chlorophyll-containing CP43, CP47, and 28 kDa polypeptides are primarily involved
in light harvesting. The 33, 24, and 17 kDa extrinsic polypeptides play a role in the
stabilization of the OEC and its associated cofactors. The 32 kDa D, and D, polypeptides
provide many of the ligands to the OEC and also contain the redox-active tyrosines Y
and Y. The function of the cytochrome bss, subunit is unknown at present. Adapted

from Debus. '

Absorption of the energy from the incident photon promotes P, (or P,y in PS I)

to an excited state. The excited state is dissipated very rapidly (3 — 20 ps for Py,

15,16 1

reduction, -2 ps for P,y reduction'’*®) by transfer of an electron to a series of

acceptor molecules. Figure 1-2 shows the electron transport path that exists in PS IL.



After transfer to a pheophytin, the electron is sequentially transferred through two redox-
active plastoquinone molecules, Q, and Qgz. Once Qg is doubly reduced, it is released
from PS II into the thylakoid membrane and is oxidized by the next component in the
electron transport chain, the cyt b,f complex.

To fill the hole that is left behind after Pg, oxidation, a redox-active tyrosine
residue Y, (Tyr-161 from the D1 polypeptide®'**) becomes oxidized. Y, is quickly
(0.07 — 1.4 ms®®) reduced by the oxygen-evolving complex (OEC), which is bound to
PS II. To reduce Y, the OEC is able to extract electrons from water through a concerted
4-electron oxidation as shown in Eq. 1-1:

2H,0 = O, + 4e + 4H" Eq. 1-1
If the OEC were to perform this reaction in a series of one-electron steps, highly reactive
intermediates such as peroxide and superoxide would be formed.”® To couple the one-
electron chemistry of the reaction center with the four-electron chemistry of water
oxidation, the Mn-containing OEC cycles through 5 redox states, S, through S,, where
the index denotes the number of oxidizing equivalents stored on the OEC.” Only when
four oxidizing equivalents have been stored in the S, state is dioxygen formed, which
avoids the release of harmful water-oxidation intermediates.

The OEC performs a vital and thermodynamically unfavorable reaction that has
been extremely difficult to mimic with metal-containing model complexes.”*** Thus, the
OEC has been the subject of intense study for over 30 years in an attempt to derive
insight into the mechanism of water oxidation by the OEC.'**"* The relevant kinetic and
thermodynamic parameters as the OEC cycles through the various S-states have been of
interest,”**"*> but the critical element to understanding water oxidation is knowledge of
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both the structure of the OEC and the oxidation states of Mn for each of the intermediate
S-states. Electron paramagnetic resonance (EPR) techniques'>** have provided
important contributions towards this goal, especially in the identification of paramagnetic
Mn species in each of the S-states.** However, structural information about the OEC
from EPR experiments is usually only available indirectly through interpretation of the

g values and hyperfine values obtained through simulation of experimental spectra.
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Figure 1-3: Mn K-edge X-ray absorption spectrum of PS II. The XANES region
contains information about the oxidation states of Mn, and the EXAFS region contains
structural information about the local environment surrounding Mn. The EXAFS
interference pattern arises from a final-state interference effect from backscattering off
neighboring atoms (B). At an X-ray energy E,, the interference is constructive; thus, an

increase in X-ray absorption is seen. See text for more details.



X-ray spectroscopy, however, is a very powerful technique for addressing both
structural and oxidation-state questions. Figure 1-3 shows that the Mn K-edge X-ray
absorption spectrum of PS II contains two main parts: the XANES (X-ray absorption
near-edge structure) region and the EXAFS (extended X-ray absorption fine structure)
region. Information about the oxidation states of Mn can be obtained from the XANES
region, which is primarily the 1s — 4p transition in Mn’® and is sensitive to Mn
oxidation-state changes through core-hole shielding effects.”® Beyond the XANES
absorption edge, EXAFS oscillations appear; these are due to a final-state interference
effect from photoelectrons that are backscattered off neighboring atoms, as seen in
Figure 1-3.”7 These oscillations contain information about the number of backscatterers
present and the identity of the backscattering atoms; they also contain extremely accurate
information about the absorber-backscatterer distances (< 0.02 A error) in the frequency
of the oscillations.

The seminal EXAFS and XANES experiments on the OEC were performed 20
years ago by Kirby et al.”®® and Goodin et al.,” respectively. The conclusion from the
EXAFS experiments was that di-p-oxo-bridged binuclear Mn, moieties are a prominent
structural motif in the S, state of the OEC (the dark-stable state), while the conclusion
from the XANES experiments was that Mn is oxidized during the S, — S, transition.
Many subsequent XANES and EXAFS experiments have provided additional oxidation-
state and structural information for the OEC in other S-states.’**®*® However, the
difficulty of generating relatively pure samples in S-states other than the dark-stable
S, state and the S, state has hampered subsequent studies, which are crucial to a
mechanistic understanding of water oxidation by the OEC.
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:This thesis addresses these problems on two fronts. By preparing samples
enriched in each of the S-states S,, S;, S,, and S,, the presence or absence of Mn
oxidation during each S-state transition has been addressed. This has been done using
XANES spectroscopy as well as a novel X-ray spectroscopic technique, KB X-rayv'
emission spectroscopy (KB XES) and is described in Chapter 2. These results can be
explained by the conclusion that not all of the S-state transitions contain Mn-based
oxidations.

Chapter 3 describes the structural characterization of i:he S, state using EXAFS
spectroscopy on samples generated through single-flash turnover. This is the most
difficult S-state to generate in high purity. The conclusions from these experiments show
that some of the di-p-oxo-bridged Mn-Mn distances are longer in the S, state than they
are in the S, state. In addition, some surprising conclusions can be drawn from the
experimental EXAFS results — specifically that three di-u-oxo bridges may be present —
that suggest additional structural possibilities for the OEC Which have not been
previously considered in detail.

Chapter 4 describes the characterization of the S, state using EPR spectroscopy in
which a distinctive ‘multiline” EPR signal has been detected inv the S, State, thereby
confirming the paramagnetic nature of the S, state. This signal was then simulated under
Yarious assumptions for the oxidation states of Mn in the S, state.

Chapter 6 .describes the future direcﬁons for this research, which will likely be
centered around the recently discovered X-fay érystallographic structure of PS IT at 3.8 A
resolution.® To prepare for future studies of single crystals of PS II, single crystais of
several Mn model complexes were studied using XANES and EXAFS spectroscopy to
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exploit the dichroic nature of single crystals and synchrotron radiation; this is described

in Chapter 5.



Chapter 2: Absence of Mn-centered oxidation in the S, —» S;
transition: insights from XANES and Kf XES and implications for the

mechanism of photosyntheﬁc water oxidation

Abstract

A key questién for the understanding of photosynthetic water oxidation is whether
the four oxidizing equivalents necessary to oxidize water to dioxygen are acéumulated on
the four Mn ions of the oxygen evolvihg complex (OEC), or whether some ligand-
centered oxidations take place before the formation and release of dioxygen during the

S; = [S,] = S, transition. ?rOgress in instrumentation and flash sample preparation
allowed us to apply Mn KB X-ray emission spectroscopy (KP XES) to this problem for
the first time. The KBF XES resulfs, in combination with Mn X-ray absorption near-edge
structure (XANES) and electron paramagnetic resonance (EPR) data obtained from the
same set of samples, show that the S, —) S, transition, in contrast to the S, — S, and
S, = S, transitions, does not involve. a Mn-centered oxidation. Based on new structural
data from the S, state, manganese p-oxo bridge radical formation is‘proposecbl for the
S, — S, transition, and three possible mechanisms for the O-O bond formation are

presented.



Introduction

Most lif¢ on earth is critically dépendent on the presence of dioxygen in the
atmosphere. 'Almost all of this dioXygen has been generated throtgh_ photosynthetic
oxygen evolution by the oxygen evolving corhplex (OEC) in photosystem II (PS II)."*5#!
PS Il is a ~500 kDa multi;subunit membrane protein complex whose pﬁn;ary function is
to generate charge separation across the membrane using the energy present in photons of
sunlight. The energy from this charge separation is then used to oxidize water to
dioxygen in the OEC, and eventually to generéte ATP and NADPH. The OEC contains
four Mn atoms and two essential cofactors, Ca** and CI. Using the energy from the light-
induced charge separation in the PS II reaction center, the OEC couples the 4-electron
chemistry of water oxidation >with the 1-electron photochemistry of the reaction center .by
sequentially storing oxidizing equivalents in a series of S-states S; (i _='O —4), where i
denotes the number of oxidizing equivalents stored (Figure 2-1).” Once four o*idizing
| equivalents have been stored (S,), the OEC evolves dioxygen. This accumulation process
avoids the release of harmful water oxidation intermediates such as superoxide or
peroxide.

The mechanism by which the OEC generates dioxygen from water has been the

So > 811 5, > 53 [5)

e \l.

(073 | 2H,0

Figure 2-1: S-state scheme originally proposed by Kok et al.”’
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subject of intense study. Several possible mechanisms for this reaction have been
proposed;***"“**7® however, some key mechanistic questions are still unresolved.
Knowledge of the structures of the Mn cluster and the oxidation states of Mn and other
components as the OEC advances through the S-states is crucial to understanding the
mechanism of water oxidation. In the absence of a Mgh-resoluﬁon X-ray crystal structure
of PS II, the primary spéctroscopic tool for structural analysis of the S-states has been
extended X-ray absorption fine structure (EXAFS) spectroscopy. Based oﬁ EXAFS data,
the Mn cluster has been proposed to be a cluster consisting of at least two di-p-oxo
bridged Mn moieties and éne mono-p-0xo bridge Mn moiety.**’! However, the EXAFS
data provide few constraints on how these motifs are arranged in the OEC; thus, several
possible topological models exist.**”>™ Recently, a crystal structure at 3.8 A resolution
has been reported for an oxygen-evolving PS II preparation from Synechococcus
elongatus.® The current data lack sufficient resolution to define an exact structure of the
OEC in the S, state, but suggest an asymmetric ‘Y’ shape of the cluster. Based on **Mn
ENDOR .data froin the S,-state multiline EPR signal,*’ continuous-wave EPR
simulatioﬁs of the Sz-state EPR multiline signal,"mv and density functional theory (DFT)
calculations,” structural models with a monomer-trimer arrangement of the Mn ions have
been proposed, while a recent simulation of the S,-state multiline EPR signal is consistent
with a diamond-like structure.” Further work is required to define the overall structure of
the OEC, but the Mn—Mn and Mn-—Ca vectors determined by EXAFS spectroscopy will
serve as a basis for any proposed structure.

| EXAFS data reveal that the structure of the Mn cluster is not static; instead,
distance éhanges are observed during éome S-state transitions. The EXAFS spectra of the
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dark-stable S, state show two to three 2.7 A Mn—Mn distances and one 3.3 A Mn-Mn
distance, .characteristic of two to three di-p-oxo bridges and one mono-p-oxo bridge,
respectively.”>” Advancement to the S, state does not change the EXAFS spectrum;
however, in the S, state one of the 2.7 A distances increases in length by 0.1 - 0.2 A, and
the 2.7 A distances increase in the S, state to 2.8 A and 3.0 A, indicating changes in the
di-p-oxo bridges.®***

Several different spectroscopic methods have been used to address the oxidation
| states of Mn as a function of S-state. Electron paramagnetic re;onance (EPR)
spectroscopy has shown that the S, and S, states are paramagnetic, exhibiting multiline
EPR signals,****"# and that the S, state has a parallel polarization EPR signal.*’*>%
This suggests that Mn is oxidized during the S, — S, and S, — S, transitions. Other EPR
studies of the power-saturation behavior of a redox-active tyx;osine in photosystem ‘II,
Y, which is sensitive to the presence of relaxingvcenters such as the Mn cluster, show
that the half-saturation power P,,, changes during the S; — S, and S, — S, transitions, but
remains unéhanged during the S, — S, transition.”® This led to the suggestion that, unlike
ihe So =S, and S, — S, transitions, the S, — S, transition proceeds without Mn
oxidation. A direct pulsed electron spin echo measurement of the Y, T, relaxation time,
which has intrinsic and dipolar contributions, shows the same trends with S-state as the

% Nuclear magnetic resonance proton relaxation

continuous-wave EPR measurements.
enhancement (NMR-PRE) measurements, which measure the increased relaxation rate of
the bulk water due to rapid exchange with water bound to a transition metal such as Mn,
~ also led to the same conclusion, in particular with regard to the S, — S, transition not

involving Mn oxidation.” In addition, UV absorption difference spectroscopy has been
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used to address this question. By meas_uring small changes in absorbance between
S-states, difference spectra are obtained which have been interpreted by some groups to
suggest that Mn is oxidized on each S-state transition, contrary to the conclusions from
other methods.*** However, the interpretation of these UV absorption difference spectra
to derive insight about Mn oxidation is not straightforward.g"”v

X-ray spectroscopic techniques are ideally suited to address questions about
oxidation state, because the element in question, Mn, can be selectively probed with
essentially no interference from other cofactors or the protein matrix. X-ray absorption
near-edge structure (XANES) spectroscopy is the most well-known of these techniques
and has been used extensively in the field of metalloproteins to investigate the oxidation
states of redox-active metals in metalloprotein active sites.’*****'® The principal
component in XANES spectra is a 1s — 4p absorption edge in Mn. The pioneering
application of XANES to PS II was performed by Goodin et al. in the early 1980s.” This
study, which was extremely difficult because of the low Mn concentration in PS II
samples (< 1 mM), showed that the Mn K-edge in the S, state is shifted to higher energy
in the S, state. Dramatic impfovements in detector technology and cryostat cooling
capabilifies have made XANES experiments routine for most concentrated
metalloproteins, and the collection of XANES spectra from dilute, single-flash saturable
PS II samples is now achievable. Three different groups have investigated the oxidation
States of Mn for the S,, S,, S,, and S, states using XANES. Based on shifts in the
absorption ‘edge, or lack thereof, Roelofs et al. proposed that Mn is oxidized during the
S, — S, and S, — S, transitions, but is not oxidized during the S, — S, transition.”® In
contrast, Ono et al.'! and Tuzzolino et al.'” interpret their XANES Iresults to indicate that
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Mn is oxidized during each S-state transition, although one group (Ono et al.) reported no
independent S-state determination for their samples and the other group (Iuzzolino et al.)
had significant S-state inhomogeneity in their samples.

The conflicting results in the literature concerning the S, — S, transition, some
which support and some which disagree with Mn oxidation occurring during this
transition, have led to two different types of proposed O, evolution mechanisms, with one
type?837.406667.70 incorporating the oxidation of ligand or substrate in the S, state, and the
otner type®%*!® invoking Mn oxidation during the S, — S, transition. As expected,
fundamental differences in the chemistry of O-O bond formation and O, evolution exist
between the two types of mechanisms. Clearly, if the nature of the S, — S, transition is
unambiguously identiﬁed., it will narrow the range of possible mechaniéms for O,
evolution, leading to a clearer understanding of this important process.

By the application of an independent X-ray spectroscopic technique, Kf X-ray
emission spectroscopy (KP XES), this chapter pfovides- a new approach to contribute to |
the resolution of the true nature of the S, — S, transition. It has been known for over 60
~ years that K XES is sensitive to the number of unpaired 3d electrons of the fluorescing
atom;'*'” due to improveménts'in instrumentation, it has recently been possible to apply
thi§ technique to dilute, biologically relevant samples such as PS IL'%%® KB XES
monitors the Mn 3p — 1s fluorescence, which is sensitive to spin state, and therefore
oxidation state (vide‘ infra) through a 3p — 3d éxchange interaction.'” This is an indicator
of oxidation-state sensitivity that is different from XANES, which is sensitive to
oxidation state through 1s core-hole shielding effects.® In this chapter, the investigation

of the oxidation states of Mn in each of the intermediate S-states (S, through S,) using KB
14



XES and XANES spectrdscopy on the same sets of samples that have been characterized | .'
by EPR is reported, and it is concluded that Mn is oxidized on the S, —) S‘l éﬁd S, ->S,
transitions, while ligand/substrate oxidaﬁon occurs dutiﬂg the S, —» 83 transition in lieu
of a Mn-centered oxidation. By combining these data with structural information from
EXAFS spectroscopy, three possible meghaniéms for O-O bond formation by the OEC

are proposed.
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Materials and Methods

PS II membranes were prepared from fresh spinach leaves by a 2 min incubation
of the isolated thylakoids with the detergent Triton X-100 and subsequent

110,111

centrifugation. The pellets were then resﬁspended‘ to a chlorophyll (Chl)
concentration of 9.5 mg Chl/mL in a 30 % (v/v) glycerol buffer (pH 6.5, 50 mM MES, 15
mM NaCl, 5 mM MgClz,.S mM CaCl,) and stored as aliquots at -80° C until used. Chl

concentrations were calculated as described in Porra et al.!'?

Inductively-coupled
plasma/atomic emission spectroscopy (ICP/AES) was used to determine the Mn
concentration in a sample of known Chl 'concentratiori; this provided a ratid of Mn/Chl
for the PS II preparation used in these experiments. Information on the number of Chl
per reaction center (RC) was determined from the average oxygen yield per flash for this
preparation using a Clark-type electrode under the following experimental conditions:'"
1 and 4 Hz flash frequency, 100 Xenon flashlamp flashes per group, T = 21° C, electron
acceptors: 1 mM [Fe(CN)¢]*, 0.2 mM PPBQ (phenyl-1,4-benzoquinone), and 0.5 mM
DCBQ (2,5-dicMoro—p-benzéquinoné). From the average oxygen yield per flash and the
known Chl concentration, the ChI/RC ratio was calculated using the knowledge that O, is
evolved evéry 4* flash and assuming that the miss and double-hit parameters are small
and approximately eqﬁal for the Xenon flash lamp under these conditions and can
therefore be neglected. By combining the Mn/Chl ratio determined from ICP/AES with
the Chl/RC ratio determined from flash-induced oxygen evolution, a ratio of 4.3 + 0.2

Mn/RC was calculated for the preparatioh used in this study.

To prepare samples for the X-ray experiments, a frequency-doubled Nd-YAG
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laser system (Spectra-Physics PRO 230-10, 800 mJ/pulse at 532 nm, 9 ns pulse width)
was used to illuminate PS II samples from both sides simultaneously. The setup shown
in Figure 2-2 allowed us to double the sample concentration used in earlier studies
- while sﬁll maintaining flash saturation. The laser was operated continuously at 10 Hz,
and ﬂashes Were selected using an external shutter (model LSTX-Y3, nm Laser Products,
Inc.). |
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- ‘Figure 2-2: Schematic diagram of the setup of laser illumination of flash samples as

viewed from the side. The laser output from the Spectra-Physics PRO 230-10 was

modified using the following components, as labeled in the diagram: A) shutter; B)

1/4-wave plate; C) polarizing beamsplitter cube; D) f=-250 mm cylindrical lens; E)

f= 1000 mm cylindrical lens; F) 50 % transmittance beamsplitter; G) mirror; H) beam

stop; I) PS II flash sample.

Before flash illumination, 1 mM of recrystallized PPBQ, an exogenous electron
acceptor of PS II, was added at 21° C from a 50 mM stock solution in dimethyl sulfoxide
- and mixed. Lexan sample holders (22 x 3.2 x 0.8 mm inner dimensions) were evenly
filled with 40 pL aliquots of PS II at 4° C under dim green light and then used for flash
illumination.

All samples were enriched in the S, Y™ state (except for ‘no preflash’, NPF,

samples) with one preflash followed by a 30 min dark—adaptation at 21° C. This preflash
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procedure oxidizes the fast’electron donor YD‘and thereby minimizes S-state scrambling
due to the back-reaction with the S, and S, states between the .ﬂashes in the subsequent
flash train. The samples were then illuminated with O to 6 flashes (‘OF’ to ‘6F” samples)
at 1 Hz freﬁuency. After the last flash, each sample was frozen immediétely (<1s)in
liquid nitfogen to trap its S-state composition. Three sets of >35 sainples each were
pr‘epared and used within 10 days for the expériments._ The dimensions of the Lexan
sample holders allowed us ‘to measure EPR spectra of every sample that was later used
for X-ray experiments.

To verify that the laser flash illumination procedure did not damage thé PS II
| sami)les, Mh(II) EPR spectra Were collected for several 6F samples; they showed that
almost no Mn(Il) (<1.5 %) was released by se\}en laser flashes. Fbr further confirmation,
four of the 6F samples were dark-adapted for 40 minutes at room temperature after
quantitation of their S,-state multiline EPR signal ampiitudes, and were then advanced to
the S, state by continuous illumination at 190 K. The/resﬁlting 'no'rmalized S,-state
multiline EPR signal amplitudes were identical to that obtained from the 1F samples.

| After all S, EPR multiline signal and X-ray measurements were cofnpieted, the
Mn content of each sample -was quantitated by releasing the bound Mn as Mn(II) using
the external reductant NH,OH. 10 pL of a freshly prepared 1.0 .M NH,OH solption was
layered onto the surface of each sample, and the samples were.allowed to incubate at .
room temperature for 30 minutes. The Mn(II) six-line EPR spectrum (I = 5/2 for **Mn,
100 % natural abundance) was then measured for each sample using the parameters

described below.
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EPR spectra were collected on a Varian E-109 spectrometer with an E-102
microwave bridge and stored using Labview running on a Macintosh G3 computer.
Samples were maintained at cryogenic temp’eratures using an Air Products Heli-tran
liquid helium cryostat. Spectrometer ¢6nditions were as follows: S, EPR multiline
signal: 2800 + SOO G scan range, 25,000 or 40,000 gain, 30 mW microwave power, 9 K
temperature, 32 G modulation amplitude, 100 kHz modulation frequency, 2 min/scan, 2
or 4 scans per sample, 0.25 sec time constant, 9.26 GHz microwave frequenéy; Mn(II):
3300 + 1000 G scan range, 16,000 gain, 10 uW microwave power, 20 K temperafure,

32 G modulation amplitude, 100 kHz modulation frequency, 2 min/scan, 1 scan per

sample, 0.25 sec time constant. MLS amplitudes were determined from the low-field and

high-field peak-to-trough measurements for each designated peak. The Mn(II) six-line =

EPR signal amplitudes were determined using the low-field peak-to-trough
measurements for the 2, 3%, and 6® hyperfine lines.

XANES spectra were recorded on beamline 7-3 at SSRL (Stanford Synchrotron
Radiation Laboratory) essentially as in Roelofs et-al.”® The synchrotron ring SPEAR was
, operated at 3.0 GeV at a current of 50 — 100 mA. Energy resolution of the unfocused
incoming X-rays was achieved using a vSi(220) double-crystal monochromator, which
was detuned to 50 % of maximal flux to attenuate harmonic X-rays. A N,-filled ion
chamber (I,) was mounted in front of the sample to monitor incident beam intensity. An
incident X-ray beam of 1 mm x 11 mm dimensions with a flux of approximately
3.5 x 10" photons/sec. was used for the XANES experiments. The samples were placed
at an angle of 45° relative to the X-ray beam and were kept at 10+ 1K in a He
atmosphere at ambient pressure uéing an Oxford CF-1208 continuous-flow liquid He
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cryostat. The X-ray absorption spectra were collected as fluorescence excitation

' using a 13-element energy-resolving detector from Canberra Electronics,'” and

spectra
were referenced by I,. Typical counts in the Mn fluorescence window for the central
channel were 100 counts/sec at 6500 eV (below the Mn K-edge) and 320 counts/sec at
6600 eV (above the Mn K-edge). Spectra were collected at 10 eV/point from 6400 to
6520 eV with a collection time of 1 second per point, at 0.2 eV/point from 6520 to
6580 eV with a collection time of 3 seconds per point, and at 10 eV/point from 6580 eV
to 7100 eV with a collection timé of 1 second per point. Three vertical positions of 1 mm
height each were used for each sample, and ‘only 2 or 3 scans were collected at each
separate position to minimize and monitor radiatioh damage. A third scan at each
position was taken for fewer than 25 % of the XANES samples. The samples were
protected with a shutter from the beam at all times unless a measurement was in progress.
- Collection of an energy-reference spectrum was achieved by placing a KMnO, sample
between two N,-filled ion chambers I, and I,, which were positioned behind fhe PSII
sample, and collecting a KMnO}4 absorption spectrumﬁconcurrently with PS II data
collection. The narrow pre-edge line (FWHM < 1.7 eV) at 6543.3 eV was subsequently -
used for energy calibration.'"® For the XANES spectra, 4149 scans (2 - 3 scans per
position, 3 positions per sample) were averaged per flash number for the OF —- 3F Spectra,
and 11 — 13 scans (2 — 3 scans per positioﬂ, 3 positions per sample) were averaged pef
flash number for the 4F — 6F spectra. After removal of a linear background, the XANES
data were normalized by fitting a quadratic polynomial to the EXAFS region
(6570 — 7100 V) and assigning the intensity of the extrapolated polynomial to 1.0 at

6563 eV. Second derivatives between 6535 and 6575 eV were calculated for each point
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by fitting a cubic polynomial to a range of = 3 eV around that point and computing the
2" derivative of the polynomial.

KB emiésion spectra were recorded on beamline 10-2 at SSRL using a crystal
array spectrémeter with < 1 eV energy resolution.'® The PS II samples were positioned
with an angle of 15° between the sufface of the sample and the incident X-ray beam and
were kept in an Oxford CF1208 cryostat at a temperature of 10 + 1 K under an ambient
pressure He atmosphere. An incident X-ray beam (10.45keV) of 1 mm x 4 mm

“dimensions and a flux of approximately 7 x 10'' photons/sec (~10x higher energy

absorption per unit of sample volume than for XANES) were used.

The crystal array monochromator contained eight 8.9 cm-diameter spherically- -«

curved Si(440) crystals mounted on a movable table; the crystals were placed in an arc at

é radial distance r = 85 cm from the sample. An energy-resolving Ge detector was
mounted on a moveable platform positioned below the sample and cryostat in an ™
approximate Rowland circle geometry. Bragg diffraction from the crystals allowed the
detection of X-ray fluorescence from PS II at specific wavelengths of the broadband
X-ray fluorescence spectrum. By moving the crystals and Ge detector vertically, the
Bragg angle between the X-ray ﬂuorescénce and the Si crystal normal could be changed,
thereby changing the wavelength of detection.

The samples were protected with a fast pneumatic shutter from X-ray exposure
during all spectrometer movements. To minimize and quantitate the effect of |
photoreduction, the following scan protocol was used. The Kp,, main ‘peak
(6483.6 - 6497.3 eV) was initially scanned twice (5 sec/point, 6 min scans, ~0.2 eV step
size) and was then measured a third time after thg: KPB' region (6467.4 — 6483.6 ¢V,
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19.5 min scan) and the high energy region (6496.5 - 6510.9 eV, 11 min scan) were
collected. 33 — 39 separate scans (3 positions perv sample, 11 — 13 separate samples) per
flash number were collected for the first KB, ; scans (shown in Figure 2-7B). The total
number of counts from all of the first KB, ; scans at all three positionsv waé 8100 — 9000
counts per flash number. Similaf counts were obtained from the second K, ; scans;
however, fewer third KB, ; scans were collécted, and only 2400 — 3600 counts were
- obtained. Only the datg from the first KB, ; scans at each position Were used for the
spéctra shown in Figure 2-7B. The calibration of the instrument was checked
periodically with a Man sample and was found to be invariant over the entire run.

The following data reduction was performéd on the raw KP emission spectra of
| PS II: a) subtréction of a linear background (less than 10 % of the peak intensity of ~9000
counts) arising from Compton scattering and other fluorescence emissioﬁ (mostly
Fe Kat). The linear background was chosen S0 as to align the PS II data with those of '
highly concentrated Mn oxides in the low. (<6470 eV) and high (>6505 eV/) energy
~ regions. The fluorescence intensities in these low and high energy regions' are invariant
with oxidation state (see Figure 2;6). b) The individual data points wére binned (step size
varied ﬁé?n 0.1 eV to 0.24 eV) into groups of 9 or 5 points in the tails and 2 points in the
KB, ; peak. c) The spectra were splined onto a grid of 0.1 eV energy steps to facilitate the
calculation of 1¥-moment (<E>) values. d) The spectra were then normalized .by
assigning the integrated area from 6467.9 eV to 6510.4 eV to be 1; this had no effect on
the 1¥-moment value. The 1¥-moment values were calculated between 6485 and 6495 eV

using the formula shown in Eq. 2-1:.
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1* moment=2 — Eq. 2-1

1

) J

where E; and /; are the energies and fluorescence intensities, respectively, of the j* point.
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Results

EPR

Characterization of the samples using EPR spectroscopy is' a critical aspect of

these experimeﬁts, because it is the only way to determine S-state composition as a

function of flash number fér the same samples that are subsequently used in the X-ray
(

experiments. Starting from dark-adapted samples, the S,-state multiline EPR signal is

maximal after 1 ﬂash. and oscillates with a period of fouf as a function of flash number;

thus the Sz-staté multiline EPR signal can be used to cﬁaracterize the S-state distribution

of samples given O to 6 flashes. The S,-state multiline EPR signal was measured on each

of 109 separate Samples given no preflashes (NPF) or given 0, 1, 2, 3 4, 5, or 6 flashes.
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Figure 2-3: S,-state multiline EPR signal oscillation pattern. (A) EPR difference
spectra (flash sample minus buffer spectrum) of the lov»;-ﬁeld side of the S2 multiline.
The spectra shown are the average of all samples used in this study. Spectra from .2, 23,
23, 18, 19, 9, 7, and 8 samples were averaged for the NPF, OF, 1F, 2F, 3F, 4F, SF, and 6F
spectra, respectively. They are normalized to their total Mn contents, which were
determined as described in Mateﬁals and Methods. The sloping baseline that is apparent
at'high field is due to a flash-induced background signal in the Lexan sample holders.
This signal was shown in flashed empty sample holders to be a very broad EPR signal
with no hyperfine structure. Thus, it does not affect the quantifations of the Sz-siate
»multilineb EPR signal hyperfine peaks. (B) The S,-state multiline EPR signal amplitudes
obtained from the designated peaks in Figure 2-3A are shown as a function of 'ﬂash
number (solid line). The data points are measurements on the spectra from individual v
samples and are normalized to the Mn content in each sample (see Materials and
Methods). The best fit to S,-state multiline EPR signal oscillation pattern (Fit #4 in
Table 2-1) is shown as a dashed line. All S,-state multiline EPR signal amplitudes were
normalized to the average 1F S,-state multiline EPR signal amplitude.
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Figure 2-3A shows the difference spectra (sar_nple minus buffer) obtained by
averaging all samples of a given flash number. These spectra are norrhalized according
to the total Mn content of each sample (see the Materials and Methods section). A deep
period-four oscillation is observed with maxima on the first and fifth flashes, indicating
that there is very little dephasing of S-state advancement with ﬂashés and an initial
S-sfate population of almost 100 % S,. The signal-to-noise ratio of these average spectra
allows a reliable quantitation of even the small S,-state multiline EPR signal amplitudes
in the OF, 3F, éhd 4F samples. This can be seen by the compaﬁson to the EPR spectrum
of the NPF sample, which has no S,-state multiline EPR signal. For each spectrum
éhown in Figu_re 2-3A, the four designated S,-state multiline EPR signal peaks were
qtiantitatéd (see the Materials and Methods section); the results are shown as.the solid
line in Figure 2-3B, with the 1F value normalized to 100 %. In addition, the S,-state
multiline EPR signal quantitations for each sample are shown as filled circles in -
Figure 2-3B.

Due to factors such as redox equilibria between fhe cofactors in PS IL'" it is
inevitable that some dephasing occurs while the OEC is advanced through the various
S-states. The original Kok model explains this by assuming two parameters: the miss
.probability (o) accounts for the percentage of centers that do not advance in each flash
and the double-hit probability (B) describes the percentage of centers that make two
turnovers in a single flash (S; = S,,,).2”"*® Double hits are caused by tﬁe long (~100 ps)
tail of the 3 - 5 ps Xe flashlamp pulses commonly used;'"® the rates of S-state turnovers
are in most cases limited by the Q,” — Qg or Q" — Qg electron transfers, which are on

the same time scale as the tail of the Xe flashlamp pulse. The short (9 ns) Gaussian-
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shaped pulses from Nd-YAG lasers do not have these tails, making double hits negligible
for laser flash illumination. According to the Kok model, a sample that is initially 100 %
in the S, state will have an S-state distribution of &t % S,, (100 - 0 - B) % S,, and B % S,
populaﬁon after the first flash. This analysis can be extended for subsequent flashes to
the point where the complete S-state distribution as a function of flash number can be
easily derived if the quantities o and § are known. This model has been used to calculate
the S-state population for each flash number and have compared the calculated S,-state
values to the measured amplitudes shown in Figure 2-3B. Using a Microsoft Excel
spreadsheet and a least-squares minimization routine, the error between the calculated
and measured S,-state populations is minimized using o and B as adjustable parameters:: .
A systematic approach has been used to extract a reliable S-state dis&ibuﬁon from-.
the S,-state multiline EPR signal oscillation patterri. The results from applying the
original Kok model to the experimental data in Figure 2-3B are shown as Fit #1in
Table 2-1. The value of B was set to O for this fit because the pulse width of the laser
used in the experiment (9 ns) is at least 5 6rders of magnitude faster than the Q,” — Qg or
Q. — Qg electron transfers and 3 orders of magnitude faster than the Q, — Fe*
electron transfer (vide infra), thus eliminating the possibility of double hits.'® A
noticeable improvement in the fit, shown in Fit #2, is obtained by varying the initial
S,-state percentage in zi\ddition to o.. This is justified because there is a discernible
(8.4 %) S,-state multiline EPR signal for the OF samples due to the presence of PPBQ
during the preflash treatment. Exogenous quinones such as PPBQ are known to extend
the S,- and S;-state lifetimes by minimizing recombination reactions with the acceptor

side, and are necessary to obtain deep S,-state multiline EPR signal oscillation patterns in
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Table 2-1: Fits to the S, multiline EPR signal oscillation pattern. The S, multiline EPR
signal oscillation pattern shown as a solid line in Figure 2-3B was fit with an (extended)
Kok model: o, B are the miss and double-hit parameters, respectively, and I. C. gives the
percentage of ‘impaired centers’ (see Results for details). The fit error and fit quality
" were calculated as follows: Fit Error = X(residual®) and Fit Quality = (fit error)/(7 - # of

free parameters).

Fit # o InitialS, LC. B | FitError  Fit Quality
1 11.4 % - - - 197 33
> | 7% 1.9 % - I 13
3 | 16%  67% - 15%| 42 Bt
4 |108% s7%  4a7% - | 105 3

isolated PS II membre‘y.nes.m"121 Because Lexan sample holders, which allowed the EPR
and X-ray spectroscopy to be performed on the same samples, and not EPR tubes were
used to hold the PS II samples, PPBQ could ﬁot be added and mixed into each sample
after the preflash and was therefore added to the entire PS II aliquot before the preflash’
treatment. The possibility of double hits was also considered; but, as expected (vide
supra), the inclusion of double hits, shown in Fit #3, does not significantly improve the
fit quality.

However, none of these 3 fits properly accounts for the small but significant
S,-state multiline EPR signal amplitudes for vthe_ 3F 'aﬁd 4F samplés. It is therefore
necessary to use ‘extended Kok models’, whereby additiénal dephasing parameters are.

used to explain the 3F and 4F S,-state multiline EPR signal amplitudes. Several
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phenomena' aside from o and B can lead to dephasing of S-state advancement. One
possibility is the initial presence of some reduced tyrbsine Yp, which can rapidly
recombine with the S, and S, states during the time between the flashes, oxidizing Y, to
Y™ and reducing the Mn cluster.'”? However, the preflash protocol that was used
’ co.nverts‘ Y, to Y™ in nearly all centers, as shown by a lack of an increase in the Y,™
EPR signal with increasing flash number (data not shqwn); 'thus, this reaction cannot
account for the observed S,-state multiline EPR signal amplitudes in the 3F and 4F
samples. Another scenario concerns tﬁe presence of a cértain percentage of acceptor-
impaifed centers. It has been showh that, even in whole plant leavés, in some PS II
centers the acceptor-side quinone Q, is oxidized with a t; n of 2 — 3 seconds and that full _

12124 thus these centers are effectively blocked from

recovery takesvupvto 100 seconds;
mﬁltiple turnovers with a flash frequency of 1 Hz. In addition, much higher S,-state

multiline EPR signal amplitudes are observed for the 3F and 4F samples in the absence of
PPBQ (data not shown); thus, it is reasonable to consider acceptor-side 1imitati9ns. For
simplicity, this was modeled as a variable percentage of centers which advance with the
normal miss parameter o for the first flash, but cannot advance on any subsequent
flashes; thus, the miss parameter for these centers for subsequent flashes is 100 %. More
complex fits taking reo*idation kinetics or miss factors smaller vthan 100 % for the
impaired centers into accouht were considered. However, these yieided almost identical
.ﬁts with essentially the same S-state distributions for the various flash numbers (data not
shown). Therefore, the increased number of parameters wasv not justified. Fit #4 in
Table 2-1 shoWs that including these ‘impaired centers’ as a fit parameter significantly

improves the fit. The dashed line in Figure 2-3B represents the best fit to the data that
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was obtained, Fit #4, with a 10.8 % miss parameter, 5.7 % of the centers initially in the
S;; state, and 4.7 % impaired centers. To obtain maximal error limits, similar ﬁts were
made to a ‘most damped’ pattern and a ‘least damped’ pattern that were constructed using
the respective higher and lower ends of thev standard deviations from the individual
S,-state multiline EPk signal measurements shown in Figufe 2';3B (see Table 2-2 for

details).

Table 2-2: S-state composition of samples given O to 6 flashes. The numbers were
calculated using Fit 4 in Table 2-1. The maximum error in S-state populations is obtained _
from fits to a ‘least-damped’ and a ‘most-damped’ oscillation pattern, which were
obtained using the high or low ends of the standard deviations calculated from the
individual data points in Figure 2-3B. The ‘least damped’ pattern used the following
standard deviations: OF: low, lFi high, 2F: low, 3F: low, 4F: low, 5F: high, 6F: low, ‘
while the ‘most damped’ pattern used the following standard deviations: OF: high, 1F:
low, 2F: high, 3F: high, 4F: high, SF: low, 6F: high. ’

N ‘ So Sl \ S2 . S3v

OF | 00+00 943+3  57+3  0.0+00
1F | 00£00 102+09 847+3  51+17
IF | 45+06 1.6+06 215+4  T2.4+5

3F 65.2+5 46+04 703 23.2+1.2

4F | 277+13 59.0+4 83+1.1 50+0.5
5F | 75+1.1 31.5+17 568+1.8 42+10

6F 46%1.0 10.5%£1.8 3764 47315

30



Usmg the ﬁt parameters from Frt #4 the S state d1str1but10n of samples g1ven 0 .-

1, 2 3, 4 5 and 6 ﬂashes have been calculated and are shown in Table 2- 2 As expected |

“the OF lF 2F and 3F samples are predommantly in the Sl, Sz, S3, and So states
respect1vely, and the deep S -state mult1l1ne EPR s1gnal oscﬂlauon pattern that was
obtamed contrlbutes to a fa1rly hlgh S state purlty for the OF 3F samples The

mfo_rm_atlon in Table 2-2 is necessary to extract pure S-state X—ray spectra from the

measured X-ray spectra of samples given 0 — 3 flashes. It should be emphasized that the
S-state distributions calculated from Fit #2 (the standard Kok model) are well within the .

maximum error limits shown in Table 2-2, indi'cating that, while the inclusion of

" .impaired centers improVes the fit to the Sz-state'.mul_tiline EPR signal oscillation data,

' :-un'der these'conditions,_ they have a negligible effect on the overall S-state distributions -

v'and the resulti:ng:.pnre' S.—'st"ate. spectra. :
XA}N'_ES

The XANES Spectr.a :from samples given 0 -3 flashes are shown in the upper

B et

portion of Figure 2-4A. The edge shift that: is apparent between.theO_I-Ti:_and'lF spectra

indicates that Mn oxldation occurs during the S, = S, transition."v However, 1t is less clear
- that there'is a signiﬁc'ant shift between the lF and 2F s'pe'ctra '.suggesting'that:l\/ln ls not
ox1d1zed as the OEC proceeds from the S2 to the S; state. As expected the edge position
sh1fts to lower energy between the 2F and 3F spectra reflectmg malnly the

S, = [S4] - SO transrt1on However due to 23 % of the centers being in the S3 state in

' the 3F spectra, theedge po'srtion is at a higher energy than would be expected for the pure

S, state.
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Figure 2-4: Mn K-edge XANES spectra of flash-illuminated PS II samples. (A) Pure
S-state spectra (bottom) were obtained from the flash spectra (top) by deconvolution
using the inverse of the S-state distribution matrix in Table 2, as described in the text.
The pre-edge region (principally a 1s — 3d transition) for the S,-S; states is shown in the
inset. (B) S-state XANES difference spectra. The spectra are multiplied by a factor of 5

and are vertically offset for clarity. The horizontal dashed lines show the zero value for

each difference spectrum.
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Using the known S-state distributions shown in Table 2-2 for the flash samples,
the flash spectra can be deconvoluted to obtain the pure S-state spectra as follows. The
S-state distributions in_Table 2-2 describe the flash spectra as a linear combination of
pure S-state spectra, as shown in Eq. 2-2:

OF 0 0943 0057 O
IF 0 0102 0.847 0.051)

2F 0.045 0.016 0.215 0.724
3F 0.652 0.046 0.07 0.232) \S

M

Eq.2-2

NCERZIP L

w

By inverting the S-state distribution matrix M, pure S-state spectra can be obtained from

flash spectra accbrding to Eq. 2-3:

OF) (S,
S 1R ]S,
M- o8 | S, . Eq. 2-3
3F) \S

Eq. 2-3 was used to decénvolute the XANES spectra given 0 -3 ﬂashes; shown in the
vupper‘porti(:)n of Figure 2-4A, int_dthe pure S-state spectra, shoWn in the lower portion of
Figure 2-4A. It is clear from these pure S-state spectra that the edge position shifts to
higher energy during both the S, — S, and S, — S, transitions, confirming previous
conclusions that Mn oxidation occurs dﬁring both of these S-state .transitions.”'s"'”;
However, the S,- and S;-state XANES spectra show a much smaller edge shift than the
S;,—S, transition, as well as a change in the shape of the edge between the S, and
) S, states. The S-state difference spectra (Figure 2-4B) show these differences

prominently. The fact that the shape and position of the S, - S, difference spectrum is -

unlike that bf the S,-S,0or S, - S;, difference spectrum indicates that the chemistry of the |
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S, = S, transition is not the same as the S; — S, ahd S, = S, transitions, where Mn
oxidation is thought to occur on each step. One possible explanation for this is thaf a
species other than Mn is oxidiied duriﬁg the S, —) S, transition. However, it is difficult
to confirm this hypothesis based solely on XANES difference spectra (as shown in Visser
et al.‘is) or based on visual comparisons between the spectra as shown in Figure 2-4A.
Instead, an analysis method that has been pfoven through comparisons to model
complexes, such as the 2“"-deriva_1tive method (vide infraj, should be used to derive
insight into ox_idation-state changes.

| Further information about edgé shape and position can be obtained by taking the
2°¢ derivative of the XANES.' spectrum.""”‘”""’9,3’95"2‘* Bl Figure.2-5 shows the

2" derivatives of the pure S-state spectra from Figure 2-4A compared to the

Table 2-3: 2 ™-derivative inflection point energy (IPE) values for the Sy, S;, S,, and
S, states. The numbers were calculated using Fit #4 in Table 2-1. The maximum IPE
error in S-state populations is obtained by calculating S-state distributions from fits to a
‘least-damped’ and-a ‘most-damped’- oscillation' pattern, and .then using those S-state

distribution matrices to deconvolute the flash spectra in Figure 2-4A into pure S-state

spectra.

2".derivative IPE values
S;, 6550.8 +0.1
S, . 6552.9+0.1
S, 6554.0 £ 0.1
s, | esse3sou
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2 derivatives for each flash sample. The spectra of the‘individual flash s;1mples, shown
in Figure 2-5A, demonstrate the reproducibility achieved in this experiment. In addition,
the S-staté homogeneity of the flash samples (see Table 2-2) is reflected in the similarity
betweén the 2" derivatives of the experimentally obtained flash-sample spectra
(Figﬁre 2-5A) and the deconvoluted S-state spectra (Figure 2-53). The edge positiohs for
each of the S-states have been quantitated by measuring the inflection point energy (IPE),
given by the zero-crossing of the 2™ derivative; the results are shown in Table 2-3.
Extensive model compound studies have shown that, without exception in the study of
more than 13 sets of compounds, when Mn is oxidized by one electron in a set of Mn
model compounds with similar ligands, the IPE shifts 1 -2 eV to higher energy upon Mn
oxidation, regardless of nuclearity.>*'* Thus, the shifts in the IPE values of 2.1 eV and
1.1 eV during thé S —-> S, and S, — S, transitions, respectively, confirm that Mn
dxidaﬁon occurs during each of these transitions. However, the IPE shift for the S, — S,
transition is only 0.3 eV, éonﬁrrhing under improved conditions the earlier results of
Roelofs et al.,”® and providing strong evidence that a Mn-based oxidation does not occur
during this transition. It is noteworthy that a comparison of the. IPE values from the
2™ derivatives of the 1* and 2™ XANES scans for each flash number shows no change
within experimental error (< 0.1 eV); therefore, X-ray photoreduction did not affect the

XANES experiments (data not shown).
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Figure 2-5: 2™ derivatives of Mn K-edge XANES spectra. (A) Samples given 0, 1, 2,
or 3 flashes. The individual 2°°-derivative'spectra from 7, 6, 7, and 7 samples given O, 1,
2, or 3 flashes, respectively, are shown. The dashed vertical line marks the average
inflection point energy for the 1F spectra. The ihdividual edge spectra from which these

* 2™ derivatives were calculated were used to generate the compbsitc XANES flash spectra
shown in the upper portion of Figure 2-4A. (B) Deconvoluted S-state spectra. These
spectra are the 2™ derivatives of the S-state XANES edge spectra shown in the lower
portion of Figure 2-4A. The dashed vertical line is at the inflection point energy for the

v S,-state spectrum. Because of the high S-state purity of the flashed samples, the
deconvoluted S-state spectra are quite similar to the expcrimentally obtained flash spectré
shown in parf A of this figure.

The inset of Figure 2-4A shows the pre-edge (1s — 3d) transitions for each of the
S-states S, , S;, S,, and S,. This formally dipole-forbidden transition contains informatioﬁ
about the oxidation state and geometry®® of Mn in the OEC. Analysis of these features in
mononuclear metalloproteins with Fe at the active site®'*?**” and Fe model complexes'*®
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V_has‘proven useful 1n deterrmning the coordination nuniber and ox1dat1on‘state of Fe The o
o Apre edge reglon in the 1nset of F1gure 2 4A shows vchangesv -w1th S state the r.no.st' '

' : | prormnent change occurs between the S(; and Sl states It also shows the quahty of thel-r
XANES spectra from this expenment The analys1s of the pre edge region is comphcated |

by the tetranuclear nature of the Mn cluster the maJority of such studies to date have_

dealt Wlth mononuclear systems, and some .'studies-.have been _-done on-_ homovalent

-binucleat: complexes. Further investigations of the pre-edge region from PS7II and Mn

model compounds will aid in _interpretation of the’ Is = :3d _features in Mn model
_cornpounds: and metalloenzymes.-
KB emission 'spectroscopy.

Shown 1n Flgure 2 6 are the KB emiss1on spectra of Mn(IV)Oz, Mn2(1m03, and

Mn(IDO, wh1ch illustrate the features of KB ermss1on ‘spectra and their sensitivity to the'
oxidation states of Mn. Although a more detailed analy31s of these spe‘ctra requires t_he. _
use of ligand-ﬁeld’ multiplet calculations,"” a qualitative understanding of the spectra can -

be obtained without these calculations. The KB emissmn spectra in Figure 2 6 consist of -

two mam features the Kf3' peak at ~6475 eV and the KB1 3 peak at ~6490 eV The

sep_ara_uonjof these two featur_e's is due to t_h_e- e_x‘ch_a_nge vlnteraction of the unpaired 3d_

electrons with the 3p hole in the final state of thef3p —) Is fluorescence transition.

The spin of the unpaired 3d valence electrons can be elther parallel (KB) or antlparallel

(KB, 5) to the hole in the 3p level. Furthermore, the KB features are broadened by the

ﬁmte lifetimes for the initial and final states as well as spm-orbit and m_ult1p_1et splittlngst

3

139,140

S gh

¥y



KB1,3

i v,
Mn'o Mn'",0,Mn"O,

LU

L1

3p

1s

Intensity (a.u.)

I ! I
6465 6475 6485 6495 6505
Energy (eV)

Figure 2-6: K spectra of Mn oxides. This figure shows the changes in the K8 spectrum
due to Mn oxidation. The inset shows a pictorial representation of the Kf fluorescence
transition for each of the oxides. The spectra were normalized by the integrated area

under the spectra, as described in Materials and Methods.

In the case of the KP' line, the final-state lifetime is much shorter compared to the Kj, 5
line and hence the structure is broader and has a smaller peak intensity.'"'

As the oxidation state of Mn increases from Mn(II) to Mn(III) to Mn(IV), fewer
unpaired 3d valence electrons are available to interact with the 3p hole; thus, the
magnitude of the 3p — 3d exchange interaction becomes smaller, leading to a decrease in
the KB'— KB, ; splitting. The consequence is that, if one focuses only on the more intense
KB, ; emission peak, it shifts to lower energy as Mn is oxidized. Whereas the Kf3
emission spectrum is sensitive to oxidation state through a 3p — 3d exchange interaction,

the independent technique of XANES spectroscopy is sensitive to oxidation state through
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: 'v__a d1fferent mechamsm core hole sh1eld1ng effects ThlS 1s why, upon Mn oxrdatlon . |

o KB1 3 emission spectra sh1ft to lower energy, wh11e XANES spectra shlft to h1gher energy o

In general KB XES 1s sens1t1ve to the sprn state of the ﬂuorescmg atom and not e

its.’o'x1dat1'on_ 'state, because the 'magnitude of' the 3p -3d exchange_'i_nteraction 1s goyerned
hy'the n_umber:.of unpaired 3d electrons. However, for the 31tuat1ons relevant for PS1I,
ie. Mn(iT), Mn(III), and Mn(IV) ions in a high-spin conflguratlon the oxidation state is
directly correlated to the spin state i

The shlfts in. the KB1 3 em1ss1on peaks can he quantrtated using a 1St moment
analysis described in Eq 2 1 Wthh in essence calculates the “‘center of mass’ of the K[i1 3v
| spectrum along the energy axrs'wlthm :the 1nteg'rat10n 11m_lts used. As ‘Mn is oxldlzed'

B from Mn() to Mn(llI) in the oxide series the 1% moments (<E>) Shift to l'ower energy by

: O 30eV. The Mn(III) — Mn(IV) <E> shift of 0.33 eV is- srmllar It should be -

emphasrzed that these shifts are much larger than those expected for PS 11, because each
of the Mn atoms in the oxide samples is changing ox1dat1_on state_. ;However, in PSTI .
maximally 1 out-'of 4 Mn atoms in the OEC'is oxidized during each S-state transition

(except S; = [S,] = So).
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Figure 2-7: K spectra of PS II flash samples. (A) The composite KB spectrum from
15 individual OF PS II samples. This spectrum has been reconstructed from piecewise
scans of the high-energy tail, KB, ;, and KB' regions on each sample, as explained in
Materials and Methods. (B) Overplots of the KB, ; spectra of the OF, 1F, 2F, and
3F PS II samples. The spectra were normalized as described in Materials and Methods.
The sum spectra of the first Kf3, ; scans (6 minute scan time each) at each sample position
are shown. The magnitude of the first-moment shift for Mn,(II)O; — Mn(IV)O, is
significantly larger than the first-moment shift for the S, — S, transition, where only

1 Mn out of 4 is being oxidized.
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The compos1te KB ermssron spectrum from 15 1nd1v1dual OF samples 1s shown 1n: e

__ Frgure 2 7A Th1s spectrum has been reconstructed from p1ecew1se scans of the hlgh-. .
g :energy ta11 Kl313, and KB regrons on each sample as explarned 1n. the Materlals and
: v'Methods sectron Flgure 2 7B shows the ma1n KB1 3 ermssron peak for the OF lF 2F '
' ;iand 3F samples Only the ﬁrst srx rmnute KBl 3 ermss1on scan of each position was used
l’or these spectra whrch are the average of 33 -39 separate scans (3 positions per sample
11 — 13 separate samples){per flash number. Tt is ev1dent'that the _KBLg ennssron peak .
~ shifts to lower energy for the 1F sample relative to the OF sample,_ frellect_ing the Mn: .
oxidation that occurs during the S, = S, transition. However, _ithere'v 1s no clear shift
between the lF and 2F: samplesf.;_ Wthh::ié agaj.’n -sugg.esti‘vefthat Mn1s not'zo);d:di'zed:iduring
the S, - S3 transition. The large .shift in the opposite direction (to higher energy)
.betw.een the 2F and 3F spectrum is expected,i becauSeMn 1s reduced during the
S, —> [SJd— S, trans”iti:on'; The flash spectra have been decon\'vrvoluted _to' generate pure- :
| ;Srstate spectra as described earlier, and the calculated KB1'3 'emission spectra for the S°’,
_Sl,v S,, and S, states are shown in Flgure 2- 8 The pure S state K[.’)1 3 ermss1on. spectra are
.qulte s1rmlar to the KB1 3 emlss1on spectra from the ﬂash samples shown in F1gure 2- 7B
-+ dueto the hlgh degree. of -S%State;'_purlty of the ﬂash Sa_mpl_e_s.f Basedonthe spectra shown
in Flgure 2-8; the ls‘-moment shift observed for the FS1 - 82 transition, where 1 Mn out of
'4_is_'oXidized, is 0.06 e'V.v In contrast, the 1*-moment shift for the S, — S; transition is

only 0.02€V.
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Figure 2-8: Overplots of the normalized (area under the peak) KB, ; spectra of PS II
samples in the S, S|, S,, and S; states. These spectra were generated by deconvoluting

the flash spectra shown in Figure 2-7, as described in the text.

The changes in the Kf3,, emission spectra can also be visualized as difference
spectra. This was done by smoothing the pure S-state spectra (shown in Figure 2-8) by
fitting a cubic polynomial of 3 eV width around each point, and then performing the
subtractions to generate the S-state difference spectra shown in Figure 2-9. The
derivative-shaped S, - S, and S, - S, difference spectra show that the Kf3, ; peak shifts to
lower energy during both the S, — S, and S, — S, transitions. This reinforces the earlier
conclusions that Mn oxidation occurs during both of these transitions. However, the
derivative-shaped feature is noticeably absent in the S, - S, difference spectrum, thus

confirming that the S, — S, transition proceeds without Mn oxidation.
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Figure 2-9: K B difference spectra of PS II. The K spectra from Figure 2-8 were
smoothed by fitting a cubic polynomial of 3 eV width to each point, and were then

subtracted to generate the spectra shown.

The KB XES protocol was carefully designed to minimize and examine the effects
of radiation damage to the samples. As described in the Materials and Methods section,
three KB, , emission scans were taken at each sample position. Figure 2-10 shows the
1*-moment values for the OF, 1F, 2F, and 3F samples as a function of X-ray exposure
time. The dashed lines show the fits to the data points for each flash number assuming
1*-order kinetics for the photoreduction process. The fits show the relative radiation
damage susceptibility for each flash number, as well as an extrapolated ‘zero exposure

time” moment for each flash number. Figure 2-10 shows that the radiation damage rate
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for the 2F samples is significantly less than that of the OF, 1F, or 3F samples. This
finding excludes the possibility that the extremely small <E> shift between the 1F and 2F

samples could be caused by a faster photoreduction of the S, state compared to the

S, state.
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Figure 2-10: 1% moments of the KB, ; peaks of the PS II flash samples as a function of
X-ray exposure time. The 1" moments were calculated for the energy range shown in
Figure 2-7B. Symbols are the data points and the dashed lines are first-order fits. The
error bars reflect the statistical error for each measurement and are based on the total

number of counts.
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Discussion

Oxidation states of the Mn cluster based on XANES spectroscopy and Kf
emission spectroscopy

XANES spectroscopy Has been wi'dely used for nearly 25 years to address the
oxidation states of redox-active metals in metalloprotein active sites.”****'® In addition
to XANES, this work applies KB XES for the first time to single-flash saturable
concentrations | (~150 ‘gM Mn) of PSII, thus providihg aﬁ important independent
determination of the Mn redox states in each of the accessible S-states of the OEC in
PSIIL

By combining thé information available from the XANES spectra (Figure 2-4 and
' Figure 2-5) with the KB emission spectra (Figure 2-8 and Figure 2-9) and literature data,
the presencé or absence of Mn oxidation during each S-state transition will be addressed
in more detail, and oxidation states for the four Mn ions in each S-staté, Ss, S15 S5, and S,

will be proposed.

S, - S, transition
As detailed in the Results section, the Mn K-edge XANES spectra and the KB, ;
emission spectra confirm the presence of Mn oxidation durin.gk the S, — S, transition, |

consistent with earlier XANES studies.’**%1%

The principal pieces of evidence
supporting this conclusion are the 1.1 eV shift in the XANES 2"-derivative IPE values,
the shift in the KB, ; peak to lower energy by 0.06 eV, and the derivative-shaped KB, ;

difference spectrum.
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59,85-90,98 and

This conclﬁsion is corroborated by several other spectroscopic studies
is also confirmed by EPR spgctroscopic measurements. The observation of a multiline
EPR signal in the S, stafe during a conventional perpendicular-polarization EPR
experiment™?! is most consistent with a tfansition between odd-electron (Kramers) states.
The S, state has no perpendicular polarization-detectable EPR signals; however, EPR

414984 which is consistent

signals are. detectable in pa’raliel-polarization EPR experiments,
withvthe S, state being an even-electron (h.on-Kramers) state. Therefore, these EPR
signals are consistent with Mn being oxidized from an even-electron to an odd-electron
state during the S, — S, transition. '
Simulations of the EPR signal$ from the S, state also provide insight into the
absolute Mn oxidation states Ain‘ fhe S, state. S,-state EPR multiline signal simulétions by
Hasegawa et al.”>"® and *Mn ENDOR spectroscopy on the S, state by Britt and co-
workers*™ are most consistent with the oxidation states of Mn,(I1LIV,); however,
simulations by Zheng et al.'*? are most consistent with Mn,(IIL,IV) as the oxidation states
of Mn in the S, state. The presence of high-valent Mn atoms in the active OEC is not
surprising, because it was. established early on that Mn(II) atoms could be incorporated
into Mn-depleted photosystem II centers only via light-inducedboxidation of Mn in a
process called photoactivation.'*'* The reverse reaction, i.e. échemical reduction of the
OEC, hés led to the discovery of an S, state.'*® The stability of the S, state (hours) has
been interpreted™ to favor Mn,(IL,11T;) over Mn(IL,) for the Mn redox states in the

S, state, assuming that S, state formation involves only Mn reduction.' This is

consistent with Mn,(III,IV,) as the Mn oxidation states in the S, state.
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If the S, state is proposed to be eithér in the Mn&III,IV#) or the Mm(IIL,IV)
oxidation states, then the oxidation states of Mn in the S, state must be either
Mn,(II1,,1V,) or Mn,(I1l,), which are both ong-electron reductions from the oxidatioh-
state proposals for the S, state. Although the oxidation state of Mn,(IIl,) for the S, state
has been suggested by one group,' the 2™ derivative of the XANES spectrum for the
S, state shows that its edge shape is unlike the edge shape observed for Mn(III)
complexes; when the 2™-derivative XANES spectrum for the S, state is fit using Mn(III)
and Mn(IV) model compounds, it cannot be fit well using only Mn(III) model
compounds.”'*® Furthermore, inspection of the only available set of tetranuclear Mn
complexes with all O ligation, four distorted Mn, (II1;,IV) cubanes, shows XANES IPE
values at ~6551 eV for these complexes,” consistent with the S,-state XANES IPE of
6550.8 eV and lower than thc. Sl—state XANES IPE of 6552.9 eV. Thus, this indicates
that the oxidation sfates of Mn in the S, state are Mn4(m2,N2), not Mn,(I11,).

In addition, a reductant treatment of PS II core particles with hydroquinone (a
two-electron reductant) leads predominantly to the formation of the S, state, which is two
electrons reduced relative to the S, state. The XANES spectrum from samples in the
S, state is best fit with a Mn,(I,,IV,) oxidation state.'”® An oxidation-state assignment of
Mn,(II1,,IV,) is also consistent with recent KB XES experiments on the S, state. In ﬁttihg
the KB, ; emission spectrum for the S, state, Bergmann et al.'® found that the best fit to
the experimental data was obtained using equal amounts of the KB, ; emission spectra
from Mn(IIT) and Mn(IV) model compounds; the fit was signiﬁcmtly worse if only

Mn(III) or only Mn(IV) was used for the fit.'®
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It is therefore most likely that the oxidation states for Mn are Mn4(IIIZ,IV2) in thé
S, state and Mn4(III,IV3) in the S, state. The oxidation of Mn(III) to Mn(IV) during this
transition is reflected in the i.l eV shift in the XANES IPE value (Table 2-3) and the
shift of -0.06 eV in the 1* moment of the Kf emission spectra (Figure 2-8). The S, - S,
difference spectra shown in Figure 2-4B (XANES) and Figure, 2-9 (KB XES) also
conﬁrrh that Mn is oxidized durmg this transition. Thus, these changes in the IPE and
1*-moment values, as well as their corresponding difference spectra, provide}an, iﬁtemal '

standard for a Mn(IIT) — Mn(IV) oxidation within the OEC.

S, — S, transition

The Mn K-edge XANES spectra for these S-states, displayed in Figure 2-4A, and
_thel.2“d derivativés (Figure 2-5B) show a clear shift of 2.1 éV (as detérrnined by the
2™-derivative IPE values) in the XANES edge position during the S, — S, transition. In
addition, the S, - S, KB XES difference spectrum, shown in Figure 2-9, is derivative—
shaped, wvhich' is indicative of Mn oxidation during this transition. Because the S, state
has Mn oxidation states of Mn,(Il,,IV,), as detailed above, the changes in the X-ray
spectroscopic - data could be due to either a Mn(II) » Mn(IIl) oxidation dr a
Mn(III) — Mn(IV) oxidation. |
’v Beca.use the S, - S, XANES and KB XES difference spectra (Figure 2-4B and
Figure 2-9) are sbmewhat different from the S, - S, difference spectra, this suggests that
the S, — S, transi;ion most likely reflects a Mn(II) —) Mn(III) oxidation. The S, - S,
XANES difference spectrum shown in Figure 2-4B contains positive.features in the

6545 — 6565 eV range,' unlike the S, - S, XANES difference spectrﬁm. This includes the |
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pre-edge region, which shows that the Sy-state XANES spectrum has a lower pre-edge
intensity than the S,-state XANES spectrum (also seen in the inset in Figure 2-4A). In
addition, the S, - S, and S, - S, KB XES difference spectra shown in Figure 2-9 are not
identical; the magnitude of the S, - S, KB XES difference spectrum is smaller than that of
the S, - S, difference spectrum (as determined by integration of the absolute value of the
difference spectrum). The ‘shape of the XANES edge is different for the Sy-state and
S,-state spectra; this is shown in part by the peak at 6548 eV in the 2™ derivative of the
S,-state XANES spectrum (Figure 2-5B). This is suggesti?e of the presence of Mn(II),
based on comparison to the 2™ derivatives of Mn(II)-containing model compounds. The
significantly larger shift in the 2"*-derivative IPE values for the S, — S, transition
compared to the S, — S, transition is also indicative for a Mn(II) - Mn(III) oxidatien.
This is based on the ﬁnding that, for hornologous sets of model compounds, the shifts in
the IPE value. for Mn(II) —» Mn(III) oxidations are usually le;ger than those seen for
Mn(III) - Mn(IV) oxidations. ‘However, in agreement with Roeiofs et al.,”® but in
~contrast to Tuzzolino et al.,'* no ‘Mn(H) shou_lder’ is observed in the pure S,-state
XANES spectrum (Figure 2-4A). |

Other spectroscopic studi_es“s'“'m'”’“s';" concur that Mn oxidation occurs during the
Sy — S, transition. In addition, one possible explanation of the greater spectral width of
the S,-state EPR multiline signal cornpared to the Sz-state EPR multiline signal is that
Mn(Il) is present in the S, sta.te,“"“"‘v3 which euggests a Mn_(II) — Mn(III) oxidatien for
the S, — S, transitien; The presence of Mn(Il) in the S, state may also explain why Y™

can oxidize the S, state to the S, state, but not the S, state to the S, state.'?
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. The KB XES and XANES difference spectra, in addition to other spectroscopic
data are consistent with the assignment of the S, — S, transition as a Mn(II) — Mn(III)
. oxidation. Therefore, the oxidation states of Mn in the S, state are proposed to be

Mn,(IL,IIL,IV,), which change upon Mn oxidation to Mn,(II,,IV,) in the S, state.

S, — S, transition

The most controversial S-state transition has been the S, — S, transition (see
Introduct!ion). Most debate has focused on whether this transition is a Mn-

6406667691098 xidation. In addition, a redox

centered®>**1%1% or ligand-centered®
isomerism between Mn and ligands has been proposed for the S, state.”” If Mn were to be
oxidized during the S, —S; transition, the oxidation would have to be a
Mn(III) —» Mﬁ(IV) transition. A Mn(IV) — Mn(V) transition is unlikely to occur with
Mn(III) still preseﬁt ih the complex given the proposed reactivity of the Mn(V) ion,
although_‘ a Mn,(1V,) —)Mri4(IV3,V) transitionv has béen proposed for the S; — [S,]
transition.'® Thus, it would be expected. that the XANES and KB XES difference spectra,
as well as the observed shifts in the XANES IPE valﬁes and the KB emission spectra |
1*-moment values, would be essentially identical to the S, — S, transition, where a
Mn(IIl) - Mn(1V) oxidation .also occurs. However, as deScfibed' below, the
spectroscopic resulfs forthe S, = S, trar;sition are completely di\fferent from those of the
S, = S, transition.

The XANES results from Figure_2—4 and Figure 2-5 provide strong support for a

ligand—based oxidation of the OEC occurring during the S, — S; transition, based on the

small (0.3 eV) shift in the XANES 2"-derivative IPE values. This finding is consistent
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with earlier XANES studies by Roelofs et al.’® The fact that the S;-S, XANES
difference spectrum is significantly different from the S, - S, difference specfrum
(Figure 2-4B) is inconsistent with a Mn(III) - Mn(IV) oxidation occurring during the
S, = S, transition. Instead, the S; - S, XANES difference spectrum shows how the shapé
of the XANES edge chz;nges between the S, and S, states, which is consistent with a
ligand-based oxidation (vide infra).

Changes in the XANES spectrum similar to those observed during the S, — S,
transition are also observed in a different enzymatic systcm, galactose oxidase, as well as
in modcl compounds that mimic its structure and reactivity. Galactose oxidase, a
metalloenzyme with a monénuclear Cu active site, is known to catalyze the two-electron

149 The anaerobic and one-electron oxidized

aerobic oxidation of alcohols to aldehydes.
forms of the enzyme contain Cu' and Cu” in the active site, respectively. However,
instead of a Cu™ ion, the two-electron oxidized form of the enzyme is known to contain a
phenoxyl radical coordinated to a Cu" atom. When monitored using XANES
spectroscopy, the XANES edge was clearly shifted to higher energy between the Cu' and
Cu" forms of the enzyme. However, comparison of the Cu" and' Cu"-O" forms of the
enzyme showed that the edge shape was slightly different and the edge position was in
fact shifted to slightly lower energy.’*® This trend is also seen in Cu"-phenoxyl radical
model complexes, where the Cu”™-O" complex has a different XANES edge shape from
that of the corresponding Cu" complex, but essentially the same edge position.”>'*! In

addition, DFT calculations support the formation of Cu"™O’ in both the enzyme and the

model complexes.'?-
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Thetsame situation occurs in the OEC durihg‘ the S, — S; transition, where the
edge shape changes but the edge position is minimally affected. Therefore, based on the
XANES data, it is reasonable to suggest that, as is formed in galactose oxidase, a ligand
radical is formed in the S, state iq lieu of Mn oxidation; this will be denoted by
Mn,(IILIV,)" | | -

This inferpretation of fhe XANE_S- data is strongly reinforced by the KB emission
speétra and KP XES difference spectra from Figure 2-8 and Figure 2-9, respectively. The
 difference spectra clearly show that the derivative-shaped difference spectrum that is
expected if Mn is oxidized, as in the S, — S, and S; - S, transitions, is absent in the
S, - S; transition. In addition, the <E> value of 649_0.iS7 eV for the S; state argues
against Mn oxidation during the S, — S, transition, because it is inconsistent with a
Mn(IV,) 'oxidation_étate, which is required for the S; state if Mn is oxidized during the
S, — S, transition. Comparison of the S,-state <E> value_ to the <E> values from 18
different monomeric, dimeric, triineric, and_tetramerié Mn(IV) model éompounds with
different ligands, including CI', shows tilat the S;-state <E> value is higher than the <E>
value for any of the Mn(IV) conipbunds_studied (avérége <E> = 6490.00 eV, highest <E>
= 6490.10eV). Itis &ifﬁcult to explain this result unless Mn(III) is still present in the
S, stafe, which mearis_ that, bas¢d on the Mn,(II1,IV,) redox states derived for the S, state

(vide supra), a Mn-based oxidation cannot occur during the S, — S, transition.

Effects of structural changes on the XANES and Kf XES data

This section will consider in detail whether structural ’chang.es and/or ligand

rearrangements during the S, — S, transition could compensate for Mn oxidation in the
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KB emission and XANES spectra. This is of particular interest due to the proposed

13313 which were recently confirmed by

structural changes during the S, — S, transition
.direct distance measurements from EXAFS experiments.* The detailed considerations
- described below show that it is unlikely that a structural change could mask the effécts of
Mn oxidation during the S, — S, transition in the OEC.

fhe work by Visser et al.'* compares the XANES spectra from two Mn,(IILIV)
binuclear complexes with different ratios of aromatic to non-aromatic ligands and
different p-oxo bridges. Tﬁis comparison sﬁows that drastic ligand rearrangemenfs can
-affect the observed XANES edge shape and position fo a greater degree than changes in
oxidation state.

However, the KB XES results from the v§ork of Visser et al.'”® show that, while
the previously mentioned Mn complexes havé different XANES Z"d-deriVative IPE values
for complexes in the same Mn oxidation state, the KB XES 1*-moment values are
essentially identical for the two different binuclear complexes in the same Mn oxidation
state. This shows that, if a large change in ligand environment were to occur without a
change in oxidation state, the K emission spectra 1¥-moment values should be largely
'unaffected.

Could ligand rearrangemeht prevent the obéervation of a Mn-centered oxidation
in the XANES spectra pertaining to the S, — S; transition? Several lines of evidence
argue against this proposition. In Mn model compounds, drafnatic ligand effects are seen
when several aromatic ligands are substituted for aliphatic ligands and vice versa.'”>'>

This is because, with aromatic ligands, additional 1s — 7 transitions are present just

below the main 1s — 4p XANES transition;'* this shifts the XANES edge position to
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lower energy with respect to complexes with aliphatic ligands. These 1s — =" transitions
are absent with aliphatic ligands, because they have occupied, not unoccupied, " ligand
orbitals. The Mn cluster in PS II has very few aromatic ligands; therefore, the .
contribution of 1s — &t transitions to the PS II XANES spectra should be negligible. The
possibility of tyrosine ligands to the Mn cluster has been ruled out by site-specific
mutagenesis experiments;'>’ 1 — 2 histidines, §ut of ~24 total ligands to Mn, are ligated to
the Mn cluster.itﬂl the S, sta’tc:.‘s““60 There is no evidence from EXAFS spectroscopy for-
the binding of more histidine ligands in the S3 state. If additional histidine binding
occurred, histidine mulﬁple-scaﬁeﬂng features would appear in the Fourier trapsform of
the S;-state EXAFS data; they afe not present in the experimental spectra.®'®" Therefore,
the effects of aromatic ligands do not need to be considéred_ in interpreting the XANES
spectra of the S-states of the OEC.

Another possible ligand substitution or rearrangement is that CI', an essential
cofactor for oxygen evolution, *'® could be bound in the S, state and not in the S, state.
This is consistent with **C1 NMR ¢xperiménts by Preston et al.'"** and UV absorbance
experiments by Wincencjusz et al.'®® which show that, in these preparations, Cl is
required for the S, — S, ahd S; = [S,] & S, transitions, but nét for the S, — S, and
S, — S, transitions. Further eyidence comes from EXAFS spectroscopy experiments dn
oriented PS II membranes in the .S3 state which show a Fourier peak at a distance of
~2.2 A from Mn.'* Based on comparison to model cdmpounds, this is cons‘istent with CI
binding to Mn in the S, state.'” However, séme experiments have been interpreted to

suggest that CI binds to the Mn cluster prior to the formation of the S, state.’>'**'”



If CI' were only to bind in the S, state, its effect on.the Mn K-edge XANES
spectrum of PS II can be estimated by examining data from sets of Mn model compounds
with and without Cl' bound. Pizarro et al.'” have examined sets of .dimeric and trimeric
Mn model complexes which are essentially identical except for the exchange of ClI” for
oxygen-containing ligands. In the dimeric complex (two CI" per two Mn), the edge shape
changes somewhat when the Cl ligands are replaced by an acetate bridge, but the
2™.derivative IPE values are éssentially unchanged. In the trimeric complex, which
contains one CI per three Mn atoms, replacing CI with OH- causes even less of a change
in the edge shape, and the 2™-derivative IPE values are ag.ain quite similar. The effect on
PS II is expected to be even less, becau_se, if CT" is bound to Mn in the S, state, the ratio
would most likely be one CI' to four Mn. Thus, it is unlikely that Cl" binding in the
S, state could offset the effects of a hypothetical Mn oxidation during the S, — S,
transition.

The most likely structural change occurring during the S, — S; transition is the
modification of the di-u-oxo bridges. This is based on EXAFS spectroscopic data from
the S, state that show the Mn-Mn distances changing from 2.7 A in the S, state to ~2.8
and 3.0 A in the S, state.*> Although the distance increase is not enough to justify a
conversion from a di-u-0xo to mono-p-oxo motif (a 3.3 - 3.6 A Mn—Mn distance would
be necessary'”), the effects of a modification of the di-u-oxo bridges on the Mn K-edge
XANES spectrum is well modeleci by a series of Mn complexes in which the di-p-oxo
bridges of a dimeric Mn,(IV,IV) complex were successively protonated, which increased
the Mn—-Mn distance from 2.7 A to 2.8 A and 2.9 A, respectively.'’® These complexes.
showed some changes in edge shape, but almost no change in edge position
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(2"-derivative IPE values of 6553.5 eV, 6553.2 ¢V, and 6553.3 eV for 0, 1, or 2 p-oxo
bridge protonations, respectively) due to di-py-oxo bridge_ protonation. It is therefore
unlikely that a hypotheﬁcal oxidation-state change during the S, — S; transition could be
masked by the lengthening of the Mn—Mn distances in the S; state, or any.ofher plausible
ligand substitutions or reanangementé. _

Furthermore, the KB XES fesults from the work of Visser et al.'> show that, if a
large change in ligand environment were to occur without a change in oxidation state, the
Kp emission spectra- 15‘-morﬁent values should be largely unaffected. Thus, it is even
more unlikely that a hypothetical oxidation-state change could be maske;i in thé'épectra
from two independent X—ray spectrbscopic techniques, .XANES’ and KB emission

spectroscopy. -

Comparison to other XANES studies

Much of the controversy surrounding the S, — S; transition is due to the.
conﬂicting results émong earlier XANES studies of the S-states generated using single-
flash turnover. The current XANES study represents a significant improvement in three
important areas: a) a high sample concentration was used, which resulted in a large
impfovement'of vthe signal-to-noise ratio relative to earlier data, 'b) due in part to laser
flash illumination, a deep S, EPR multiline oscillation with no double hits was aqhieved;
this 1argeiy removes ambiguities in the deconvolution of the measured XANES spectra
into the pure S-state XANES spectra, and c) the monitoring and minimization of radiation
damage. Another difference between the studies is the way in which the data are

analyzed; this is discussed in detail in the Appendix. The 2™-derivative method has been
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used for determination of XANES edge energy positions based on the following criteria:
'a) it is insenSitiVe to linear background subtraction and normalization, b) it has been used
successfully by several groups for 25 years to determine the oxidation state of metal ions
in metalloproteins and model complexes (see the Results section) and c) in addition to the
edge position, detailed information on the edge shape is provided.

For the following comparison of various XANES studies, it is very important to
kéep in mind that without an accurate determination of tﬁe S-state composition of the
ﬂasﬁ samples, no meaniﬁgful conclusions can be drawn about the Mn oxidation-state
changes during the various S-state transitions. To achieve an accurate S-state
deconvolution, the S,-state EPR multiline signal must be measured for all the samples
used for the XANES experiments and a deep S,-state EPR multiline signal‘oscillation

must be obtained. Otherwise, several different dephasing mechanisms can be invoked,

each of which yields different S-state compositions for the flashed samples and different

‘pure’ S-state spectra.

Ono et al. stucl’y‘°1

This was the pioneering XANES study on ﬂashed sampies; unfortunately, no
independent data on the S-state composition of the PS II samples were provided, which
precludes a unique determination of the S-state XANES edge energies (Qide ~§upra).
Among the four existing XANES studies, it is the only one in which the flash-sample
XANES spectra (i.e. before deconvolution into pure S-states) show a Mn K-edge shift
between the 1F and the 2F samples which is of approximately the same magnitude as the

OF to 1F shift. Because this study does not provide an independent characterization of
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the S-state éomposition of their samples, this behavior can be explained if the actual miss
parameter is significantly larger than the reported miss parameter of 9 %. A high miss
factor in this study could be caused by: a) the low energy per pulse of the laser, i.e. non-
saturating illumination, b) the absence of exogenous ele!ctron acceptors, such as PPBQ,
and é) a signiﬁcantiy higher Y, content in the samples than the 25 % that was assumed
(up to 75 % Y, has been observed'”>'"¢). Furthex;more,.thc pure S-state edge energies
were deter'rhined by fitting the oscillation péttem of the half-height energies, not by
' decon‘}olution (or fitting) of ihe flash spectra. This is probiematic,'becaus’e the edge

shapes are not the same for each S-state (see the lower portion of Figure 2-4A).
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Roelofs et al. study*®

Roelofs et al. observed IPE shifts between S-states similar to those reported here.
As is the case in the present study, the S,-state multiline EPR signal oscillation pattern
from Roelofs et al. showed a deep period four oscillation, which greatly reduced the error

introduced by deconvolution. A possible concern about the data from Roelofs et al. is

S1-8g

S, -S4

S3-S;

%%

[ 1 I
6535 6545 6555 6565 6575
Energy (eV)

Figure 2-11: Comparison of Mn K-edge XANES difference spectra of PS II samples in
the Sy, S, S,, and S, states from the present study (also shown in Figure 2-4B) and from
the work of Roelofs et al.”® In each set of XANES difference spectra, the difference

spectrum from the work of Roelofs et al.”*

is presented above the difference spectrum
from the present study. The XANES difference spectra have been vertically offset for

clarity.

59



B fthat the reported IPE values are consrstently lower than those shown 1n Table 2 3 by_‘:

'approx1mately O 5 0 7 eV for the So, Sz, and S3 states and by 1 2 eV for the S1 state

One hypothetrcal explanatlon of thrs d1screpancy, as suggested by quzohno et al o2

o that the samples in the Roelofs et al study had some free Mn(II) present Thrs poss1b111ty

| was tested by addmg in fractronal amounts of a Mn(II)(aq) XANES spectrum or a spectrum

o _ from a Mn(II) contammg model compound to the XANES spectra obtamed in the present

study Nerther of these scenanos reproduced the XANES spectra shown 1n Roelofs et al.;

'as- expected- the 2 derlvatrves of the srmulated spectra showed an intense feature at
6545 eV wh1ch is absent 1n the Roelofs et al data. Therefore the- lower XANES IPE: .

values for the Roelofs et al data cannot be attrlbuted to the presence of Mn(II) in the'

samples Itis poss1ble that either of two factors dlffenng cryoprotectant concentrations
'.(50 % glycerol in the Roelofs et al data 30 % glycerol in the present study) ora small
'(< 5 % of the total srgnal) feature in the Io spectrum of the Roelofs et al. data, contnbuted

to the observed difference in the XANES IPE values However as shown in Frgure 2-11,

_ -the XANES d1fference spectra from the work of Roelofs et al are as1de from a lower -

' S1gna1—to-norse'.-rat10 'almOSt identical to the difference spectra from the present study for

~each of the S- state trans1t10ns Therefore, the study by Roelofs et al provrdes strong

| support to the XANES spectra from the present study

lu220|ino etal. study‘°2

- In contrast to the data from Ono et:al.,-_“_”.:}the'_raw data from Iuzzolino et al.

qualitatively agree well with- the ’data from the p'res'j'ent' study and the data from Roelofs

‘et.al.”® In all three studies, a clear Mn K-edge shift 1s iseen between the OF and 1F
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spectra, while very little change in edge position is observed between the 1F and the 2F
samples. In addition, thé IPE of the OF (S)) sarhple from Iuzzolino et al. is essentially
identical to the IPE measured in the present study. Howew)er, after deconvolution,
Tuzzolino et al. find that the shift between S,- and S,-state spectra is of the same size or
even larger (depending on analysis method) than the shift between the S, and S, states;
the opposite is true in the current study. A reasonable eiplanation for this ‘after
deconvolution’ discrepancy is that Iuzzolino et-al. have used a double-hit paramefer,
11 - 15 %, that is too large; typical values of 2—-5 % ai'e found with similar Xe flash
lamps.'**'”” The edge position of the S, state is especiélly sensitive to the double-hit
parameter, because this factor determines .what percentage of the Sé state is subtracted -
from the 2F spectrum. Because the S, state has a far lower edge position than the
S, state, even a small error in the S;-state population of the 2F sample has a significant
effect on the calculated S,-state edge position. This uncertainty does not exist when a
Nd-YAG laser is used for flash illumination, because these laser pulses are too short (ns)
to cause fnultiple turnovers. In addition, thev S,-state multiline EPR signal oscillation
patterns achieved by Iuzzolino et al. are quite damped;.therefore, many differcnt fits to
the S,-state -mulfiline EPR signal oscillation patterns cén be invoked, creating
considerable uncertainty in the subsequ’ently deconvoluted S-state spectra. As detailed in
the Appendix, it can be shown that, if a different deconvolution is used, a significantly
smaller edge shift for the S, > S; transition compared to the S, — S, transition is
obtaiﬁed for the Iuzzolino et al. data. Therefore, tﬁe differences between the conclusions
from Iuzzolino et al. and those from the current study are largely due to an incorréct
deconvolution by Iuzzolino et al. of their fairly damped S,-state multiliné EPR signal
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oscillation pattem’ and, to a smaller extent, the use of the integral method for edge energy

determination (see Appendix for details).

Summary of Mn oxidation states in PS ||

Figure 2-12 summarizes the KB XES and XANES flash patterns from the present
study that lead to the conclusions about Mn oxidation states. Both spectroscopies show a
clear shift in the spectra between the OF and 1F samples, indicéting that KB emission and
XANES spectroscopies confirm the prescﬁqe of Mn oxidation during‘ the .S1 - Sz.
tran'sition.. The .sfr'lall change betw;en the 2F and 3F samples in both spectroscopiés
provides strong support for the S, —» S, transition proceeding without a Mn-based
oxidation. On the next transition, S; — [S,] = S,, dioxygen is released, shifting the
position of the 3F spectra to lower energy for XANES spectroscopsl >and' higher energy

for KB XES. These flash patterns are explained by the proposed oxidation states of the

- A 0.23-
3 4.0 3 021-
o o 0.21-
8 3.5 Q -
© © 0.19-
ui 3.0 AT
n; “\f 0.17:
. '2.5—l ¥ 1 T Ll 1 1 ' 0.15 k) 17 T ]
01234586 0123
Flash Number Flash Number

Figure 2-12: (A) Oscillation of XANES inflection point energies (L.P.E.) of the OF to
6F samples. (B) Oscillation of first moments (<E>) of the KB spectra from the OF to
3F samples (4F to 6F were not collected). The extrapolated <E> values for zero X-ray

exposure time from Figure 2-10 are shown.
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Figure 2-13: S-state scheme forvoxygen evolution based on the proposal by Kok et al.”’ -
The proposed oxidation states of Mn in each of the S-states. SIO—S3 based on the results

from KP emission and XANES spectroscopy are shown. For the S, state, it is proposed

that the oxidizing equivalent is stored mainly on a direet ligand to Mn, most likely a

p-oxo bridge, and little of this spin density is present on Mn. The oxidation of a terminal

ligand is less likely because of the observed lengthening of the Mn—Mn distances in the

S, state.® ‘

Mn cluster in the S,, S,, S,, and S, states, as shown in Figure 2-13. Consistent with

earlier proposals,’®®'”® these oxidation states are: S,: Mn,(II,IILIV,), S,: Mn,(IIL,,IV,),

. SZ: Mn4(vaV3), SS Mn4(m’IV3).'

Implications for the mechanism of photosynthetic water oxidation

Recent EXAFS data on the S, state show a lengthening of the Mn—Mn distances
relative to the S, state, with one 2.7 A di-p-oxo bridged Mn-Mn distance increasing to
3.0A.® To achieve a lengthening of Mn-Mn .distances- by 0.3 A in di-p-oxo bridged
units, the bond strength of the p-oxo bridges must be drastically decreased. This can be

achieved by protonation or oxidation of the bridging oxygens. Protonation of both
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bridges is known to increase the di-p-0xo Mn—Mn distance from 2.7 A to ~2.9 A" 1t s,
however, very unlikely (and inconsistent with the external proton release pattern of
PS IT%*'™), that protonation occurs when the complex becomes oxidized. Oxidation of '
ene of the p-oxo bridges is an even more drastic way to reduce the strength of the p-oxo
bridge than protonation, and would explain the experimentally determined 3.0 A Mn-Mn

distance in the S, state. Consistent with previous proposals,’**

it is concluded that a
p-oxo bridge becomes oxidized in the S, state.

Because the XANES and KB XES experiments are performed at 16 K to
minimize photoreduction, the possibility should be considered of a ‘temperature-
dependent equilibrium*® whereby the S, state is trapped in a Mn(III)-L' conﬁguration at
low temperatures, but at room temperature a Mn(IV)-L configuration exists."® Thus,
neither a structural change occurring between the S, and S, states nor the presence ofa
radical in the S, state wonld be seen in experiments performed at physiologieal
temperatures. However, both phenomena have indeed been seen in experiments
performed at room temperature. NMR-PRE experiments perfoi'med at 17° C do not
support a Mn-based oxidation for the S, — S; transition (see Introduction). The S, — S,
 transition has been shown vtovhave a high reorganizaﬁon energy based en the temperature
dependence of the activation energy for this transition'®' and the S, state is 10 — 20x less
reactive than the S, state towards exogenous re_ductants;‘s4 both experiments support 5
structural change occurring at room temperatdre. Furthermore, the presence of a radical
in the S; state at physiological temperatures is supported by recent studies by Ioannidis
et al.'> comparing the reactivity of NOe towards the S, and S, states at 18° C. These
studies showed that the S_3 state is reduced by NOe to the S, stete five times faster than the
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S 82 state is reduced Thrs rate 1ncrease is especrally srgnrflcant grven the 10 20x‘-‘_f: Ean

o restncted access of substrate molecules to the OEC 1n the S3 state as- shown by the' o

fabove-mentloned experrments154 wrth:eXog"enOus reductants. ,ThIS'lS' conertent wrth -NQ_° '_ o .

| actmg as a radlcal trappmg agent and the S3 state contarmng some radlcal character b
DFT calculatlons by Per Sregbahn provrde addltronal support for the presence of a.
'radrcal in the S; state.” Thes'c calculatlonsi show that it is energetlcally unfavorable__ to
oxidize Mn durrng t_he S, 5 S, transition relative to the formation of ahgandradrcalm -
the S, state. Fnrthermore, _thgis energetic preference'o'vnly exiSts if the' ligand_:radicai 1s
"p:resent as a p-0xo hridge :radical:.
The data in this studsl_ _are_therefore best interpreted.to show that a livigand-centered L

-~ rather than a -Mn-centered' cjridatic'n takes_ place during the S, — S, transition. Based on -
.t'hiis -resnlt,- the nrechaniSttc Tprcposals_v invoking 2 Mn cxidaticn; during the S, —> S,

trans_itio:n that w'eire_' mentioned in the Introduction can be excluded.
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Figure 2-14: Summary of changes in Mn oxidation states and Mn—Mn distances during
photosynthetic water oxidation. During the S, — S, transition, a Mn(II) — Mn(III)
oxidation causes the decrease of the Mn—-Mn distance. In the S; — S, transition, one
Mn(III) is oxidized to Mn(IV), and the Mn—Mn distances do not change. During the
S, = S; transition, a p-oxo bridge is oxidized, which triggers the increase in Mn—-Mn
distances. In the S; — [S,] = S, transition, a short-lived peroxo intermediate is formed
in the S, state. (A), (B), and (C) are 3 options for O-O bond formation in the S, state.
The peroxo intermediate is further oxidized to O,, and two water molecules bind to
regenerate the S, state. For clarity, Y,, the cofactors Ca** and CI, and terminal Mn
ligands are not shown. Mn-Mn distances were determined by EXAFS
spectroscopy.®*3!'1®!  As mentioned in DeRose et al.,”* Cinco et al.,”® and Robblee et al.,”
other possible topological models exist for the OEC; similar mechanisms that can be

proposed for each of these alternative topological models should be considered equally

viable.
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The proposed H-0X0 bridg§ radical .in the S, state can be rationalized in the
context of any of several possible models for the OEC. It is important to emphasize that
the spatial arrangement of the Mn atoms in the OEC is not definitively known. ‘It has
been stated for some time’* that several topological models (shown as A, E, F, and G in
Figure 4 from DeRose et al.””) are considered equally possible based on EXAFS data.
Although one of the possible topologicél models is shown in Figure 2-14, similar
mechanisms can be proposed using the other topological models, and should all be
considered equally viable. Although Ca®* and CI are not included in Figure 2-14 for
clarity, it shduld be emphasized that these essential cofactors of oxygeﬁ evolution are
nonetheless involved in the mechanism of oxygen evolution. Three different possibilities
for the O-O bond formation in the S, state are shown in Figure 2-14A-C: A) Upon the
S, —» S, transition, the neighboring p-oxo bridge also becoines oxidized and the O-O
bond is formed between the two p-oxo radicals (Figure 2-14A).3**® B) The 0O-O bdnd
is formed between the p-oxo bridge radical and either an unbound water molecule**®
(Figure 2-14B) or a terminal water ligand. C) In the S, state, the p-oxo bridge radical
migrates to a terminal vhydroxo group and forms the O-O bond with a second terminal
Mn-O’ that is formed by oxidation through Y,™ (Figure 2-14C).”° All three options for
the S, state generate O, which is derived from inequivalent oxygen atomé in the S; state, -
‘as shown by '®0/'®0 water-exchange measurements on the S, state.'®*'** In addition, a
recent H,"O/H,'*0 FTIR experiment has shown the presence of an exchangeable
di-p-oxo-bridge in the S, and S, states'® and another recent H,'*O/H,'*O FTIR
experiment has detected the presence of an asymmetrically hydrogen-bonded H,O

molecule in the S, and S, states.'® Although the former result is consistent with options
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A and B in Figure 2-14 and the latter result is consistent with options B and C, it is not
directly known at the present time whether or not either of the aforementioned species
participate in oxygen evdlutiox_l.

The formation of a p-oxo bridge radicél in the S, state in lieu of Mn oxidation
could be viewed as the onset of water oxidation. Storing this radical on the p:oxo bridge
prevents premature O—O boﬁd formation and possible release of reactive intermediates,

which could damage the polypeptides of PS II.

- 68



Appehdix

Deconvolution of the of the S,-state EPR multiline oscillation pattern of luzzolino

et al. study using an extended Kok model

Tuzzolino et al.'® fit their S,-state multiline EPR signal oscillation patterns using
the original Kok model (see the Results section) with oniy miss and double-hit
parémeters as variables; values of 22 % and 11 % (or 14 % and 15 % in samples not used
for the XANES experiments) are obtained for the miss and double-hit .paran”leters,
respectively. The value of 11 % (or 15 %) is exceedingly large for double hits induced
by Xe flashlamps with 3 -5 ps full width at half maximum; typical values are in the
range of 2 — 5 %, depending on conditions.‘“'”i This indicates tﬁat the simple Kok fit
approach is not sufficient aﬁd thét an extended Kok modei needs to be invoked that takes
into account a) impaired centers and b) high double hits on every sécond flash.

As described in the Results section, it has been shown that a fraction of impaired
cventers» can exist in PS II centers.'”'#* Under the assumption of 5 % impaired centers and
an initial S,-state population of 2 % after dark-adaptation (estimated from the S,-state
EPR multiline oscillation pattern presented in Figure 1 of Iuzzolino et al.), the S,-state
multiline EPR signal oscillation pattern of qu_zoiino et al. can be fit using a 20 % miss
parameter and a 6 — 9 % double-hit parameter. This leads to a reduction of the calculated
- Sy-state population in the 2F sample from 15.4 % to 9 - 13 %. The large _effect on the
calculated edge position shifts of this apparently small reduction in the calculated S,
population can be roughly estimated using data from the Iuzzolino et al. study. One

‘extreme’ fit presented in Table 2 from Iuzzolino et al. assumes similar miss (18.7 %) and
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“double hit (7.3 %) parameters to those found above. Using these parameters, an initial
S,-state population of 2 %, and no impaired centers, an S,-state population of 10.8 % is
calculated for the 2F sample; this is within the range of the fit described above. As
shown in Iuzzolino et al., deconvolution using their ‘extreme’ fit results in the edge shifts
between the S-state XANES spectra, as determined using thé ‘integral’ method for edge
position determination, being comparable to the data in this study, i.e. a.lafgcr Shift is
observed for thé S, = S, transition than for the S, — S, transition.

In addition to impaired centers, the possibility of high double hits on every second
flash should be considered for the quzolino et al. data. It is well documented»(and‘has
also been obéerved in this étudy (data not shown)) that, in the presence of PPBQ, a
reductant-induced oxidation of the non-heme iron bccufs on every other flash.'"'®

Because of the fast Q, — Fe* electron vtransfer, this results in a larger double-hit

parameter in every.sécond flash if Xe flashlamps (us) are used. As mentiohed earlier,

double hits are not a concern with Nd-YAG lasers."® This effect was also included in the
extended Kok model, and fits were obtained with B,;5 =9 % and B,,c = 3 % (other
parameters as above). How.e‘ver, this did not significantly improve .the fits nor did the
calculated percentage of the S, state in the 2F sample ch;dnge significantly. Nonetheless,
this shows thét a reasonable double-hit parameter can be obtained if impaired centers and
different even/odd ﬂash double hits are taken into account. In contrast to the double-hit
parameter, however, the miss parameter stays high in all of &e fits, which indicates non-
saturating illumination conditions.

It should be emphasized that, for the S,-state multiline EPR signal oscillation
pattern of Iuzzolino et al., neither the pfesence of impaired centers nor the occurrence of

70



higher double hits on every second flash can be unambiguously proven through fits to
their S,-state multiline EPR signal oscillation pattern. The inclusion of these parameters
in the above fits is solely guided by independent data from the literature and the fact that,
without these additional parameters, unrealistically high ?alugs for the double-hit
parameter are obtajned. The uncertainty present in the Tuzzolino et al. data would have
been largely avoidéd if a deep Sz—state multiline EPR signal oscillation pattern had been

obtained in that study.

Comparison of different methods for XANES edge energy determination

Previous studies have used three different methods to calculate XANES edge
energy positions for each S-state of the OEC. Ono et al.'" used the energy at which the
X-ray absorption is half its maximal value, known as the ‘half-height’ method, in their
study. To interpret changes in oxidation states with ihis.method, the shape of the
XANES spectrum should be unchanged during a comparison, which is not true for the
S-state spectra (see Figure 2-4A). This method is also highly sensitiye to noise in the
data, b_ecause it is a measurement at a single point and is affected by uncertainty due to
noise at the top of the edge. In addition, the spectral information present in the
2%_derivative spectra is absent with the half-height method.

Roelofs et al.”® calculated the zero-crossing value of the 2" derivative of the
XANES spectrum (“2nd derivative’ method) in. their study. Although this method is
sensitive to the width of the polynomial used for calculation of the 2™ derivative, several
important advantages exist with this method: a) it is insensitive to linezir background

subtraction and normalization, b) it has been used successfully by several groups for 25

71



years to determine the oxidation state of metal ions in metalloproteins and model
complexes (see the Results section) and ¢) in addition to the edge position, detailed
information on the edge shape is also provided. However, the width of the polynomial
used for calculation of the 2™ derivative must be pfqperly chosen to find an appropriate
balénce between the reduction of noise in the spectrum (ai higher polynomial widths) and
retention of spectral structure (at lower polynomial widths); the IPE value and shape of
the spectrum are dependent on this cﬁoice, which is largely guided by analysis of model
compound data. Roelofs et al. (and the curreﬁt study) used a 6 eV width for the
polynomial, which has sucéessfully _Beén used to analyze model compound data.:”“'.125
Extensive niodel compour_id studies have sﬁown that, without exception in the study of
more than 13 sets of compounds, when Mn is oxidized by one electron in a set of Mn
model compounds with similar ligands, the IPE shifts 1 - 2 eV to higher energy upon Mn
oxidation, regardless of nuclearity. When the polynorrﬁal width is decreased to 3 -4 eV,
- the noise erivelépe on the 2™ derivatives becomes signiﬁcant; especially for the PS II
data, making the IPE values unreliable. | » \

Tuzzolino et al." used an ‘integral’ method in which the 1* moment is calculated
on the absorption axis between a chosen set of limits, and the X-ray energy value
corresponding; to the calculated 1¥-moment absorption value is reported. Although this
method is superior to the half-height method in that the value reported atfempts to take
into account the shape of the edge, the caléulated value is highly dependent on the
varbitrary choice of limits, particbularly if the shape of the XANES spectrum changes
during the comparison (vide infra). In addition, errors in normalization and background

removal affect the reported values, and the spectral information present in the
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2"-derivative spectra is absent with the integral method. In most cases, use of the
integral method with homologous sets of Mn model compounds in different Mn oxidation
states shows trends which are similal: to those seen when the 2"-derivative method is
used (6 eV polynomial width). Howevlér, when Mn oxidation occurs in these complexes,
the edge shape is essentially unchémged.

The 2*-derivative method has been used in the current study and by Roelofs
et al.,”® and the conclusions from the current study are unaffected if the polynomial width
for the 2™ derivati\;e is al_tered betwéen 5eV and 8 eV. In particular, the IPE shift for
S, > S; transition is always < 40 % of the IPE shift for the S, — S, transition. However,
at lower polynomial Widths, noise prevents a reliable determination of the edge_energies, |
and at higher polynomial widths, too many 2*-derivative features are lost. This relatively
large insensitivity of the 2"-derivative method towards the choice of the polynomial
width lends support to the conclusions about the Mn oxidation states in PS II based on
this procedure. |

However, when the integral method is used, the changes in the shape of the

’ XANES_ cdge that occur during the S, —» S, and S, — S3 transitions are of concern. This
is because the conclusions'about-oxidation-state changes, or lack thereof, are strongly
dependent on a subjective choice of limits for the 1¥-moment calculation for the XANES
spectra of the OEC. Use of the same integration limits as Tuzzolino et al.,'? I=0.15 to 1,
gives the following results: S, -S;: 0.4¢eV, S,-S;: 0.8¢eV, S;-S,: 0.5eV. However,
integrétion limits of I = 0.15 to 0.7 give different results: S, - S;: 0.5¢eV, S, -5,: 0.7 eV,
S, -S,: 0.7 eV, and continuing the integration to the top of the edge I=0.15-T.0.E.) |
again produces different results: S, - S;: 0.3 eV, S,-S5,:09¢eV, S;-S,: 0.3 eV.
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A more intuitive understanding of why these trends change so dramatically is
provided by the XANES difference_spectra_in Figure 2-4A. The choice of different
integration limits selects for different regions of. the spectra; this can leave out significant
differences between S-states that are shown in the difference spectra. Furthermo.re,_- it is
difficult to identify criteria to use that would recommend a partiéular choice of
integration limits, because the use of any of the three integration limits above seems to
show reasonable trends when applied to sets of Mn model complexes in which Mn is
- oxidized. Thus, _becauSe the conclusions from applying the. integral method on XANES
spectra in: the current_b study are critically dependent on the choice of limits, this méthod
cannot be used in this study to provide reliable conclusions about oxidation states of Mn

in the OEC.
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Chapter 3: The S, state of photosystem II: Is there heterogeneity in

the Mn-Mn distances? Determination by EXAFS spectroscopy.

Introduction

The biological generation of oxygén by the oxygen-evolving complex (OEC) in
photosystem II (PS II) is arguably one of nature’s most important biosynthetic reactions.
To perform the 4-electron oxidation of water to dioxygen, the Mn-containing OEC cycles
through 5 intermediate S-states, S, through S,, as shown in Figure 2-1 in Chapter 2. This
proposal by Kok et al.”’ in 1970 has led to intense study to identify the nature of each of
the quasi-stablé S-states S, S}, S,, and S, to derive insight about the mechanism of water -
oxidation in the OEC. Because the S, state is the dark-stable state,”’ this S-state is
relatively easily stuc_lied in the form of concentrated, dark-adapted samples. The -
discovery that the S, state _could be prepared essentially quantitatively by low-

1 allowed similar studies to be performed on the

temperature (190 K) illumination
S, state as had been done on the S, state. However, the remaining S-states, the S, state
and the S, state, réquired single-flash saturation techniques. Because this was possible
vonly with dilute saxﬁplcs (<5 mg Chl/mL, prior to the experiments defailed in Chapter 2),
the experimental horizons for these S-states were not very promising, espécially fér
X-ray spectroscopic experirnchts. This hé.s’ severély linﬁted experimental studfes; hence,
much less is known about the S, and S, states than is known about the S, and S, states.

Most of the information about OEC structure and Mn oxidation states has come

from electron paramagnetic resonance (EPR) and X-ray spectroscopic studies of the S,
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and S, states. EPR spectroscopy has shown that the S, state is paramagnetic, exhibiting
either a multiline EPR signal®*' or a broad signal centered at g = 4.1.°>* In addition, the
S, state has a parallel-polarization EPR signal.*’**® These signals have been interpreted

75,76,142,190

as arising from a Mn cluster with a nuclearity of four, although other

interpretations exist.'*"'%

Two forms of X-ray spectroscopy, X-ray aborption near-edge structure (XANES)
spectroscopy and extended X-ray absorption fine structure (EXAFS) spectroscopy, have
provided a wealth of information about the oxidation states of Mn in the OEC and the
structure of the OEC, respectively, in the S, and S, states. This is largely due to the
inherent element specificity of X-ray spectroscopy. XANES spectroscopy mainly
monitors the 1s — 4p transition in Mn,> which is sensitive to Mn oxidation-state changes
through core-hole shielding effects.®® Consistent with the EPR spectroscopic data,
XANES experiments have indicated that Mn is oxidized during the S, — S,
transition.”**!°"'% In addition, the results from Chapter 2 show that this conclusion is
confirmed by anbther X-ray spectroscopic technique, Kp X-ray emission spectroscopy.

EXAFS spectroscopy has been widely applied in the studies of metalloprotein
active sites to provide detailed structural information about the coordination environment
around the active-site metal(s).”'*"** Unlike X-ray crystallography, this technique does
not require long-range order; EXAFS experiments can be performed on frozen solutions.
EXAFS oscillations exist at energies above the absorption edge of Mn and are due to a
ﬁnél—state interferencé effect from photoelectrons that are backscattered off neighboring
atoms.>” These oscillations contain information about the number of backscatterers
present and the identity of the backscattering atoms; they also contain extremely accurate
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information about the absorber-backscatterer distanées (£0.02A error) in the frequency
of the oscillations. Fourier transformation of the EXAFS oscillations generates a radial
distribution function of backécattering atoms;'® this providés a pictorial representation of
the environment surrounding the absorbing atom. The EXAFS oscillations can be quite
accurately described theoretically‘”"”f and can be fit using the. available theory to extract
the three parameters mentioned above.
| The pioneering EXAFS study of the OEC was performed by Kirby et al.”® shortly
after the advent of user facilities designed to expldit synchrotron radiation. This study
showed that there was a remarkable sinlilarity between the EXAFS spectrum of tﬁe PS II-
containing chloroplasts and the EXAFS spectrum of a di-p-oxo-bridged Mn complex
Mn,(IILIV)O,(2,2’-bipyridine). Specifically, fhe Fourier peak corresponding to the 2.7 A
Mn-Mn distance in the di-p-oxo Mn,(IILIV) complex was also seen in the chloroplast
spectra, which led to the suggestion that a di-p-oxo-bridged Mn, moiety also exists in the
OEC. This was confirmed by several subsequent EXAFS studies of PS II"""*'*?% that -
also detected a short 1.8 A Mn-O distance characteristic of p-oxo-bridged metal
clusters;*® EXAFS studies that detected a 2.7 A Mn-Mn interaction but failed to detect
the short 1.8 A Mn-O distance were later shown to have been performed on samples
that contained significant amounts of adventitious Mn(II).'*3*14¢
These findings firmly established that thé OEC in PS II is comprised of di-p-éxo—
bridged Mn, clusters. Technical improvements in instrumentation led to the detection of
an additional scatterer at 3.3 A from Mn, 727202255 Thjs interaction has been interpreted
as c;mtaining contributions from both Mn-Mn _and Mn-Ca interactions at

3.3 3.4 A" These findings were incorporated into a structural model for the OEC
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proposed by Yachandra et al**”" shown in Figure 3-1 which contains two di-p-oxo
Mn-Mn moieties connected by a mono-p-0xo Mn-Mn moiety. The structural building
blocks derived from EXAFS spectroscopy have since been prerequisite structural

elements in virtually any proposed model.’%*"406366.70.103

However, these models have
suffered from the relative paucity of structural information about the S, and S; states,
because these S-states are relatively difficult to generate with the homogeneity and
concentration that are required for many XAS experiments.

Early XAS experiments by Guiles et al.***® with the S, and S, states used
chemical treatments to get around the problem of low concentrations. However, the
S-states generated in this manner were designated as S,” and S,” to emphasize that they

are generated through chemical treatment and are thus not native S-states. The S;” state

was prepared using a high-potential quinone PPBQ (see Chapter 2) to oxidize the non-

@ Mn
@®o
@ C
® Ca

Cl

Membrane
Normal

Figure 3-1: A proposed topological model shown in Cinco et al.*® for the structure of
the OEC in PSII. This model incorporates the distance constraints from EXAFS

spectroscopy as described in the text.
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S heme 'F"e2+ ‘o'n.fthe acc:éptbf'fsi'dé- to 'Fé*’ -T-"hi“s-.' 'auowed‘a:rz'*-eléétr'ori 'tu'rn'oy’er-' 'd'uring

' '_i*contmuous 1llum1natron 1n the presence of the QB 1nh1b1tor DCMU (3 (3 4-

R _' -::d1chloropheny1) L,1- drmethyl urea) The So state was. prepared by addlng the chermcal LT

o .'reductant NHZOH to a concentratlon of 40 uM in S state samples producmg a reduced' o

state called the So state. Although they were hampered by low s1gnal to -noise ratios and s
the _uncertamty about the relationship between the ch_enncally generated S’-states and the
-"natlye S-states, ._th:esfe .experiments-_' proyided the fir_st_- suggestions:' -from XAS. t_hat
.heteroge_neity may exiv.st.i_n the 2.7 A Mn—Mn distances in:’the So and. S3'vstates in the forrn
of a reduced amplitude Eof Fourier peak Il in the S, andS3 states relative to that in the
; S.'1 ':_s.ta_te; this heterogenelty'_is not seen in the S,- or S,-state EXAFS spectra. |
| 'Further XAS -studies on single-flash saturable samples have extended the work of
Guiles et al.”® on the S, state, and have prov1ded additional 1nformat10n about ‘the
vvstructure around and ox1dat10n states of the Mn atoms in the OEC 1mmed1ately before the
- release of dloxygen. The XANES experiments by Roelofs et 31.98 and the experrments
_-_shown in Chapter 2 demonstrate that Mn is most likely not oxidized during the S, = S; -
transition. Furthermore EXAFS experlments by Lrang etal.® showed that the Mn-Mn -
.drstances of 2 7 A in the S, and 82 states increase to ~2 85 and 3.0 A in the S, state '
1ndrcat1ng that a srgmﬁcant structural change is occurrlng durrng the S, — S, transition. :
.T hes_e studies have been reinforced by recent experiments by Fernandez and co-
workers'®! on oriented samp_les ln the S, state, where these two Mn-Mn dist,anﬁ—;és were
also seen and were found: to be‘dichroic._ In 'addition,. it was calculated that the- 2.85A

and 3.0 A Mn-Mn vecto'rs'i.have distinctly  different projections onto the membrane
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normal, implying that they are oriented at different angles within the membrane-bound
OEC.

The S, state has been studied even less than the S, state, especially in terms of
X-ray spectroscopy. The study by Guiles et al. uSing chemical reductants to generate the
So state® was repeated in similar experiments on reduced S-states by Riggs-Gelasco
et al.,”™ who also observed a decrease in the amplitude of the 2.7 A Mn-Mn Fourier
peak. This was interpreted by Riggs-Gelasco et al. as a reduction in the number of
Mn-Mn vectors instead of the appea:anee of distance heterogeneity. However, the native
S, state prepared using single-flash turnover has not been extensively examined using
EXAFS spectroscopy due to the difficulties in collecting EXAFS spectra from singie-
flash saturable samples, although a preliminary report has appeared.®!

The signal-to-noise requirement for XANES spectroscopy is lower than that
required for EXAFS spectroscopy; this has enabled three different research groups to
collect and analyze XANES spectra of samples in the S, state. Single-flash turnover
experiments similar to those described in Chapter 2 have been performed by Ono et al.,'”
Roelofs et al.,” and Tuzzolino et al.'™ All three groups, as well as the conclusions from
Chapter 2, are in agreement that Mn is oxidized during the S, — S, transition. As
described in Chapter 2, the XANES difference spectra (Figure 2-4B) support the
assignment of this transition to a Mn(II) — Mn(IIl) oxidation. This is mainly due to the
fact that the shape of the S, - S, difference spectrum is different from the shape of the

S, - §, difference spectrum, where a Mn(IIT) - Mn(IV) oxidation is known to occur (see

Chapter 2).
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The discovery of a multiline signal in the S, state provides further evidence for
Mn oxidation during the S, — S, transition. This signal was first discovered by
Messinger et al.® in the S," state produced by chemical reduction with NH,OH, and an

~ essentially identical signal was subsequently discovered by Messinger et al.*’ (see

Chapter 4) and by Ahrling etal.® in the native S, state generated by single-turnover

flashes. A later study showed that this signal can also be generated in PS II isolated from
the cyanobacterium Synechococcus elongatus.” Unlike the Ahrling et al. study, the
latter Messinger et al. study*’ incorporated a protocol to increase the sample
concentration and évoid EPR spectral contamination from thé S,-state EPR multiline
signal.. This protocol consisted of generating the S, state under single-flash saturable
conditions, adding the reagent FCCP (éarbonyl cyanide 4~(triﬂuofomethoxy)
phenylhydrazone) to .thc samples, and subsequently concentrating through cexlltrifugation._
- Addition of FCCP had two major bve:neﬁtsT First, the S, and S, states were rapidly
deactivated by FCCP to the S, state,”® eliminating EPR signals from either of those two
S-states. Second, FCCP accelerated the reduction of the redox-active tyrosine Y,,*!
which decreased decay of the S, state into the S, siate through oxidation by Yo 12 |

In. this chapter, this method of preparing samples in the native S, state has been
extended to perform EXAFS spectroscopic experiments on the S, state of PS II generated
through single-flash turnover. These experiments show that distance heterogeneity in the
2.7 A Mn-Mn distances most likely e#ists in fhe S, state, which can be explained through
a combination of the presence of Mn(II) and the protonation of a di-p-oxo-bridged
Mn-Mn moiety. Furthermore, curve fitting of the EXAFS data from the S, state leads to
the intriguing possibility that three di-p-oxo-bridged Mn—-Mn moieties may exist in the
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OEC instead of ihe two di-pfoxo;bridged Mn-Mn :vmoieties that are widely used in

proposed structural models for the OEC.#3883e6717477
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Materials and Methods

PS II membranes were prepared from fresh spinach leaves by a 2 min incubation
of the isolated thylakoids with the detergent Triton X-100.""%'"! The samples were then
resuspended to a chlorophyll (Chl) concentration of 6.5 ing Chl/mL in sucrose buffer (pH
6.5, 400 mM sucrose, 50 mM MES, 15 mM NaCl, 5 mM MgCl,, 5 mM CaCl,) and stored
as aliquots at -80° C until used. Chl concentrations were calculated as described in Porra
et. al.“z‘ |

'i‘o prepare samples enriched in the S, state, a frequency-doubled Nd—YAG laser
system (Spectra-Physics PRO 230-10, 800 mJ/pulse at 532 nm, 9 ns phlse width) was
used to illuminate the PS II samples. The laser was operated éontinuously at 10 Hz, and
flashes were selected using an external shutter (model LSTX-Y3, nm Laser Products,
Inc.).

Before flash illumination, .the PS II membranes were diluted to.a concentration of
1 mg Chl/mL in sucrose buffer, and 3 mL of this solution was transferred in darkness into
each of 20 tissue culture flasks (Falcon 3014, 50 mL, 25 cm?® growth area) that were kept
on ice. The Nd-YAG beam was redirected and diffused suéh thét the laser beam could
illuminate the entire growth area of the flask from below. Sample illumination under
these conditions was proven to be saturating by separate experiments in which the Chl
concentraﬁon was reduced to 0.5 and 0.25 mg Chl/mL, and no increase in the yield of the |
S, state formed in 3-flash (3F) samples relative to the experiments described herein was
seen (data not shown). Each sample was given one- pre-flash and was dark-adapted for 90

minutes on ice.
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After dark-adaptation, PPBQ (phenyl-1,4-benzoquinone; SO0 mM in MeOH) was
added to each flask to a final concentration of 25 pM, and 3 flashes were applied at 1 Hz
frequency to each flask. Immediately after tﬁe flashes, FCCP (carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone; 5 mM in MeOH) was added to each flask to a final
concentration of 1 uM. This accelerated the deactivation of the S, and S, states of PS II
to the S, state”® and reduced Y,, the stable tyfosiné radical of PS I1*"' The latter
reaction essentially eliminates the main path for the decay 6f the S, state, which is the
oxidation of the S, state to the S, state by Y,™.!* This reaction has a half-life of 30
minutes at 5° C.'”” In addition to FCCP, MeOH was added to each flask to a final
concentration of 3 % v/v, which enabled the detection of the S, EPR multiline signal in
these samples.“**®* The samples were then collected and centrifuged at 4° C for 30 rmn
~ at 48000x g. The concentrated PS II membranes were then put into Lexan sample
holders (22 x 3.2 x 0.8 mm inner dimensions) and were frozen at 77 K for EPR and X-ray
experiments. It took a total of 50 minutes to complete the protocol from the point.of
applying three flashes to the sample and freezing the samples at 77 K. Control samples
in the S, state were prepared in an identical fashion except that the application of 3 laser
flashes to each tissue culture flask was not performed.

EPR spectra were collected on a Varian E-109 spectrometer with an E-102
microwave bridge and stored using Labview running on a Macintosh G3 computer.
Samples were maintained at cryogenic temperatures using an Air Products Heli-tran
liquid helium cryostat. Spectrémcter conditions were as follows: S, EPR multiline
signal: 2700 + 2000 G scan range, 6300 gain, 30 mW microwave power, 8 K

temperature, 32 G modulation amplitude, 100 kHz modulation frequency, 4 min/scan, 1
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scan per sample, 0.25 sec time constant, 9.26 GHz microwave frequency. MLS
amplitudes were determined from the low-field and high-field peak-to-trough
measurements for each designated peak in'Fi'gure 3-2. PS II centers in the S, state were

| advanced to the S, state by continuous illuminations performed at low temperature. The
illuminations were performed with a 600 W lamp, and a 5 % w/v CuSO, solutipn was
used as an IR filter. Samples were placed in a tall test tube which was suspended in a
ZOQ K dry ice/ethanol bath. An unsilvered déwar contained the 200 K bath and enabled
the low—tempefature illuminations.

XANES and EXAFS spectra were recorded on beamline 7-3 at SSRL (Stanford
Synchrotron Radiation Laboratory). The synchrotron ring SPEAR was operated at 3.0
GeV at 50 - 100va beam current. Enérgy resolution of the unfocused incoming X-rays
was achieved using a Si(220) double-crystal monoéhromator, which was detuned to 50 %
of_ maximal flux to attexiuate harmonic X-rays. A N,-filled ion chamber (I,) was mounted
in front of the sample té monitor incident beam intensity. An incident X-ray beam of
1.4 mm x 11 mm dimensions (1 mm x 11 mm for XANES) with a flux of approximately
3.5 x 10" photons/sec was used for the EXAFS experiments; the total photon flux on the
'sample was 1.6 x 10° photons/sec/mm® of samble. The samples wefe placed at an angle
of 45° relative to the X-ray beam and were kept at 10 + 1 K in a He atmosphere at
ambient pressure using an Oxford CF-1208 continuous-flow liqﬁid He cryostat. The

" using a

X-ray absorption spectra were collected as fluorescence excitation spectra
13-element energy-resolving detector from Canberra Electronics,''> and were referenced

by I,. Typical counts in the Mn fluorescence window for the central channel were 200
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counts/sec at 6500 eV (below the Mn K-edge) and 1300 counts/scc at 6600 eV (above the
Mn K-edge).

XANES spectra were collected at 0.2 eV/point from 6520 to 6580 eV with a
collection time of 3 sec per point, and at 10 eV/point from 6580 eV to 7100 eV with a
collection time of 1 sec per point. The EXAFS spectra were collectéd at 3 eV/point from
6400 to 6540 eV with a collection time of 1 sec per point, 0.25 eV/point from 6540 to
6550 eV with a coilection time of 1 sec per point, and at 1 eV/point from 6550 eV to
6576 eV with a collection time of 1 sec per point. The EXAFS region was collected with
points evenly spaced every 0.05 A" in k-space from 2.05 A to 12 A™, with E, assigned
as 6563 eV. The time of collection was weighted using a cubic function from a minimum ;-
of 1 sec per point at low k values to a maximum of 10 sec per point at high k values.

Two sample regiohs of 1.4 mm height were used for the EXAFS scans, and |
8 scans were collected from each separate region. To monitor radiation damage, XANES
spectra were collected before and after the EXAFS scans using a sample region of 1 mm
height which included the sample region used for the EXAFS scans. The samples were
protected with a shutter from the beam at all times unless a measurement was in progress. .
Collection of an energy-reference spectrum was achieved by placing a KMnO, sample
betweeﬁ two N,-filled ion chambers, I, and I,, which were positioned behind the PS I
sample, énd collecting a KMnO, ébsorption spectrum concuqently with PS II data
collection. The narrow pre-edge line (FWHM < 1.7 eV) at 6543.3 eV was subsequently
used for energy calibration.""® For the EXAFS spectra, 16 scans (8 scans per region, 2
regions per sample) were averaggd per sample for each of six 3F samples and six control
samples in the S, state.
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After removal of a linear Background, the XANES spectra were normalized by
ﬁtting a quadratic polynomial to the EXAFS region (6570 — 7100 €V) and adjusting the
Vvalue of the extrapolated polynoim'al to 1.0 at 6563 ev. Second derivatives were
calculated between 6535 and 6575 eV for each point of the XANES spectra by fitting a
cubic polynomial to a range of + 3 eV around that point and computing the 2" derivative
of the polynomial.

Data reduction of the EXAFS spectra was performéd by removal of a linear pre-
edge background, followed by normalization of the edge jump by fitting a quad;atic
polynomial to the EXAFS region (6570 — 7100 eV) and assigning the intensity of the
extrapolated polynomial to 1.0 at 6563 eV. The resulting spectra were then divided by
the tabulated free-atom absorption values from McMaster et al.>'? Residual background
removal was obtained by fitting a quadratic polynomial to the region between 6750 eV
and 7100 eV and subtracting the resulting polynomial from the entire EXAFS spectrum.
Conversion of EXAFS spectra into k-space was performed using the formula in Eq. 3-1:

2m,
h2

k(A= (E-E,) | Eq. 3-1

where k is the photoelectron momentum (A™M), also referred to as the _photoelectron
wavevector; m, is the electron mass; # = h/2m, where h is Planck’s constant, and E, is the
threshold energy for photoelectron production. Although-the value of E, was fixed at
6563 eV for the k-space conversion, subsequent curve-fitting using the EXAFS equation
(Eq. 3-2) treated E, as a variable parameter. The k-space spectra were thén multiplied by
K’ to generate P-weighted EXAFS spectra; this largely offsets the da_rﬁping of the EXAFS

oscillations seen in the non-k’-weighted k-space spectra. As shown below in Eq. 3-2, this
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is mainly due to the 1/(kR’) amplitude dependence of the EXAFS oscillations and the fact

that the ab initio amplitude function fe(n,k,R,) is dependent roughly on 1/k*.'%

Because low-frequency background contributions were apparent in the Fourier
transforms of the uncorrected spectra as peaks at R’ < 1 A, further background removal of
a 5-domain spline in k*-space was necessary.

To simplify the curve-ﬁtting procedure, the individual Fourier peaks I, II, and III
were isolated and fit separately by applying a Hamming window to the first and last 15 %
of the chosen range, leaving the middle 70 % untouched. In addition, the Fourier peaks
were isolated and.ﬁt in pairs (I + I, IT + III) to minimize p:ossible distortions from

isolating closely spaced Fourier peaks separately. However, as meritioned by Latimer

et al.”, there is a tradeoff in doing this, because the fits to pairs of Fourier peaks are “

dominated by the contribution from thevl'arger peak, making it difficult to reliably extract -
information from the Smalier Fourier peak. This is particularly relevant for fits to peaks
II and III.

Curve fitting was performed using ab initio-calculated .phases and amplitudes
from the program FEFF 5.05 from the University of Washington.'””?"* These ab initio

phases and amplitudes were used in the EXAFS equation,”**'’ shown as Eq. 3-2:

xk) = SOZZerﬁ;(n,k, R)e™ e M Psin2kR +¢,(k)  Eq.3-2

J J .
S,’ is an amplitude reduction factor due to shake-up/shake-off processes at the central
atom(s). This factor was set to 0.85 for all fits based on fits to model compounds.73 The
neighboring atoms to the central atom(s) are then divided into j shells, with all atoms with

the same atomic number and distance from the central atom grouped into a single shell.
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Within each shell, the coordination number N; denotes the number of néighboring atoms
in shell j at a distance of R, from the central atom. fe (7,k, R;) is the ab initio amplitude

function for shell j, and the Debye-Waller term e accounts for damping due to .

static and thermal disorder in absorber-backscatterer distances. A lérger Debye-Waller

factor o reflects increased disorder, and leads to an equhential damping of the EXAFS

2h14® which depends on k, reflects losses due

oscillations. The mean’ free path term e
to inelastic losses in the scattering process, where A(k) is the electron mean free path.?'’
A{k) was calculated by ab initio methdds with FEFF 5.05. The oscillationvs in the
EXAFS spectrum are reflected in the sinusoidal term sin(2kR; + ¢,(k)), where ¢,(k) is
the ab fnitio phase function fof shell j. This sinusoidal term shows the direct relationship |
between thev 'frequency of the EXAFS dscillations in k-spacev and. the absorber--
backscatterer distance. |

Eq. 3-2 was used to fit the experimental Fourier isolates using N, R, and & as
variable .parameters. No firm theoretical basis exists to guide the choice of E, for Mn
K-edges; thus, uncertainty in E, translates into uncertainty in k-space values, as shown in
Eq. 3-1. Therefore, E, was also treated as a /wlal‘iable parameter. To reduce the number of
free para:ﬁeters in the fits, the value of E, was constrained to be equal for all shells in the
fit. This was shown by O’Day et al.*'® to be a valid constraint when using FEFF phases
and amplitudes. |

N values are defined as shown in Eq. 3-3:

_ total number of Mn — backscatterer vectors

N -
number of Mn atoms per OEC ‘ Eq. 3-3




Hence, coordination numbers are evaluated on a per Mn basis and are dependent on the

stoichiometry of Mn atoms in the OEC. It is well established that an active OEC contains

200,219-230 I231

four Mn atoms; a report of six Mn per PS II*"" was most likely due to an
uncorrected high residual Mn content in inactive centers present in the samples."* On a
4 Mn/PS II basis, N values for Mn—Mn interactions in the OEC come in multiples of 0.5,
because each Mn—Mn interaction contains two Mn-backscatterer interactions. Other
Mn-backscatterer interactions come in multiples of 0.25,i.e. an N value of 2in a Mn—O

shell is interpreted as two O neighbors to each Mn atom.

Fit quality was evaluated using two different fit parameters, ® and €. @ is

described in Eq. 3-4:
N 1 2
® = Z(s—) [ (k) — 2 (k)T Eq. 3-4
1\ S
where N is the total number of data points collected, ¥“¥ (k;) is the experimental EXAFS

amplitude at point Z, and x™(k,) is the theoretical EXAFS amplitude at point i. The

normalization factor s, is given by Eq. 3-5:

Kk’

(]

- Eq. 3-5
iki3|xw(kf)|
J

1_
$;

The € error takes into account the number of variable parameters p in the fit and the

number of independent data points N,,;, as shown in Eq. 3-6:22%*
2 | _Nag [y
e B3

N is the total number of data points collected, and the number of independent data points

N, is estimated from the Nyquist sampling theorem, as shown in Eq. 3-7:
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_ 2AkAR

Ny ===

| Eq. 3-7
Ak is the k-range of the data (3.5 — 11.5 A™") and AR is the width of the Fourier—ﬁltered
peak in A. € provides a gauge of whether the addition of another shell to the fit is
justified. If, upon addition of a second shell, the normalized fit error ® does not decrease
sufficiently to statistically justify the inclusion of -thé additional shell7 € will increase.
The most reliable paraméter from the fit is definitely the Mn-backscatterer
distance R. Typical errors for R values are in the range of 2 %, while errors in N values
are significantly higher, often up to 30 %.23‘4 Therefore, when exaxhining the results of
the fits to the EXAFS oscillations, more emphasis shé'uld be placed on the more accurate

R values than the less accurate N values.
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Results

EPR

It is critical that an independent determination of the S-state distribution of the
3F samples is performed using EPR spectrbscopy; the deconvolution of the 3F XANES
and EXAFS spectra to obtain the spectra of the ‘pure’ S, state is dependent on a proper
EPR characterizatidn. Because FCCP was added to the samples immediately after the
flashes, any centers that remain in the S, or S; states after the flash treatment are fapidly
v deactivated to the S, state, ' as explained in the Materials and Méthods section.
Therefbre, the caiculated S-state distribution will contain PS II centers in only the S, and
S, states. In separate experiments, it was discovered that increésing the FCCP
concentration ld-fold (to 10 uM) caused a ~25 % reduction of the S, state in the dark to
the S, state and possibly the S, state (data not shown). To confirm that the FCCP
conccptration used in this study (1 uM) was not of sufficient concentration to cause
reduction of the S, state, the S,-state EPR multiline signal was measured from parallel
S,-state samples with and without FCCP that had been continuously illuminated at 200 K.
The fact that idenﬁcal normalized S,-state EPR multiline signal amplitudes were obtained
from both types of samples provides further confidence in the EPR characterization of the
S-state distribution.

During the preparation 6f the XAS samples, eight identical 3F samples and eight
identical S,-state samples were prepared. From these 16 samples, two S,-state samples
and two 3F samples were set aside for EPR characterization. Because the samples that

were set aside for EPR characterization are identical to the respective samples used in the
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XAS experiments, fhe S-state distribution that was determined for the samples
characterized by EPR can also be used to deconvolute the XANES and EXAFS spectra
for the XAS samples. |

The S,-state multiline EPR signal generated by continuous illumination (CI) at
190 K of thg 3F and-Sl-state samples is shown in Figure 3-2. At 190 K, all S-state
transitions aside from the S, — S, transition are kinetically blocked.”' This means that,
in the 3F sample, the S, state cannot advance to the S, state during this illumination
procedure; thus the 3F CI samples will have a smaller normalized Sz-staté multiline EPR
signal than will the S,-state CI samples. In addition, because the spectra shown in
Figure 3-2 are difference spectra‘(affer CI - before CI), the presence of the So-state

multiline EPR signal, %%

which was visible in the 3F samples before CI (data not
shown), will not affect the Quanﬁtaﬁons of the S,-state multiline EPR signal. To correct
for diffe_rénces in.sample- volume, the measured S,-state multiline EPR signals for each.
sample were normalized by the magriitude of their respective non-heme Fe** signal. |

The results of the EPR‘charactérization study are shown in Table 3-1. Because
one of the S,-state samples generated noisy EPR spectra, it was not used for the
calculations Vshown in Table 3-1. The ratio of the induced S,-state multiline EPR signal
in the 3F sample relative to that induced in the control S;-stae sample (50 %) conespohds
lto the percentage of centers originally in the S, state in the 3F sample. Therefore, the
Sjstate distribution assigned to the samples in the current study is 50 % S,, 50 % S,. This

S-state distribution will be used in subsequent deconvolutions of the XANES and EXAFS

spectra of 3F samples.
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Figure 3-2: Use of the S,-state multiline EPR signal to quantitate the S,:S, ratio in
© 3F sdmples. A 3F sample and a control S,-state sample were continuously: illumina_ted
(CD) at 200K for 60 min; the spectra shown above are light - dark spectra. The
illumination temperature was low enough that only the S; — S, transition could proceed;
the So — S, transition was cryogenically blocked. The amplitude of the S, multiline EPR
signal was then measﬁred using the marked peaks. The central region corresponding to
- Yp™ has been deleted for clarity. The ratio of the induced S,-state multiline EPR sigﬁal
in the 3F sample relative to that induced in the control S; sample (50 %) corresponds to
the percentage of centers in the S, state in the 3F sample before CI. The addition of
. FCCP ensures that the only S-states in the 3F sample are the S, state and the S, state;
therefore, the remaining 50 % of the centers are poised in the S, state. This S-state
distribution is used when dt;convoluting the EXAFS spectra of the 3F samples.
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Table 3-1: S -state distribution results from measurements of the induced sttate
multiline EPR signal in 3F samples and control S,-state samples. The spectra used in the
calculation of the values for Sample S, #2 are shown in Figure 3-2.

Sample 3F’ CI/S,CI  S,-state population

S, #1 0.487 513 %

S, #2 0.498 50.2 %

- Using samples with 9.5-mg Chl/mL, a ’grcater S(;-state percentage (65 % according
to Taﬁle'2-2) was obtained in the 3F samples in the expeﬁmenté described in Chapter 2
than the So-ététe peréentage reported in the current chapter. The smaller S,-state
percentage is most likely due to the oxidation of some of the centers in the S, state ny
external oxidants during the 30 min centrifdgatidn and sﬁbsequent sample handling or
through oxidation by Y, residues which héve not Yet been reduced. However, the
slightly lower p_efcentage of centers in the S, state for the So-state EXAFS experiments is

necessary to obtain highly concentrated PS II s_aniples for EXAFS studies.

XANES

The primary purpdsé of the XANES spectra.was to monitor the progress of
photbreduction during the EXAFS expériménts. This was performed by collecting two
XANES scans before and after eight EXAFS scans and monitoring the shift in the
2""—derivative. IPE value between the sets of XANES scans. Fbr the 3F samples and the
S,-state samples, the effects of photoreduction were quite small. The 2"-derivative IPE

values for the S,-state samples and the 3F samples shifted to lower energy by
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- : 0 2 0 4 eV Although these shrfts are shghtly larger than those seen in the ﬂash studles, - -

o f 'detarled in Chapter 2 the effects on the EXAFS data are expected to be far less than the : ::

’ 'veffects on the XANES data Flgure 3 17 in the Appendrx shows that there 1s very httle

= d1fference in the k’ space spectra if the 1St set of four EXAFS scans from each regron of :

o the sample are compared to the Z“d set of four EXAFS scans from each regron of the o

sample In addrtron there was no drscernlble dlfference in the fits to- the EXAFS data for ..
the two spectra shown in Frgure 3-17 (data not shown). |

The XANES spectra coilected during the S,-state EXAFS experiments are shown

in Figure 3-3A, and the 2““ derlvatlves of the XANES spectra are shown in Figure 3-3B.

“The shift in the 2nd derlvatrve IPE values is 2.5 eV, ‘which s shghtly larger than the’

2.1eV Shlft for the flash studles shown in Chapter2 However the shapes of the:

L .XANES 2“"-der1vat1ve spectra shown in this chapter are s1rmlar to those shown in

Chapter 2 as well as to those reported 1n Roelofs et a1.9->8
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Figure 3-3: XANES spectra of samples in the S, and S, states. (A) The S,-state
XANES spectrum shown above (average of 10 scans) was subtracted from the
3F XANES spectrum (average of 10 scans) to generate the S-state spectrum that is
shown. The deconvolution information from Figure 3-2 and Table 3-1 was used for the
subtraction. (B) 2" derivatives of the XANES spectra of samples in the S,- and
S,-states. A polynomial of 6 eV width fit around each point was used for the analytical
calculation of the 2"-derivative spectra. The IPE value for the S-state spectrum is

6550.2 eV, and the IPE value for the S;-state spectrum is 6552.7 eV.
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EXAFS

I’-space spectra and Fourier transforms

Figure 3-4 shows the average Mn K-edge EXAFS spectra from six 3F samples
and six samples in the S, state. Deconvolution of the 3F spectrum using the S-state
distribution calculated from Figure 3-2 (shown in Table 3-1 as 50 % S,, 50 % S,) yields
the EXAFS spectrum of the pure S, state, which is also shown in Figure 3-4. The

deconvolution was performed using normalized E-space spectra before conversion into

8.0

Average of 3F samples (50% S, 50% S,)

deconvoluted S, state spectrum

3.5 5.5 7.5 9.5 116
Photoelectron wavevector k (A™)

Figure 3-4: Average Mn K-edge EXAFS spectra from samples given 3 flashes (green)
and samples in the S, state (black). Six 3F samples and six S;-state samples were
averaged for each spectrum. The deconvoluted S,-state spectrum shown above in red
was calculated from the 3F spectrum and the S;-state spectrum using the quantitations

from Figure 3-2 and Table 3-1 (50 % S, 50 % S,).
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i k’ space If the deconvolutlon was performed after both the 3F spectrum and the S state R B

o -,-were converted 1nto k-space the results were v1rtua11y 1dent1cal (see Frgure 3 15 and_

- .’::'VFrgure 3 16 in the Appendlx) The most notlceable change between the S0 -state and.:f_:.f_ o

: - S state spectra is that the resolutlon of EXAFS oscﬂlatrons in the S1 state between k — -
- 8. 5 and 11 Atj is decreased in the So state. This loss of resolutlon can be explarned by an
.' '.-1ncr:ease _rnd1stance_het_erogene1ty in the Sy state relatrve:-_to the S, state, wh1ch lead_s .to :
i destructiVe interference at higher k values of EXAFS oscillations of slightly drfferent _
| frequent:i'es Thrs phenomenon has . also been seen in other S states that have |

' heterogenerty in the Mn—Mn drstances such as the S0 state,”* the Sz—g 4.1 state,™ th

E NH3-treated S2 state 6 the F- treated S state 27 and the S3 state @161 Each of the six

3F samples that were used_ to generatethe average _spectrum shown 1n Flgure -3-4 was |
v. vdec(.’.nIVOIUtf?di Separatelv usrng the:average Slfstate EXAFS spec_tmm to v'fgefnerate six :
" independent Svo.-:'stateE'_X_AFS 'spectra; the results are shown in Figure 5“5 jrh'is figure
shows that the loss of Eresolution of the EXAFS oscillations that is seen in the average

f,spectrum is also seen in the spectra from the six individual samples.
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Figure 3-5: Mn K-edge EXAFS spectra of the S, state from six separate 3F samples.

Each 3F spectrum was individually deconvoluted as described in Figure 3-4 to generate

the six pure Sj-state spectra shown above. The Sj-state spectrum from Figure 3-4 is

shown as a red line for comparison.

By performing a Fourier transform on the k’-space spectra, a graphical
representation of the environment surrounding the Mn atoms in PS II is obtained as a

radial distribution function.'®

Figure 3-6 shows the Fourier transforms from the 3F,
So-state, and S,-state k’-space spectra shown in Figure 3-4. Three prominent peaks,
labeled as Peaks I, II, and III in Figure 3-6, exist in the Fourier transforms. Peak I
corresponds to first-shell Mn—O interactions arising from p-oxo-bridging and terminal
ligands. Peak II arises from Mn—-Mn backscattering in di-p-oxo-bridged Mn, moieties.

Peak III contains contributions from both mono-p-oxo-bridged Mn-Mn and

mono-u-0xo-bridged Mn—-Ca moieties.
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Figure 3-6: Fourier transforms of the average Mn K-edge EXAFS spectra shown in
Figure 3-4. The Fourier transform corresponding to the S, state is shown in black, the
Fourier transform corresponding to the 3F samples is shown in green, and the Fourier

transform corresponding to the pure S, state is shown in red.

Although Peak III is relatively invariant between the S, and S, states, Peaks I and
II show significant differences between the S, and S, states. Peak I is at a longer apparent
distance and has a slightly lower peak amplitude in the S, state relative to the S, state.
This implies some sort of increase in distance and/or distance heterogeneity in the Mn—-O
distances in the S, state relative to the S, state. In the S, state, Peak II is approximately
30 % lower in amplitude than in the S, state. This consequence of the aforementioned
loss in resolution of EXAFS oscillations in the k-space spectrum of the S, state was also
seen in the previously mentioned studies of other S-states that have heterogeneity in the

Mn-Mn distances.®*"'®"#37 This provides compelling evidence that structural changes
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are occurring during the S, — S, transition that reduce the heterogeneity of the 2.7 A

Mn—-Mn distances.

Curve fitting of EXAFS spectra

Although the Fourier transforms shown in Figure 3-6 provide the basis for
drawing compelling qualitative conclusions about structural changes during the S, — S,
transition, reliable quantitative results can be obtained by fitting the experimental data
using the EXAFS equation (Eq. 3-2), as described in the Materials and Methods section.

The Fourier isolates of Peaks I, II, and III are shown in Figure 3-7, Figure 3-8, and

4.0

S, state
S, state

3D 5.5 7.5 9.5 11.5
Photoelectron wavevector k (A™)

Figure 3-7: Fourier isolates from Peak I of the Fourier transforms shown in Figure 3-6.

The S, state is shown in red and the S, state is shown in black. The difference in the

frequency of the EXAFS oscillations between the two S-states is evident.
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s Frgure 3 9 respectrvely, these 1solates show the k’-space contrlbutlons 0. the Four1er'

e -peak of 1nterest The 1ncrease m the apparent d1stance of Peak I in the Founer transforms g S

s : of the .So_;sta_te. relat1v.e to:the S»lgs_tate '1s _ey_rd_e‘nt:rn the 1nc'reasej,1n frequency of;the EXAFS;'- o

~ oscillations in the Sy-state Fourier isolate relative to that of the S,-state Fourier :is:olate, as .o

" ':.:'sho'v'vn 'in Figure 3-7. For "Pe'ak' II, the qurier isolat'es in Figure 3-8 show i'that th‘e P

- i:;amphtude of the Se- state Founer 1solate is srgmﬁcantly smaller than the amphtude of the.f:
| f;:correspondmg S -state Fourler 1solate Because the amplrtude envelope for the S state:;v
:'F_ourler isolate i 1s_ s1gn1f1cantl_y drfferent_from_that of -the Sl.zstate, it 1s_un11kely that the'
decrease. in Peak lI amplitude'can' be 'explained by :a decrea.se 1n "the number of l\/ln—an
interactions in the:iS0 state relative to the 'SI:.state, which should not change the amplitude
envelope; A more likely explanation, vvhich was explained earlier, is that this could
| indicate the presence of diStance heterogeneity in the Mn—-Mn distances in the S, state. If
" the AR value 1s smaller than thev theoret_ical resolution lirnit of 0.14 A (see Appendix for |
: _-detailS), the observed damping of the anlplitude_.funCtion would -occur', .although the fit
results shown 1n the Curve Frttmg 'secti'on- shovv that the calculated distance separation
o from the. ﬁts is close to the theoretrcal resolutron hrmt (vzde mfrct) In order to see a beat

in the Founer 1solates at the proposed drstance separatron in the SO state the EXAFS ‘

'spectrum would have to be collected 0 hlgher k values Unfortunately, the K-edge_

absorption of Fe oc_cu_r_s at a k value of approximately 12 A, Because there are three Fe.
atoms per OEC (two copies of cytochrome b;s, and one non-heme Fe**)™® and extra Fe

226

can be present in the preparation depending on isolation conditions,? this eliminates the

possibility of collecting data at 'higher'k values_. |
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Figure 3-8: Fourier isolates from Peak II of the Fourier transforms shown in Figure 3-6.

The S state is shown in red and the S, state is shown in black. The difference in the

amplitude envelope of the EXAFS oscillations between the two S-states is evident, and

can be explained by the presence of two different Mn—Mn distances with a small

(<0.2 A) separation in distance.

The Fourier isolates from Peak I and Peak II from each individual S,-state data set
are shown in Figure 3-10 and Figure 3-11, respectively. These Fourier isolates show that
the trends seen in the Fourier isolates generated from the Fourier transform of the average
S,-state spectrum are also seen the Fourier isolates generated from each individual
sample. Specifically, the differences in the amplitude envelope and frequency of the S,
and S,-state Peak I Fourier isolates shown in Figure 3-7 are also seen in the individual

sample spectra shown in Figure 3-10. In addition, the differences in the amplitude

envelope of the S, and S,-state Peak II Fourier isolates shown in Figure 3-8 that was
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Figure 3-9: Fourier isolates from Peak III of the Fourier transforms shown in Figure 3-6.

The S, state is shown in red and the S, state is shown in black.

interpreted as possible distance heterogeneity are also seen in the individual sample
spectra shown in Figure 3-11. Even before the curve-fitting procedures are applied, the

consistency mentioned above greatly increases confidence in the conclusions.
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Figure 3-10: Fourier isolates from Peak I of the Fourier transforms generated from each
of the six individual S;-state spectra shown in Figure 3-5. The average S;-state spectrum
is shown in black. The difference in the amplitude envelope frequency of the EXAFS

oscillations between the two S-states is evident.
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Figure 3-11: Fourier isolates from Peak II of the Fourier transforms generated from each
of the six individual S,-state spectra shown in Figure 3-5. The average S,-state spectrum
is shown in black. The difference in the amplitude envelope of the EXAFS oscillations
between the two S-states is evident, and can be explained by the presence of two different

Mn-Mn distances in the S state with a small (< 0.2 A) separation in distance.

Peak 1

Fits to Peak I are known to be dominated by the short 1.8 A bridging Mn-O
distances,’” although more terminal Mn-O distances exist than bridging Mn—O distances.
Using one Mn-O shell, it is not surprising that Fits #1 — 8 in Table 3-2 show that the
S, state is best fit by a 1.86 A Mn—O distance. This is a longer distance than the
corresponding fit to the S,-state spectrum (Fit #9 in Table 3-2), which is 1.83 A.
Furthermore, the Debye-Waller disorder parameter is larger in the S state relative to the
S, state by a factor of 2 — 3. This indicates an increase in disorder in the Mn—-O distances
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in the Soxsta_tc relat'i.ve to the S, state, which could be due to either an increase in overall
disorder in Mn-O distances or the presenée of longer terminal Mn—-O distances in the
S, state. The latter hypothesis would be consistent with the presence of a Mn(II) atom in
the S, state, which would be expected to have longer Mn-O bridging and terminal
distances.®! -

To account for the two different types of Mn—O distances (bridging and terminal),
two-shell fits to Peak I were attempted, althoﬁgh some previoué studies have been unable
to detect the presence of the terminal Mn—O shell.” Fits #10 and #11 in Table 3-2 show

one fit minimum for a 2-shell fit to Peak I for the S, state and the S, state. A significant

improvement in fit error @ is seen for the two shell fit. However, these two-shell fit

Table 3-2: One- and two-shell simulations of Fourier peak I of the Sy-state samples.
Fit #7 corresponds to the average of the fit parameters from Fits #1 — 6, while Fits #8 and
#10 are fits to the average Sy-state spectrum. '

Fit # sample shel |RA | N |FAY | 4E> | #(x10%) | £ (x10%)
1 So A Mn-O | 185 | 25 | 0003 [ -20 089 | 081
2 SoB Mn-O | 185 | 25 | 0005 | -19 0.53 0.45
3 SoC MnO | 187 [ 25 | 0003 | -18 0.64 0.54
4 S, D Mn-O | 1.87 | 25 | 0006 | -17 0.41 0.31
5 S.E Mn-O | 188 | 25 | 0004 | -14 0.74 070
6 SoF Mn-O | 185 { 25 | 0004 | -20 065 | 053
7 Average Mn-O | 186 | 25 | 0004 | -18 0.64 0.56
8 S,GrandAdd | Mn-O | 1.86 | 25 | 0005 | -18 0.62 0.41
9 S, MnO | 183 | 25 | 0002 | -20 1.41 1.54
10° | S,GrandAdd | Mn-O | 1.86 | 25 | 0005 [ -20 0.35 0.58

Mn-O | 224 | 35 | 0.025° , :
11 S, Mn-O | 183 | 25 | 0004 | 20 113 592
Mn-O | 206 | 35 | 0024

*fjt parameters and quality-of-fit parameters are described in Materials and Methods; "AE, was constrained -
to be equal for all shells within a fit; “parameter fixed in fit; “upper limit for parameter; “see text for details
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minima are quite shallow; essentially identical fit error values were obtained if the N and
Debye-Waller values‘for the terminal Mn-O shell were both much smaller (0.5 — 1.0 and
~0.002 A2, respectively), or were both at an intermediate value. Irrespective of the N and
o values, however, the R values for the terminal Mn—O distances in the S, and S, states
were much more precise. The terminal Mn-O shéll for the S, state required a long
2.2-2.3 A distance for an acceptable fit, compared tov\the 2.0 - 2.1 A distance that wés
required for the S, state. A logical extension of this fit, if Mn(II) is present in the S, state,
is to attempt a thfee-shell"ﬁt that separates the bridging Mn-O dis'tances,i the Mn(II)
terminal Mn-O distances, and the terminal Mn-O distances from the other three Mn
atorﬁs into separate shells. However, this resulted in an ‘under-determined fit as
calculated by Eq. 3-6 because of the limited width of the Fourier peak (see Eq. 3-7).

| A reasonable cc’mclusiori from the fits to Peak I is that there is an increase in the‘
Mn-O distances in the S, state relative to the S, state, which is also seen in the FOurier
isolates shown in Figure 3-7 and Figure 3-10, and the Fodrier transforms shown in
Figure 3-6. This can be accounted forvby a 0.03 A increase in the average bridging
Mn-O distance in the S, state relative to the S, state and the presencé of some longer :
2.2-2.3 A terminal Mn—O distances in the. S, state. Both of these conclusions are

consistent with the presence of a Mn(Il) atom in the S, state.
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Peak I1

Relative to Peaks I and I1I, fits to Peak II are well-known to have deep fit minima

and thus produce the most reliable information about neighbors to Mn in the OEC.”

Table 3-3: One- and two-shell simulations of Fourier peak II from the Sy-state samples.
Fits #7 and #16 correspond to the average of the fit parameters from Fits #1 —'6 and
#10 — 15, respectively, while Fits #8 and #17 are fits to the average S,-state spectrum.

Fit # sample shel |RA)| N |[FAY | AE® | #(x10%) | £ (x10%)
1 So A Mn-Mn | 271 | 094 | 0003 | 20 | 060 0.84
2 S, B Mn-Mn | 272 | 130 | 0005 | -20 0.38 0.50
3 S, C Mn-Mn | 273 | 137 | 0004 | -19 0.19 0.29
4 S D .| Mn-Mn | 274 | 155 | 0005 | -16 0.25 0.37
.5 S, E Mn-Mn | 273 | 125 | 0005 | -17 025 0.40
6 S, F Mn-Mn | 274 | 137 | 0004 | -16 0.23 0.42
7 Average Mn-Mn | 273 | 130 | 0004 | -18 0.32 0.47
8 SoGrand Add | Mn-Mn | 272 | 130 | 0.005 | -19 0.27 0.41
9 S, Mn-Mn | 272 | 125 | 0002 | -19 - 0.58 0.64
10 SoA Mn-Mn | 270 | 098 | 0.002° | -20 0.36 0.92
Mn-Mn | 285 | 031 | 0.002 |
11 S,B Mn-Mn | 2.71 105 | 0002° | -17 |- 025 0.56
Mn-Mn | 285 |. 046 | 0.002
12 S, C Mn-Mn | 273 | 1.16 | 0.002¢ | -15 012 0.37
Mn-Mn | 2.86 | 042 [ 0.002°
13 S, D Mn-Mn | 274 | 120 | 0002 | -13 0.15 0.46
Mn-Mn | 2.87 | 053 | 0.002° :
14 SoE Mn-Mn | 273 | 1.02 | 0002 | -13 0.13 0.50
. ‘ Mn-Mn | 287 | 044 | 0.002° , ,
15  S,F Mn-Mn | 274 | 1.19 | 0002 | -12 0.13 0.70
Mn-Mn | 2.88 | 046 | 0.002° | - :
16 Average Mn-Mn | 2725 | 1.10 | 0.002° [ -15 0.19 0.58
Mn-Mn | 286 | 044 | 0.002°
17 S,Grand Add | Mn-Mn | 272 | 108 | 0002 | -15 0.17 0.53
Mn-Mn 2.86 0.44 0.002°
18 S, Mn-Mn | 274 | 154 | 0002 | -13 0.49 0.76
: Mn-Mn | 290 | 051 | 0.002°

*fit parameters and quality-of-fit parameters are described in Materials and Methods; YAE, was constrained
to be equal for all shells within a fit; ‘parameter fixed in fit
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Fits #1 — 9 in Table 3-3 show the results from fitting one Mn—Mn shell to Peak II in both
the S, and S, stateé. Both the S, state and the S, state can be fit with a Mn—-Mn distance
of 272 A and.a coordination number N between 1.25 and 1.5. The reduced amplitude of
Peak II in the S, state that is seen fn Figure 3-6 is manifested in the one-shell fits as an
increased Debye-Wallef disorde; parameter of 0.004 — 0.005 A2. This is over twice as
large as the Debye-Waller parameter for the S, state and may indicate that two different
Mn-Mn distances exist in the S, state which are fit by only one shell in these fits. In
addition, other systems with .hetérogeneity in the 2.7 A Mn—Mn distances, such as the
S, state,® the S,—g = 4.1 state,” the NH,-treated S, state,® the F-treated S, state,”” and
the S, state,®'¢! all show increased Debye-Waller parameters when one Mn—Mn shell is
fit to two Mn—Mn distances. Therefore, it is reasonable to split Peak II into two separate
Mn-Mn distances.

Fits #10 — 18 in Table 3-3 show improvements in the fits for the S, state if Peak II
is treated as two separate Mn—Mn distances. Attempts to fit the secon& shell as a Mn—-C
shell and the first shell as a Mn—Mn shell produced signiﬁcantly higher fit error values
than the one-shell Mn-Mn fits; thus this scenario is considered unlikely. With two
separate Mn—-Mn distances, the fit error ® decreased by 40 % for the two-shell fit in the
S, state relative to the one-shell fit, indicating that splitting the Mn-Mn distaﬁces is a
valid approach. However, the improvement in @ for the S, state is only 15 % for the
sarhe approach; thus a two-shell fit is questionable for the S, state. When separated into
two shells, the S, state is fit well by Mn-Mn distances of 2.72 and 2.86 A, a distance
heterogeneity AR of 0.14 A. However, the coordination numbers from the two-shell fits
for the S, state are quite surprising. Virtually all of the proposed models for the structure
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of the OEC,**%*%77 including the one shown in Figure 3-1, incorporate two di-y-oxo
Mn-Mn disténces; if Eq. 3-3 is used to calculate the predicted N value, the_ result is an N
value of 1. Furtherinore, if one of thésc distances were to increase in the S, state, one
would éxpeqt that the N values for the two shells in the two-shell fit would be equal.
' HoWever, the results from Table 3-3 show that this is not the case. The N,:N, ratio fbr the
2-shell fits is app;oximately 2:1, and the total N value N, + N, is approximately 1.5.
Thus, using Eq. 3-3, these results predict that three di-u-oxo Mn—Mn distances exist, and
that one of them is larger in the S, state felative to the S, state. However, because the g
value increases when going from a one-shell to a two-shell fit, it is possible that these fits -

are underdetermined, which can be remedied by reducing the number of free parameters.
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Table 3-4: One- énd two-shell simulations of Fourier peak II from the Sy-state samples
in which N, and N, for the 2 shells weré fixed in either a 1:1 or a 2:1 ratio. Fits #7 and
#16 correspond to the average of the fit parameters from Fits #1 — 6 and #10 - 15,
respectively, while Fits #8 and #17 are fits to the average S-state spectrum.

Fit # sample shell R(A) N Ay | AE® | & (x10?) g (x10%)
1 SsA Mn-Mn | 2.67 | 047 | 0.002° -20 0.60 0.83
, Mn-Mn | 2.74 0.002°
2 . $B Mn-Mn | 2.67 | 0.64° | 0.002° -20 0.36 047
Mn-Mn | 2.77 0.002° |
3 S, C Mn-Mn | 2.68 | 0.68° | 0.002° -19 0.18 0.28
Mn-Mn | 2.77 0.002° ,
4 Sy D Mn-Mn | 270 | 0.76* | 0.002° -16 0.23 0.34
| Mn-Mn | 2.80 -0.002° o
5 ' SE Mn-Mn | 2.68 [ 0.61° | 0.002° -17 0.23 0.38
Mp-Mn | 2.78 0.002° '
6 SoF Mn-Mn | 2.69 | 0.68° | 0.002° -16 0.22 0.40
Mn-Mn | 2.79 | 0.002°
7 Average | Mn-Mn | 268 | 059° | 0.002° | -18 0.30 0.45
Mn-Mn | 2.77 0.002°
8 SoGrand Add | Mn-Mn | 2.68 | 0.64° | 0.002° -19 0.26 0.39
, Mn-Mn | 2.77 0.002° ' '
9 S Mn-Mn | 271 | 0.63° | 0.002° -19 0.58 0.63
' Mn-Mn | 273 0.002° ' ’
10 "SoA Mn-Mn. | 2.68 |.0.89° | 0.002° -20 0.48 © 067
Mn-Mn | 2.81 | 044° | 0.002°
11 SyB | Mn—=Mn | 271 1.02° | 0.002° -17 0.26 0.34
Mn-Mn | 2.84 [ 0.51° | 0.002° :
12 SeC "Mn-Mn | 271 1.01° | 0.002° -17 0.14 0.21
Mn-Mn | 282 | 0.50° | 0.002°
13 S, D Mn-Mn | 2.73 | 1.16° | 0.002° -14 0.16 0.24
| Mn-Mn | 286 | 0.58 [ 0.002°
14 . SE | Mn-Mn | 272 | 098 | 0.002° -13 | 015 0.24
Mn-Mn | 2.86.( 049° | 0.002° '
15 ~ §F Mn-Mn | 272 | 1.06° | 0.002° -14 0.16 0.29
: Mn-Mn | 2.84 | 0.53° | 0.002° o A
16 Average Mn-Mn | 2.71 1.02° | 0.002° -16 0.22 0.33
Mn-Mn | 2.84 | 0.51° | 0.002° :
17 S, Grand Add | Mn-Mn | 2.71 1.00° | 0.002° -16 0.19 0.29
Mn-Mn | 2.84 | 0.50° | 0.002° :
18 5, Mn-Mn | 2.70 | 0.89° | 0.002° -19 0.58 - 0.63
"Mn-Mn | 275 | 0.44° | 0.002° | '

*fit parametérs and quality-of-fit parameters are described in Materials and Methods; "AE, was constrained
to be equal for all shells within a fit; “parameter fixed in fit; ‘the N,:N, ratio was fixed to 1:1 for this fit; °the
N;:N, ratio was fixed to 2:1 for this fit
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The results from Table 3-4 address the concerns about the & values and expand
on the possible inequality between N, and N,. The fits presented in Table 3-4 fix the
N,:N, ratio to either 1:1 (Fits #1 —9) or 2:1 (Fits #10 — 18). Those in which the N,:N,
ratio for the S, state was fixed to 1:1 do not compare favorably to the single-shell fits
from Table 3-3. This is because the fit error values ® for the two-shell fits are virtually
identical to those for the one-shell fits, despite the addition of a second Mn—Mn shell. In
addition, the R values for thé first shell of the two-shell fits are quit‘e low (below 2.7 A).
However, Fits #10 - 17 from Tablc‘ 3-4 show a significant improvement if, as suggested
from the fits from Table 3-3 in which the N values were allowed to vary, the N;:N, ratio
is fixed to 2:1. The improvemeﬁt in both ® and € is significant, approximately 30 %
relative to the one-shell fit. Furthermore, the N, and N, values for all of the S,-state fits -f}*‘
are almost exactly 1 and 6.5, respectively, which are exactly the predicted values for a
system with three Mn-Mn p-oxo-bridged motifs. The Mn-Mn distances for these -
S,-state fits are quite similar to those frdm Table 3-3, with R, =2.71 AandR,=284A
(AR =0.13 A). Itis irriportant to note that, regardless of which N,:N, ratio was applied,
there was no improvement in ® or & for the S,-state two-sheil fits relative to the single-
shell fits, indicating that, if three Mn-Mn 2.7 A distances exist in the S, state, theré is no
resolvable distance heterogeneity in these experiments. |
" Because the proposed distance heterogeneity in the S, state (0.13 - 0.14 A) is so
close to the theoretical resolution limit of 0.14 A, it is not possible to unequivocally prove
that there are two different Mn—Mn distances present in the S, state. This resolution limit
is defined as the ability to see a k’-space beat in the Peak 11 Fourier isolate, and can be

improved if data can be collected to higher k values (see Appendix for a detailed
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discussion of the calculation of theoretical resolution limits). Thus, it is theoretically
possible to explain the EXAFS data from the S;, state in.terms' of an overall increasé in
site inhomogeneity for the 2.7 A distances. This is a dif.fcrent”disorder scenario from the
presence of two different Mn-Mn distances, which would be expected to have very little
site inhomogeneity. HoWever, it is difficult to rationalize a proposed increase in site

inhomogeneity in the S, state without increasing the Mn—-Mn distances.

Peak I11

Curve-fitting results for Peak III are shown in Table 3-5. .The fit results for the
individual Sofsfate samples were essentially identical to those shown in Table 3-5 fo; the
S, Grand Add fit (data not shown). Although the fit minima are rriuch more shallow than
those for fits to Peak II, it is still possible to address some rek:vant questions about

Peak ITI, specifically the chemical nature of the backscatterers that contribute to this

Table 3-5: One- and two-shell simulations of Fourier peak III from the S;-state samples.

Fit # sample shell |RA)| N | PAY | 4E> | ox109) | & x10%)

1 S,GrandAdd | Mn-Mn | 333 | 05 | 0004 | -12 0.28 0.75

2 S,Grand Add | Mn—Ca | 339 | 05° | 0002 | -13 0.35 0.94

3 SoGrandAdd | Mn-Mn | 336 | 05° | 0002 | 7. | 0.3 035
Mn-Ca | 3.58 | 0.25° [ 0.002°

4 S, Mn-Mn | 336 | 05° | 0.003 -6 0.17 0.24

5 S, Mn-Ca | 341 | 05 | 0002 | -7 0.28 0.40

6 s, Mn-Mn | 337 | 05 | 0002 [ -2 0.08 0.12
Mn-Ca | 357 | 025 | 0.002

*fit parameters and quality-of-fit parameters are described in Materials and Methods; "AE, was constrained
to be equal for all shells within a fit; “parameter fixed in fit
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peak. A comparison of Fits #1 and #2, as well as Fits #4 and #5, shows that the fit results

are significantly better if Peak III is fit with a Mn—Mn rather than a Mn—Ca distance.
This provides convincing evidence for the presence of a 3.3 A mono-p-0xo Mn-Mn
" distance. Fits #3 and #6 show that the fit error parameters ® and & drop by a sizeable
amount, approximately 56 %, if an additional Mn-Ca interaétion is added to the

mono-y-0xo Mn-Mn interaction. Attempts to fit Peak III with a combination of a

Mn-Mn shell and a Mn—C shell or a combination of a Mn—Ca shell and a Mn-C shell

resulted in fit errors that were 2 — 3 fold higher than those for a combination of a Mn—-Mn

shell and a Mn—Ca shell (data not shown). A similar increase in error was observed if the

N value for Fit #1 or Fit #4 in Table 3-5 was fixed to 1.0 to assess the possibility of two :*

or more 3.3 A Mn-Mh interactions or if Peak III was fit with only a Mn—C shell (data not *

shown). In addition, attémpts to fit Peak Il with one Mn-Mn shell (N = 0.5) and two

Mn—Ca shells (N =0.5) >resu1ted in fit errors that were 20 — 50 % higher than those shown

for Fits #3 and #6 in Table 3-5. As shown in the Fourier transforms from Figure 3-6,
Peak III is essentially invariant between the S, state and the S, state. Thus, it is not
surprising that the fits are quite similar between the S, and S, states. The_v. Fourier isolate
from Figure 3-9 shows a very small frequency shift between the S, and S, states which is
manifested in slightly smz;ller (0.02-0.03 Ay disténces in the S, state relative to fhe
S, stétc. However, these changes may be too small to be significant.

All of the previous fits to Peak I, Peak II, and Peak III were also applied to the
average 3F EXAFS spectrum (50 % S,, 50 % S,) to examine the effects of the subtraction
- procedure. Because of the high signal-to-noise ratio achieved in this experiment, it is
unlikely that the fit results presented in Table 3-2, Table 3-3, Table 34, and Table 3-5 are
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the result of noise introduced into the data during the subtr_action procedure. The fits to
the 3F EXAFS spectra confirmed this, as the fit results were halfway between those
reported above for the S, state and those reported above for the S, state (data not shown).
As mentioned in the Materials and Methods section, the possibility was examined
that the Fourier isolation technique is generating artifacts in the data, although most of
the Fourier peaks in Figure 3-6 are well-separated, which minimizes any .distortion
artifacts from the isolation proceduré. This was done by isolating the Fourier peaks as
- pairs (Peaks I+II and Peaks II+III) and coniparing the obtained curve-fitting results to
those obtained when the peaks were isolated individually. As shbwh in Table 3-6 and
Table 3-7 in the Appendix, no major changes in the fit results are obtained by fitting the
Fourier peaks as pairs relative to the fits to the individual Fourier peaks; thus, it is rather
unlikely that the fit results presented in Table 3-2, Table 3-3, Table 3-4, and Table 3-5 are

affected by Fourier isolation artifacts.
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Discussion

Mn—Mn distance heterogeneity in the OEC

As mentioned in the Introduction, pioneering EXAFS experiments in the late
1970s by Kirby et al.*® showed that a major structural motif in the OEC is the di-p-oxo-
bridged binuclear Mn, cluster. This was confirmed by several subsequent EXAFS
studies.”!727%19-202205 [ ater studies with improved inetrumentation were able to detect the
additional presence of mono-yi-0xo Mn-Mn and mono-p-oxo Mn—Ca motifs at a longer
distance.”""7%7%202:205:201

EXAFS studies of the S, and S, states revealed that all of the di—p-oxo—bridged)
Mn-Mn moieties have essentially the same Mn—-Mn distance of ~2.7 A. This distance is”
consistent with those found in numerous studiee of di-p-oxo-bridged Mn,(IIL,IV) and
Mn,(IV,IV) complexes.®***? This provides strong evidence that the 2.7 A distance
detectable in the EXAFS spectra of the S, and S, states originates from di-p-oxo-bridged
Mn,(I1L,IV) and/or Mn,(IV,IV) moieties.

However, other states of .the OEC, including those generated by treatments with
oxygen-evolution inhibitors or those generated by Ca’*-depletion, show that many, but
not all, of these states contain Mn—-Mn distance heterogeneity which affects the amplitude
and, in some cases, the position of Peak Il in the Fourier transforms. It is well-
established that the native S, state can exist in two forms: the multiline state’>*' and the
g =4.1 state.’>® Recently, it was established that 820 nm photons could convert the
multiline state into the g = 4.1 state, and it was proposed that this occurs by ; valence-

swapping mechanism whereby an electron is transferred from a Mn(III) ion to 2 Mn(IV)

119



ion. 2 A comparaﬁve EXAFS study by Liang et al.™* of the S, state in both of these
magnetic configurations showed that, while the multiline form of the S, state showed no
2.7 A Mn-Mn distance heterogeneity, one of the Mn—Mn distances in the g = 4.1 form of
the S, state lengthened to 2.85 A. It is difficult, however, to rationalize the observed
distance increase, because the Mn,(III,IV) and an(IV,iV) di—p-oxo motifs both have
~ Mn-Mn distances of ~2.7 R

Inhibitors of oxygen evolution such as F and NH,; can also lead to Mn—Mn :
distance heterogeneity in the OEC. PS II centers treatgd with F cannot advance ?ast the
S, state and, when poised in the S, state, exist almost exclusively in the g = 4.1 state.”>'™

- EXAFS spectros?opy on the F-treated S, state shows that, as in the native S,—~g =4.1

.~ state, one of the di-p-oxo-bridged Mn-Mn distances increases in length to 2.8 —2.85 A%’

Unless F is incorporated into the OEC as a bridging ligand, it is not easy to _expla.in the
| observed lengthening of the Mn-Mn distance in F-treated samples.

Treatment of PS IT centers with NH, also inhibits oxygen evolution, énd an
“‘NH;-altered’ multiline is observed for these centers when poised in the S, state.”*
Pulsed EPR spin echo measurements with "NH,/'*NHj; have elﬁcidated that NH, is bound
to Mn in the S, state,”* and the asymmetry parameter 1 derived from these ESEEM
measurements is more consistent with the binding of NH, in a bridging position.”*® Thus,
it was proposed that NH, replaces one of the p-oxo bridges in one of the di-p-oxo
Mn-Mn cores. In addition, a Mn model complex [an(O)(Nle)(phen.)4]“+ (phen = 1,10-

phenanthroline) that was synthesized by Frapart and co-workers®’ showed that an amido

group can be incorporated as a bridging ligand in a p-oxo-u-amido Mn, complex.
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EXAFS studies of the NH;-treated S, state by Dau et al.” are consistent with this
hypot'hesis, because these NH;-treated samples show that one -of the di—p-dxo Mn-Mn
bridges increases in length in the S, state to 2.87 A. Furthermdre, the X-ray dichréism
for this vector is different from the dichroism of the remaining Mn-Mn vectors.”® This
~ behavior can be rationalized by the fact that an O” bridge is ékpec;ed to have a shorter
Mn-ligand bond than NH, based on the electrostatic argument of a difference in charge
of the ligand. For the NH, case, the lbnger Mn-lig>andvbond is expected to cause the
observed increase in the Mn—Mn distance. |

- Another method o f inhibiting oxygen evolution is to deplete PS II samples of the
essential cofactor Ca®. Ca**-depleted samples are often referred to as S'-states, and can
be poised in the S,’ or S, statés. Aside from exhibiting an altered multiline signal relative

to Ca**-reconstituted samples,**** these S'-states are essentially structurally identical to

‘the native S-states as determined by EXAFS spectroscopy and show no detectable

Mn-Mn distance heterogeneity in Peak I1.>*® In addition, an S,' state can be prepared

C*82% which, based on

from CaZ-depleted samples by continuous illumination at 4°
ESEEM and ENDOR spectroscopic data,’'** is more accurately described as an
S,Y, state. The conclusions from EXAFS spectroscopic studies of the S,Y, state show
that this S'-state not structurally different from the other S'-states or the native S, and
S, states.” Thus, unlike dther inﬁibited S-states, the S'-states do not exhibit measurable
Mn-Mn distance heterogeneity. | |

Although the electron on Y, in the S,Y,” state cannot be transferred to Mn or Mn
ligands in Ca®*-depleted samples, this can occur in native samples to generate the S3 state,

which is quite different from either the S, state or the S,Y," state. The first EXAFS study
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of an S,-like state was the study by Guiles et al.?® of the S, state generated by reductant-
-induced oxidation of the non-heme Fe**. The results from this study showed that the
amplitude of Peak II is lower in the S, state than in the S, state, which was interpreted as
arising from Mn-Mn distance heterogeneity in the S;" state. Subsequent studies observed
the same behavior in the native S, state generated by two single-turnover flashes.®'¢'- In
these subsequent studies, the Mn—Mn distances were observed.to increase from 2.7 A to
2.8 A and 3.0 A. In light of XANES and KB spectroscopic studies which were best
explained by the oxidizing equivalent not being localized on Mn in the S, state (see
Chapter 2),%'¢" the observed changes in distance were best explained by the presence»of a
p-oxo-bridged oxyl radical in the S, state.’*® The decreasé in b§nd order from
converting a p-oxo (O%) bridge into an oxyl radical (O™) can explain the observedi
lengthening of the Mn—Mn distance in the S, state. Furthermore, the presence of an oxyl
radical provides a mechanism for stoﬁng an oxidizing equivalent on the OEC in the
S, state without contradicting fhe .XANES and K8 spectrdscopic results that aré
inconsistent with Mn oxidation during the S, — S, transition (see Chapter 2).%¢!

As described above, the S, S,, and S, states, as well as several inhibited S-states,
have all been structurally characterized using EXAFS. However, the results from the
current chapter represent the first EXAFS characterization of the native s;) state. A
previoué study by Guiles et al.*® characterized a chemically reduced S-state called the
S, state, and provided evidence for Mn—-Mn distance heterogeneity in that S-state in the
form of a lower Peak II amplitude in the S, state. Although the EPR spectra from these

45

S-states are essentially identical (see Chapter 4),” it has not been proven that the
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chemically generated S, state and the native S, state produced by three single-turnover
flashes are indeed the same species.

The results from the current chapter show that the S, state has a noticeable
reduction in the amplitude of Peak II in the .Fourier.transform relative to the S, state, as
seen in Figure 3-6. This is also evident in the reduced amplitude of the Fourier isol_ates
- from Peak II shown in Figure 3-8 and Figure 3-11. Curve-fitting analyses of the Peak II

Fourier isolates (shown in Table 3-3 and Table 3-4) show that the differences in Peak II
between the S, and S, states can be explained by the existence of Mn—Mn distance
heterogeneity in the S, state in the form of Mn—Mn distances at ~2_.7 A and ~2.85 A.
These results provide the first evidence that structural changes occur during the S, — S, ¢
transition in the OEC, which can be rationalized by a combination of two effects: ji-oxo i
bridge protonation and the presence of Mn(II)

The evidence for the involvement of p-oxo bridge protonation in the S state - -
comes from an EXAFS spectroscopic study by Baldwin et al.'’ of a series of Mﬁz(-IV,IV )
di-p-oxo-bridged complexes in which the p-oxo bridges were successively protonated.
The results from this study showed that the Mn—-Mn distance increases from 2.7 A to
2.8 A to 2.9 A with 0, 1, or 2 p-oxo bridge prot'onations,' respectively. This can be
explained by the fact that protonation of a p-oxo bridge lowers the Mn-O bond order,
which causes an increase in the Mn—Mn distance. Although protonation was considered
to be unlikely for the S, state because of the high redox states of the Mn ions and the fact
that the bound water has already been partially deprotonated,”® protonation of a p-oxo
bridge could easily occur in the S state, especially if substrate water is incorporated into
a bridging position as an OH' bridging ligand.
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Recent experimental results from Geijer et al.zs;‘ can be interpreted to suggest that
protonation indeed plays a role in determining the Mn—-Mn distances. This group
examined the effect of pH on the intensity of the S;-state EPR multiline signal (see
Chapter 4)*“*®* and observed a parabolic dependence of the S;-state EPR multiline signal
intensity with pH whereby the intensity was maximal at pH 6.0 but was lower by up to
75 % at acidic and alkaline pH vélues. | Furthermore, this effect was essentially
reversible. One poséible explanation provided by Geijer et al.,* and originally suggested
by Baldwin et al.'™ to explain the results from their study of model éomplexes, is that the
protonation state of a p-oxo bridge is changing the Mn-Mn distance and thereby
changing the magnitude of the antiferromagnetic exchange coupling in the binuclear Mn,
moiety; this would explain the disappearance of the Sy-state EPR multiline signal at
acidic or alkaline pH values.

Another effect that could increase the Mn—Mn distance is the presence of Mn(II).
It is well-known that the Mn-ligand distances are longer for Mn(II) complexes than they
are for Mn(Ill) and Mn(IV) compvlexes,m'z“l aﬁd the XANES and K spectroscopic data
from Chapter2 are consistent with the presence of Mn(Il) in the S, state. However, no
Mn rhodel complexes have been reported which contain a di-p-oxo-bridged Mn(II) atom.
The closest .analogs which have been structurally charzicterized are Mn,(ILII) and
Mn,(ILIII) di-p-phcnoxyll-bridgcd complexes which have Mn-Mn distances of
32-34 A5 I addition, a di-p-hydroxo-bridged Mn,(ILII) complex with a Mn-Mn
distance of 3.31 A has been characterized.?® The long Mn-Mn distance in these
complexes is most likely due to a combination of the nature of the bridging ligands and
the oxidation states of the Mn ioné; a di-p-oxo—bridged moiety that incorporates Mn(II)
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would be expected to have a shorter Mn—Mn diStanée due to the presence of the p-oxo
bridges.. |

Itis possible that both of these sceharios, the presence of Mn(II) and p-oxo bridge
protonation, occur in the S, state. However, the conclusions from the Baldwin et al.
study”.4 show that protoﬂaﬁoh of one di-p-oxo bridge alone may be enough to explaih the
observed Mn-Mn distance increase in the S, state, and protonation of a di-u-oxo bﬁdge is
ébnsistent with the conclusions from the} S,-state EPR rhultiline signal pH dependence
stﬁdy by Geijer et al.”* It is also possible thaf the presence of Mn(Il) in lieu of p-oxo
bridge protonation is enough to éxplai.n. the experimentAl data for the S, state, but this

cannot currently be proven by comparisons to model complexes.

Are there three di-p-oxo bridges present in the. OEC?

The results presented in this chapter lead to a most surpfising conclusion: it is
possible that thrée, not two, di-p-oxo Mn-Mn moiéties are present in the OEC The fits | :
fo Fourier Peak Il in the S, state sh_owh in Table 3-3 do not distribute thevcdordination
numbérs N, and N, equally betwéen the 2.7 A and the 2.85 A shells; an equal distn'butibn
would be consistent with the presence of fwo di-ﬁ-oio Mn-Mn moieties. - Instead, the
distribution of N values from the fits is in a 2:1 ratio with N,,, ~i.5, and, as shown in
Tablc 3-4, a head-to-head comparisbn of a 2:1 ratio and a 1:1 ratio for N,:N, shows that
2:1is ciearly better than 1:1. In a significant portion of ‘t'he availagle li;érature, however,
there has béen the assumptioxi that two di-p-oxo Mn~Mn moieties are present in the

OEC.

125 .



Because the possibility that three di-u-oxo Mn-Mn moieties exist in the OEC has
not been seriously considered until now, it would bé productive to re-examine the data
already in the literature under the premise of three di-pu-oxo Mn-Mn moigties. This is
most convincingly done for S-states in which Mn-Mn distance heterogeneity exists,
because the N,:N, ratio for thesé S-states can be examined, which is more reliable than
the total N value. These S-states include the S, state,’® the S,—g =4.1 state,™ the |
NH,-treated S, state,”® the F—tfeated S, state,™ and the S, state. %'

The earliest EXAFS study that revealed Mn-Mn distance heterogeneity wés the
study of the S, state by Guiles et al.*®* The best fit to Peak II in the S,  state, shown in
Table III from Guiles et al.,*® is one Mn—Mn shell at 2.69 A with an N value of 1.0, and
another Mn—Mn shell at 2.87 A with an N value of 0.5. Although these fits were done
using an early fitting method called ‘fine adjustment based on models’*® instead of using
ab initio FEFF calculations,"”* the N,:N, ratio and the magnitude of the N values are
both consistent with three di-p-oxo-bridged Mn—~Mn moieties.

Several alternative forrhs of the S, state have been studied using ~EXAFS
spectroscopy, and all of them show the expected ineqﬁiflalence in N, and N, for three
di—p—oxo bridges. Liang et al.>*® studied the S,-g = 4.1 state, and the results from
Table 4B of Liang et al.”** are that the best fit to the S,~g = 4.1 state is with two Mn-Mn
shells at 2.72 A and 2.85 A. The N value for the first shell is 0.76, almost twice as high
as the N value for the second shell of 0.44. This is again consistent with three di-p-oxo-
bridged Mn-Mn moieties and, as before, if tﬁree di;p-oxo-bridged Mn-Mn moieties

exist, only one of the Mn—Mn distances changes relative to the S, state.
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Dau et al. and DeRose et al.””” used EXAFS spectroscopy to investigate the
S, state under conditions of F inhibition and NH; inhibition, respectively. The best fit to

Peak II from the NH;-treated samples is shown in Table 1 from Dau et al.™

as two
Mn—Mn shells, one at 2.71 A and another at 2.86 A. The N, and N, values from this fit
are inequivalent at 0.75 and 0.5; respectively, which is more consistent with three
di-p-oxo bridgés than two. F-inhibited S,-state samples studied by DeRose et al.”’ also
behave in a similar fashion. The best fit to Peak II in F-inhibited S,-state samples, shown
in Table 2 from DeRose et al.,”” is with two Mn-Mn shells at 2.71 A and 2.85 A. The N
values from this fit afe also inequivalent, with N, =0.8 and N, =0.4. The re-evaluation
of the results from the inhibited S, states is best explained by one of three di-p-oxo. -
Mn-Mn bridges increasing in distan_cé in the inhibited S, states.

Recent studies 6f the S, state by Liang et al.* are also consistent with the presence
of three di-p-oxo Mn-Mn moieties. In the native S, state produced by two single--«
turnover flashes, the Mn-Mn distances increase from 2.7 A to 2.82 A and 2.95 A in a
two-shell fit (Table 1B from Liang et al.*). The N values for the two-shell fit are 0.7 and
0.4 for N, and N,, respectively, demonstrating that the data from the S3 state, like the
other S-states detailed above, is quite consistent with the presencé of three di-p-oxo-
bridged Mn, moieties. As seen above, none of the S-states which exhibit diétance
' heterogeheity are best fit by an equal N value for both Mn—-Mn shells; the fit results from

these S-states are in fact more consistent with a 2:1 N;:N, ratio (where N, corresponds to

the shorter distance), as seen in the data from the current chapter.
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Mechanistic and structural consequences

The data from the current chapter and a reinterpretation of data already in the
literature rais¢ the possibility that the OEC contains three di-p-oxo bridges. This has
serious consequences for the vast majority of the proposed structural models of the' OEC
that are in the lite‘rature,3“'36"55'“',6""“'7“'77'78 because almost all of these structural models
contain only tWo di-p-oxo Mn-Mn motifs. Howéver, as originally pointed out in 1994
by DeRose et al.,”* and subsequently by Cinco et al.”” and Robblee et al.,”® several
possible structural models can be constructed from the constraints available from
EXAFS. Theée possibilities are shown as structures A through K in Figure 3-12,
'although most of these have only two 2.7 A Mn—Mn distances. -

Several mechanisms for oxygen evolution,have been proposed'based.on\thc
topological structure from structure A in Figure 3-12.2%% The onlsl reason for this
preference is that structure A is one of the simplest possible models. In fact, simulations
of EPR spectra from the S, state are improved using a different topology which
- rationalizes the strong exchange coupling between two di-p-oxo Mn-Mn moieties.
Peloquin et al.” prefer structures E or F in Figure 3-12, while Hasegawa et al.’l‘s'78 prefer a

model similar to but not identical to structure G in Figure 3-12.
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Figure 3-12: Possible structural models for the active site of the OEC in PS IL Adapted

from DeRose et al.,” Cinco et al.,” and Robblee et al.*

Some of the structures in Figure 3-12 are less likely using criteria other than the
_number of 2.7 A di-u-oxo Mn-Mn motifs. Structure B in Figure 3-12 contains two 3.3 A

Mn-Mn distances; this is unlikely based on the fits tb Peak III described in the Results
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.section, which are more consistent with_one such distance. Stmctﬁre C and variations
thereof consisting of twd isolated di-p-oxo Mn—-Mn moieties are preferred by Pace and
co-workers based on their EPR simulations,'***2? but structure C is not widely accepted
on the basis of EPR simulations by other groups*’**** and EXAFS data.23° The fits to
Peak III shown in Table 3-5 also disagree with structure C, because fits to Peak III that do
not include. Mn are consistently and significantly worse than those that include Mn.
Structure D is disfavored for the same reason that was set forth for structure B, i.e. two
33 A Mn-Mn distances are considered unlikely. vStructure H, Withvthr'ee"’3.3. A Mn-Mn
distances is even more unlil;ely than structures B and D, as shown by the EXAFS spectra

from a similar set of complexes, a series of distorted cubanes.”
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Figd‘re 3-13: Modified structural models for the active site of the OEC in PS II.

Structures L and M are modifications of structure I from Figure 3-12, and structure N-is a

modification of structure J from Figure 3-12.

Structures I and J, with two and zero 3.3 A Mn-Mn distances, respectively, are
not consistent in their current form with the EXAFS data, which is best fit with one 3.3 A
Mn-Mn distance (see Table 3-5), However, they can be modified slightly, as shown in
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Figure 3-13, to make them consistent with the EXAFS data. By slightly changing the
arrangement of the Mn and oxygen atoms in structure I (Figure 3-12), structures L and M
in Figure 3-13 can be created. These topological structures are quite similar to the one
proposed by Siegbahn based on density functional theory calculations,”’ although Ca is
not included in structures L and M and is an integral part of the Siegbahn model. By
adding a mono-p-oxo Mn-Mn bridge to structure J (Figure 3-12), structure N in
Figure 3-13 can be created. Thus, structure G from Figure 3-12 and structures L, M, and
N from Figure 3-13 are the favored structures for a topological model of the OEC based

on the insights developed from the EXAFS spectroscopic results in this chapter.
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Figure 3-14: Structural models for the active site of the OEC in the S, state. Basic
structures are taken from Figure 3-13 and Figure 3-12. The di-p-oxo moiety giving rise
to the 2.85 A Mn-Mn distance in each model contains a p-oxo or p-hydroxo bridge
colored in blue; the two remaining di-u-oxo Mn-Mn distances are 2.7 A. The site of the

proposed oxyl radical in the S, state is denoted in red for each model (see text for details).

Using the three topological models presented in Figure 3-13 plus structure G from

Figure 3-12 as a framework, four possibilities for the structure and oxidation states of Mn
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_ .i:in the-S -state' are ishow.n'in‘ Figure 3¥1-4. Eachmodel incorporates:-the conclusrons from

*'.the EXAFS expenments detalled in- this chapter and the conclusions about ox1dation

i states presented in Chapter 2 The detailed descrlption of each model and how each}
o Vmo_del accounts for the expenmental data frorn the OEC-IS. presented belOw o |

Of the four proposed models in Figure 3- 14 structure G prov1des the best

explanation of the results from EXAFS expenments on the S3 state, Wthh are that all of
the 2.7 A Mn-Mn distances in the S, state increase in distance in the S, state.” This was

explained by Yachandra et al.*® and Liang et al.*’ using structure'A in Figure 312asa
structural fratnework and incorporating an oxyl radical 1n a u—oxo bridging position in the
S3 state. This provided an explanation for an increaSe in distance of one di—p-oxo-bridged
Mn-Mn moiety from 2.7 A in the S, state 03.0 A in the S, state, and it also rationalized
the conclusion from XANES experiments”® (Wthh has since been reinforced by the
XANES and KB XES experiments presented in Chapter 2) that no Mn centered ox1dation
occurs during the S, — S, transition. However, it was difficult to understand why, in
- structure A, the other di-u-oxo Mn'—Mn moiety also increased in distance in the S; state
even though it was fairly isolated from the proposed oxyl radical. Thus, it would be more
logical if the structure of the OEC was in fact more ‘tied together’ than is shown in
s'_tructure A, whichvwould more easily explain the lengthening of all di-u-oxo Mn-Mn
motifs in the’ S, state. If the topological model shownias structure G in Figure 3-14 is
used, formation of an oxyl radical at the oxygen denoted in red in Figure 3 14 would
_.cause all three di-pu-oxo Mn-Mn moieties to 1ncrease in distance as seen in the S, state.
.O.—O bond formation in the transient S, state could then occur between the oxyl radical
and the oxygen denoted in blue in Figure 3-14.
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In the S, state, the presence of Mn(II) and/or protonation of a p-oxo bridge can
account for the increase of one 2.7 A Mn-Mn distance to 2.85 A, as explained above.
However, with structure G, the presence of Mn() in the S, state would cause two‘out of
three 2.7 A Mn-Mn distances to increase, not one out of three. Because this contradicts
the results from the EXAFS experiments, the use of structure G necessitates assigning the
oxidation states of Mn in the. S, state as Mn4(HI3,IV) and protonating one of the p-oxo
bridges in the S, state (shown iﬂ blue in Figure 3-14). Although the XANES and
KB XES spectra presented in Chapter 2 are easier to ’explain if Mn(Il) is present in the
So state, Mn(II) is de'ﬁnitelybnot required, and Mn,(I11,,IV) is an acceptable alternative.

The remaining structures inv Figure 3-14, structures L, M, and N, can all
incorporate Mn(II) in the S, state and increase only one of the Mn-Mn distances.
Becauée it is unclear from model chemistry if protonation of a p-oxo bridge would be
- required, the proton is denoted in blue in Figure 3-14 as optional for all three models.
The oxygen which becomes the oxyl radical in the S; state is shown in red for each
structure.  Because this oxygen is tri-p-oxo—bridged in structures_L_ and M, these two
structures can more easil)i rationalize the increase in all Mn—Mn distances in the S, state
than structure N, iﬁ which the oxyl-radical oxygen is part of only one di-u-oxo bridge.

- In each of the four structures shown in Figure 3-14, the O-O bond formation in
the transient S, state is proposed to occur between the oxyl radical é.nd the oxygen atom
denoted in blue in Figure 3-14. An alternative for eéch structure is to form the O-O bond
between the oxyl radical and either exogenous or ténnjnally bound water or hydroxide, as

shown for structure B in Figure 2-14 from Chapter 2.
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In addition to the constraints imposed by considering the EXAFS and EPR data
from the OEC, a preliminary structure of the OEC has been recently reported based on
X-ray crystallographic data from PS I1.°?* These data are most consistent with an OEC
which is asymmetric and shaped somewhat like a pear. However, as confirmed by Mn
and Sr EXAFS studies,?®?% the OEC is most accurately described as a Mn/Ca
heteronuclear cluster; therefore, Ca should be incorporated into each of the proposed
structures in Figure 3-14 before they are compared with the results from X-ray
crystallographic studies. If Ca were not included, structure N in Figure 3-14 would be
considered unlikely because of its high symmetry. Howéver, ‘after including 1 -2
Mn—Ca distances at ~3.4 A, as required from the EXAFS experiments,?**?’ all four
structures in Figure 3-14 can be made compatible with the ‘pear’ constraint. |

Structures L and M are of particular interest if Ca is included, because this

generates a pseudo. Mn—-Ca cubane as suggested by’ Siegbahn in his DFT-based o

mechanistic _proposal." However, one of the predictions from the Siegbahn mechanism
is that the Mn—Ca distances should decrease by ~0.1 A during each S-state transition. As
shown by the curve-fitting results in Table 3-5, this is not borne out by the fits to the
EXAFS data pertaining to the S, — S, transition; however, the Mn-Ca distance is
significantly longer than detected in previous experiments.””” Nevertheless, many other
predictions derived from this mechanism, such as the energetic preference for oxyl
radical formation in lieu of Mn oxidation during the S, — S, transition, are supported by
experimental data. |

The finding from the current study that it is likely that three di-p-oxo Mn-Mn
motifs exist in the OEC has profound effects on the structural and mechanistic questions
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that exist about the mechanism of water oxidation in the OEC.. The new topological

models shown in Figure 3-13 and Figure 3-14 evolved from consideration of the results

presented in this chapter and represent new structural possibilities for the OEC that have_b

-not.been widely considered in previous studies. It is expected that significant insights
will come from consideration of experimental data in_‘ terms of these new models. This
will be particularly revealing for the interprétations of EXAFS data from oriented PS II
membranes in various S_-states‘,‘”'z"z'z"s'256 and the interpretation of the ENDOR, ESEEM,

and continuous-wave EPR spectra from the S, and S, states.**™ -
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Appendix

Calculation of theoretical reselutibn limit in EXAFS

The .ability of the EXAFS technique to resolve ‘the presence of similar
backscatterers at two closely sepa:ated distances is well known to be dependent on AR,
the difference in absorber-backscatterer distances (A), and Ak, the width of the k-space
EXAFS \data set (A""). When EXAFS oscillations from two backscatterers at closely
separated distances are supeﬁmposed, the addition of the sinusoidal terms from Eq. 3-2
(sin[2kR,] aﬁd sin[2kR,], if the phese shifts are neglected) generates a local amplitude
minimum in the k-space: spectrum from the addition. of 2 sine waves with different
frequencies; this is commonly known as a beat. The magnitude of R, - R, determines at

what value of k the beat will appear. This is shown by the trigonometric identity in

Eq. 3-8:

o 5 (a-bY. (a+b , ' ’
sina +sinb = 2cos| 5 sin > : Eq. 3-8

Eq. 3-9 shows the application of Eq. 3-8 to the current problem: _
sin2kR, +sin2kR, = 2cos(k[R, - R,]) sin(k[R, +R,)) Eq. 39
The beat in the k-space spectrum arises from the cos(k[R, — R,]) term in Eq. 3-9. Whe;l
the operand of the cosine fuhction, k[Rl - RZ], equals zero, the first beat will appear. This

occurs when Eq. 3-10 is true:

T

HR-R]=7 Eq. 3-10
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* Thus, the minimum AR necessary to see a beat in the k-space spectrum is most accurately

depicted by Eq. 3-11, assuﬁlirig that fheAk-.stjac:er w1ndow i’_s'_bwidé énbilgh to see the béatf: '

2k,...

However, Eq. 3-11 is rarely*®* if ever quoted in recent literature**®*™ when the

theoretical resolution limit is calculated; two other formulas are commonly seen instead._

Eq. 3-12°7%" and Eq. 3-13:*7

ARAk=1 Bq. 3-12
7z: .

A necessary assumption for:Eq. 3-12 to be Vélid is that, for. the kfrange 'used in the
experiments reported in this chapter, the mlmmum k value 'i's 4.2 A, while a necessé‘ry
assumption for Eq. 3-13 to bé valid is that the mlmmum k Vaiue is0 A", Because neither
of these assumptions is valid for the data._sh(.)wn in this chapter, it is not surprising that
three formulas, Eq. 3-11, Eq. 3-12, and Eq. 3-13, predict different minimum resolution
limits. Eq. 3-11 predicts the correct resolution limit of 0.14 A with data collecfed to
k=115A" however, for a k-range 'iof .3.5 - 11.5-,&1, Eq. 3-12:predi§t_s a‘ resohitiOn limit
of 0.125 A, and Eq. 3-13 predicts a resolution limit of 0.2 A.' With the predicted Mn—Mn
Peak II distance heterogenéity in th;: Se state of 01 - 0.'15. A based on. curve;fit#ing
results, it is impoﬁant to relaté this to thé_correct theoretiéal limit shown in Eq. 3-11 and
avoid using the more commonplace but inappro_?riate formulas in Eq. 3-12 and Eq. 3-13.
This is particularly importént concerning Eq. 3413, bbecause k,.. is significantly larger

than Ak when EXAFS data analysis begins at k=3.5 A",
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Comparison of deconvolution methods for Sy-state EXAFS spectra

Deconvolution of the 3F EXAFS spectra into pure S,-state EXAFS spectra can be
performed in two ways. The S;-state spectrum can be subtracted from the 3F spectrum
after normalization in E-space and before conversion into k’-space. Alternatively, the
S,-state spectrum can be subtracted from the 3F spectrum after both spectra have been
converted into k’-space using the methods detailed in the Materials and Methods section.
Although the former method is preferred because only one round of background removal
is performed to the S-state spectrum, the latter method is often used because the signal-

to-noise ratio is often insufficient for subtraction before conversion into k’-space. For the

8.0
4.0
K
< 01
=
-4.0
S, state generated by E-space subtraction
S, state generated by k-space subtraction
-8.0 T T =
3.5 5.5 75 9.5 115

Photoelectron wavevector k (A™)
Figure 3-15: Mn K-edge EXAFS spectra of the S; state generated by deconvolution in

E-space (red) and in k’-space (blue). The data analysis of the S, state reported in this

chapter is based on the deconvolution in E-space.
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Figure 3-16: Fourier transforms of Mn K-edge EXAFS spectra from Figure 3-15 of the

S, state generated by deconvolution in E-space (red) and in k’-space (blue). The data

analysis of the S, state reported in this chapter is based on the deconvolution in E-space.
results presented in this chapter, the high signal-to-noise ratio permitted the
deconvolutions to be performed before conversion into k’-space. However, to ensure that
this was not affecting the data analysis, the deconvolution was performed after the
conversion into k’-space. Figure 3-15 and Figure 3-16 show that the resulting spectra are
virtually identical. Furthermore, the curve-fitting results to the Fourier isolates generated
from both of the S,-state spectra shown in Figure 3-16 show virtually identical results for

the two deconvolution methods (data not shown); thus, the choice of deconvolution

method did not affect the data analysis.
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Consideration of possible radiation damage effects

As described in the Materials and Methods section, the experimental protocol of
the Sy-state EXAFS experiments was designed to minimize and monitor radiation damage
by collecting only 8 EXAFS scans on each separate region of the sample. To evaluate
the effects of possible radiation damage on the EXAFS spectra, the average k’-space
spectrum of the first set of EXAFS scans collected on each sample region of the
3F samples was compared to the average k’-space spectrum of the second set of EXAFS

scans collected on each sample region. Each set corresponded to four EXAFS scans,

8.0

Average 3F spectrum from 15! set of EXAFS scans
Average 3F spectrum from 2"d set of EXAFS scans

3.5 5.5 75 9.5 115
Photoelectron wavevector k (A™)

Figure 3-17: Average k’-weighted EXAFS spectra from 3F samples showing the effects
of radiation damage. The average spectrum from the first set of EXAFS scans on each
region of the sample is shown in pink, and the average spectrum from the second set of
EXAFS scans on each region of the sample is shown in light blue. Each set of spectra

consisted of four EXAFS scans, each of ~20 min duration.
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each of ~20 min duration. Figure 3-17 shows that theré is very little change‘between the
two k’-space spectra frdm the 3F samples. Furthgrmore, the curve-fitting results from
both of the spe‘ct:ra shown in Figure 3-17 are virtually identical (data not shown).
Thcréfore, radiation damage effects are assumed to be minimal for the EXAFS spectra

presénted in this chapter.

Curve-fitting results from Peaks [+l and li+llI

‘As mentioned in the Results section,' the effects of possible Fourier isolation

artifacts to the curve-fitting results was examined by isolating and fitting the Fourier

Table 3-6: Two- and three-shell simulations of Fourier peaks I and II from the S;-state
“and S;-state samples. -

Fit # “sample shel |RA)| N | FAY ]| AEP | & (x10%) | &€ (x10%)
1 SoGrandAdd | Mn-O | 185 | 25 | 0005 | -20 0.67 0.66
Mn-Mn | 272 | 119 | 0.004
2 SoGrand Add | Mn-O | 1.85 | 25° | 0.005 20 065 | 0.64
Mn-Mn | 267 | 0.61¢ | 0.002°
| Mn-Mn | 277 0.002°
3 S,GrandAdd | MnO | 1.86 | 25 | 0005 | -17 0.59 10.58

Mn-Mn | 271 1.05° | 0.002°
Mn-Mn | 284 | 0.53° | 0.002°

4 S, MnO | 18 | 25 | 0002 | 20 1.23 1.20
‘ Mn-Mn | 272 | 1.19 | 0.004
5 S, MnO | 1.83 | 25 [ 0.005 20 123 1.205
: » Mn-Mn | 271 | 0.60° | 0.002°
_ Mn-Mn | 271 ’ | 0.002° »
6 S, Mn-O | 1.86 | 25 | 0005 | -20 123 | 120

‘Mn-Mn | 271 | 080° | 0.002°
| Mo-Mn | 272 | 040° | 0.002°

*fit parameters and quality-of-fit parameters are described in Materials and Methods; "AE,, was constrained
to be equal for all shells within a fit; “parameter fixed in fit; “the Mn~Mn N,: N2 ratio was fixed to 1:1 for
this fit; “the Mn—Mn N:N, ratio was fixed to 2:1 for this fit
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peaks as pairs (Peaks I+II and Peaks [I+III). As shown in Table 3-6 and Table 3-7, these
results are essentially identical to thqse shown in Table 3-2, Table 3-3, Table 3-4, and
Table 3-5 for the S,-state and S, Grand Add samples. This was also true for pairwise fits
for each of the individual S;-state spectra S,A through S,F (data not shown). Thus, the
effects of the Fourier isolation procedure are found to be negligible for the fits fresented

in Table 3-2, Table 3-3, Table 3-4, and Table 3-5.
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Table 3-7: Two- and three-shell simulations of Fourier peaks II and 1II.

Fit # sample shell R(A) N @AY | AES | d(x10%) € (x 16
1 Sy Grand Add { Mn-Mn | 273 | 114 | 0004 | -18 0.25 0.33
_ Mn-Mn | 328 | 05° | 0.005
2 S, Grand Add | Mn-Mn | 2.69 | 0.57° | 0.002° | -17 - 0.25 0.33
: ‘Mn-Mn | 2.77 0.002° '
Mn-Mn | 328 | 05° | 0.004
3 S,Grand Add | Mn-Mn | 271 | 094° | 0002 | -15 0.22 0.29
Mn-Mn | 2.83 | 047° | 0.002° ’
Mn-Mn | 331 05 | 0.004
4 S, Grand Add | Mn-Mn | 2.73 | 110 | 0.003 | -16 0.23 0.30
Mn-Mn | 326 | 05° [ 0.002°
Mn-Ca | 345 | 025° | 0.002°
5 SoGrand Add | Mn-Mn | 270 | 0.56° | 0.002° | -16 0.23 0.30
Mn-Mn 2.77 0.002°
Mn-Mn | 327 | 05° | 0.002°
Mn-Ca | 345 | 0.24° | 0.002°
6 S;Grand Add | Mn-Mn | 271 | 0.83° | 0.002° | -15 0.21 0.28
© | Mn-Mn | 2.81 | 041° | 0.002°
Mn-Mn | 328 | 05 | 0.002
Mn-Ca | 347 | 025 | 0.002°
7 S, Mn-Mn | 272 | 1.05 | 0.001 -18 0.48 0.47
Mn-Mn | 323 | 05 | 0.005
8 S, Mn-Mn | 273 | 0.63% | 0002 | -17 0.50 049
Mn-Mn | 2.73 0.002°
Mn-Mn | 326 | 05° | 0.002°
9 S, Mn-Mn { 273 | 0.84° | 0002° | -17 . 050 0.49
Mn-Mn | 273 | 042° | 0.002°
Mn-Mn | 326 | 05° .| 0.002 _
10 S, Mn-Mn | 273 | 126 | 0002f | -16 | 046 0.39
Mn-Mn | 324 | 05 | 0.002° :
Mn-Ca | 342 | 025° | 0.002° |
11 S, Mn-Mn | 273 | 0.63¢ | 0002 | -16 0.46 0.46
Mn-Mn | 273 | 0.002°
Mn-Mn | 324 | 05° | 0.002
Mn-Ca | 3.43 | 025° | 0.002°
12 S, Mn-Mn | 273 | 084° | 0002 | -16 0.46 0.46
Mn-Mn | 273 .| 042¢ | 0.002°
Mn-Mn | 324 | 05 | 0.002°
Mn-Ca | 3.42 | 025° | 0.002°

*fit parameters and quality-of-fit parameters are described in Materials and Methods; AE, was constrained
to be equal for all shells within a fit; “parameter fixed in fit; dthe Mn-Mn N,:N, ratio was fixed to 1:1 for
this fit; ‘the Mn-Mn N,:N, ratio was fixed to 2:1 for this fit; if the Debye-Waller parameter for this fit was

not fixed, it went to a chemically unreasonable value of 0 A?
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Chapter 4 : Discovery of the S;,-state EPR multiline signal in native

samples

- Introduction

The photosynthetic oxidation of water to molecular oxygen is energetically driven
by light-induced charge separations in the reaction center of photosystem II (PSII). The
reaction is catalyzed by a tetranuclear rhanganese cluster contained in the oxygen
evolving complex (OEC). The OEC cycles through five different redox states termed S,
to S,, with S, being the dark-stable state. Oxygen is released during the S, — S,
transition.*® The removal of one electron from the OEC on each S-state transition leads
to the idea that alternate S-states should be paramagnetic because of their odd-electron
number. The multiline EPR signal, whi_ch' is the hallmark of the S, state, establishes the
odd-electron character of the Mn cluster in S,.°**' The §, state, one-electron reduced
from S,, is paramagnetic but of even electron number, and a non-Kramers EPR signal is
observed in parallel-polarized EPR.***° Because the S, state is reduced by one further
electron, it is expected to be an odd-electron or Kramers state obsérvable with
conventional EPR. Hence, it was somewhat surprising that no EPR signal—had been
reported for this state. This problem was recently resolved by Messinger et al. who
observed a new EPR multiline signal in an S, state, an Sy-like state produced by
reduction of the S, state by hydroxylamine or hydrazine.* The essential ingrediént was
the addition of 1.5 % methanol. In addition, Ahrling et al.* discovered an identical EPR
multiline signal for the physiological S, state using more dilute samples ‘which were
turned over by saturating laser-flash excitation in the presence of 3 % methanol.
Goussias et al.”’* found a different EPR multiline signal by incubation of S, samples with
NOe at -30°C in the absence of methanol. This signal may originate from a different kind
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of S, state or from NOe bound to the S, state. This chapter describes the observation of
an EPR signal in a physiological S, state produced by three-flash illunﬁnation of dark-
adapted PS II membranes. This EPR signal is sufficiently similar to that produced by
NH,OH treatment that, from the perspective of EPR, one need no longer distinguish the
states preparedv by the two methods. Furthermore, fhis chapfer describes a broad EPR

signal for the S, state in absence of methanol.

Materials and Methods

Dark-adapted spinach PS II membranes''®'"! were enriched in the S, state by the
following flash procedure: é.liquots of 3 mL volume were illuminated at a chlorophyll- -
concentration of 1 mg/mL in ice-cold pH 6.5 buffer (5 mM CaCl,, 5 mM MgCl,, 15 mM
NaCl, 50 lmM'MES, 400 mM sucrose) with one pre-flash (Xe flashlamp, 13 ps FWHM,
5] pef pulse; pathlength ~ 2 rﬁm), further dark-adapted on ice for 90 — 120 min and
illuminated with three Xe-flashes (0.5 Hz). Before centrifugation (30 min, 40,000x g,
4°C) 1.5 % methanol (v/v), 20 uM phenyl-para-benzoquinone (PPBQ; 50 mM in
methanol or DMSO) and/or 2.5 uM carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP; 2.5 mM in ethanol) were added as indicated in Figure 4-1. The
pellets (~30 mg Chl/mL) were transferred in the dark into special EPR Lucite holders of
120 pL volume and frozen in liquid N,. PPBQ was added to oxidize the acceptof-side
quinones of PS II, which otherwise produce iron—ciuinone EPR signals at g =1.9 and
1.8.7% FCCP was used to accelerate the deactivation of the S, and S; states of PS II to the
S, state*' and the reduction of the stable tyrosine radical of PS II,*"' Y, which prevents
the reaction S, + Yp,™ = S, + Y™ (¢,, = 30 min, 5°C)."”” All measurements were

-recorded using a Varian E-109 X-band spectrometer with an E-102 microwave bridge

and an Air Products helium flow cryostat. Instrument conditions: microwave power,
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30 mW; modulation frequency, 100 kHz; modulation amplitude, 20 G; time constant,

0.5 sec; scan time, 4 min.

Results and Discussion

Figure 4-1A shows the EPR difference spectrum from the Sy-state sample (minus
S,) prepared with FCCP, PPBQ, and methanol. A multiline signal clearly different from
the well-known S,-state EPR multiline signal (Figure 4-1B, same additions) is observed.
Most of the peaks are out-of-phase between the two signals (for examples, see dashed
lines in Figure 4-1). The average splitting of the hyperfine lines is very similar, about
85 — 90 G, but the values for the S,-state signal occur over a wider range (70 - 110 G)
than those for the S,-state EPR multiline signal (80 — 100 G). Although it is difficult at
the current signal-to-noise ratio to clearly identify the last peak at the high field side of
the Sy-state EPR multiline signal, a careful study of the outer wings (see inset in
Figure 4-1A) and a comparison of spectra obtained from several independent samples
(data not shown) show that the total spectral breadth is 2200 — 2400 G and the total
number of peaks is 24 — 26, compared to 18 — 20 reported for the S,-state. 1430 Therefore,
the S,-state EPR multiline signal is about 300 — 500 G wider than the S,-state EPR
multiline signal. This extra width ié exclusively on the high field side of the S,-state EPR
multiline signal, which gives rise to an asymmetry of this EPR signal, indicative of an
average g value below g = 2.0. In the absence of FCCP, mixtures of S;-state and S,-state
EPR multiline signals were observed, which displayed in their outer low-field wings
peaks of the S, multiline (data not shown). This indicates that the S,-state EPR multiline
signal can be generated in the absence of FCCP. The fraétion of centers in the. S, state in
sample A (Figure 4-1) is about 50 %. This was determined by converting the residual
S,-state population into the S, state by 200 K illumination and comparison of the

resulting S,-state EPR multiline signal amplitude with that of sample B (Figure 4-1).
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FCCP does not affect the amplitude of the S,-state EPR multiline signal generated by
200 K illumination at the concentration used in this study (data not shown). The S-state
minus S;-state difference spectrum obtained in the absence of methanol is shown in
Figure 4-1C. A broad ~2400 G wide signal wit_h only poorly resolved hyperfine s_trudure
is observed, showing i) that methanol is important for observing the hyperfine lines and
ii) that the S, state also has an EPR signal in the absence of mefhanol. The effect of
methanol, a water analog, on the amplitude of the hyperfine peaks may be explained by
binding at or near the Mn cluster and thereby hypothetically changing in a subtle way the
hyperfine couplings of the involved Mn ions. Support for this speculation comes from
the recent finding that methanol binds to a binuclear Mn(III, IV) complex” and that
methanol binds to the S; state.””” - Alternatively, methanol may simply reduce fhe
hyperfine linewidth through a reduction of inhomogeneity around the Mn cluster.
Figure 4-1D displays a S, -state EPR multiline signal from a sample prepared using
NH,OH as a reductant.® Ohly minor differences (if any) can be seen between the S,- and
So'-State multiline sigﬂals. Based on this'ﬁndin.g, the two states are proposed to be

identical.
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Figure 4-1: X -band EPR difference spectra from PS II. membranes at 7 K: (A)
physiological S, state minus S, state in presence of methanol (1.5 %, v/v), FCCP and
PPBQ, average of 30 scans each; the inset (4x amplified) was obtained after subtraction
of a three domain spiine that was fit to that section of the EPR trace (this procedure
removes the broad underlying signal); (B) S, state minus S, state with same additions,
induced by 200 K continuous illumination (6 min),‘_ average of 25 scans eachi ©)
- § state minus S,, both without metﬁanol, but with PPBQ and FCCP addition, average of
15 scans each; (D) S, state induced by NH,OH incubation in presence of 1.5 %
methanol (v/v) and | mM EDTA minus S, with the same additions, average of 15 scans
each. For clarity, spectrum D is amplified by a factor of 3 relative to the other spectra; the
asterisk in the spectrum labels a subtraction artifact that is probably due to different
. amounts of low-potential cytochrome bs;,* in the S, -state sample compared to the S,
control. The g =2 regidns containing the Y, radical signal were deleted for clarity. In
FCCP-treated samples, the amplitude of the Y™ signal was 15 —30 % of the Qalue from

untreated samples.

149



The S, state has under certain conditions a second EPR signal at g = 4.1.1452%
Difference spectra in the field range of 400 — 2400 G were therefore taken for the
different Sy-state samples' (+ methanol). No indications for a g = 4.1 signal were found in
any of the samples, but all displayed small reproducible changes at higher g values.
These require further study to clarify their origin. |

 Mn K-edge XANES (X-ray absorption near edge structure) has been shown to
directly reﬁe_,ct the oxidation state of the-Mn, and the Aedge shifts exhibited upon S-state
changes lend strong support to the model of one-electron oxidations of the Mn ciuéter for
the S, > S,and S, —» S, transitions. Based on comparison with X-ray absorption edgé
positions and shapes for model complexes, the following Mn redox states have been
proposed for the different S-states of the OEC: S, (II, III, IV,) or (IT,, IV), S, (IIL,, IV,),
S, (I, ’IV3), S, (III, IV, 101148201 1¢ has been observed for binuclear Mn complexes®”
and in Mn catalase®**' that the spectral width of the EPR multiline signals is greater for
the (II, IIT) than for the (I, IV)-forms. The larger spectral width of the Sy-state EPR
multiline signal compared to the S,-state EPR multiline signal may therefore be
indicative of a Mnll center in the S, state.®® To test this idea, simulations of the S, EPR

multiline signal using previously employed values of the projected Mn hyperfine_

M"(2>/ (3)

\3
/

Mni) M"<4)

Figure 4-2: Schematic drawing of the presumed structure of the Mn cluster in PS II used
for EPR spectral simulations. Solid lines represent chemical bonds, while the dashed
lines indicate the spin coupling scheme used to obtain the spins S,, and S,, in the vector-

coupling approach.
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constants Mn!: A'=85-100G, MnlIL: A’ = 80 — 95 G and MnlV: A' = 70 - 85 G)®028!
were performed using second-order perturbatlon theory » 278 The results for both
binuclear and a CZV-symmetrlc tetranuclear species (see Figure 4-2) with various
| combinations of oxidation states are presented in Table 4-1. Assuming a tetranuclear
origin for the S,-state EPR multiline signal; it was possible to simulate the main features

of the S;-state EPR multiline signal, i.e. the number of lines, the spectral width and the

- relatively weak hyperﬁhe structure on top of a bro‘ztd signal, within this simple model by

- using the avefage of any set of the calculated parameters (Table 4-1). The current level
of simulation does not allow a further distinction between the (II, IIL,), (11, III, IV,) and

(11, IV,) oxidation states. In contrast, satisfactory simulations, especially of the broad

axially symmetric g and A values for the (II, III) or (TII, IV) binuclear clusters. However, %
in thombic simulations with largely anisotropic g and A values, these features could be
largely reproduced (see Table 4-2 and Figure 4-3 for examples of EPR simulations).” %

Therefore, it is concluded that higher level simulations and measurements at other

microwave frequencies are necessary to reveal the degree of amsotropy in the S, EPR

multlhne signal and to resolve the nature of the Mn cluster
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Table 4-1: Theoretically predicted isotropic hyperfine constants and spectral widths for |
different mixed-valence Mn binuclear and tetranuclear clusters, which are considered as |
candidates for the origin of the S;-state EPR multiline signal. For the tetranuclear cluster,
the numbers in parentheses give the Mn oxidation states in the order Mn;,, Mn,,, Mns,,
Mn,,, as depicted in Figure 4-2. The |A| values were derived from the A' values given in
- the text and from a general formula for the isotropic hyperfine coupling constants A; =
A{(S;S;/S;)(S;S/S?) for the Mn clusters,***”® with i,j = 1 - 4 for a tetranuclear species
(see Figure 4-2 for an illustration of the spin coupling scheme). The spectral width was J
calculated according to 5(|A,] + |A,]) for the binuclear systems and 5(|A,| + |A,] + |As} +

|A4]) for tetranuclear clusters.

Binuclear cluster
_ Parar;létcr (L1) ‘ (IILIV)
A4 (G) T3A;" = 198 - 233 2A, =160 - 190
1A, (G) 413A, =107 - 127 ~ A,=70-85 |
width (G) 1525 - 1800 . 1150-1375 |
' f
Tetranﬁclear cluster
parameter | (LIL)  @ILIV) (IL,IV)
1A, (G) 55/27Al' =173-204  25/12A,'=177-208 5/3A,'=133-158
|A2| Q) 43A, =107 - 127 43A; =107-127  5/3A, =133 -158
IA] (G) 44127 Ay = 130 - 155 5/4 A; =87-106  4/3A; =107 127
A, (G) 43A, =107 - 127 As=170 _g5 Ay =70-85 |
width (G) 2585-3065 £ 2205 -2630 2215 - 2640
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Table 4-2: Simulation parameters for EPR spectral simulation of the S¢-state EPR

multiline signal. These values were used to generate the simulated EPR spectra shown in

Figure 4-3.
Tetranuclear cluster
parameter (ILIIL) @IOLIV,) (IL,IV)
g 1.9 1.9 19
1A, (G) 188.5 192.5 1455
1A} (G) 117 17 145.5
Ay G) 142.5 96.5 117
Al (G) 117 775 71.5
linewidth (G) 40 40 40
spectral width (G) 3080 2640 2650
Figure 4-3 label A B  C
v Binuclear cluster :
Axial - Rhombic
parameter @I @LIV) | @O  JLIV)
g 19 19 17 1.7
g, 19 19 1.8 1.85
g, 20 20 20 20
1Al (G) 198 160 | 198 160
1Al (G) 198 160 214 173.5
1Al (G) 233 190 233 190
1A, (G) 107 70 | 107 70
1A,,] (G) 107 70 | 1145 77
1Azl (G) 127 85 127 85
linewidth (G) 30 30 30 30
. spectral width (G) 1950 1470 2390 1960
 Figure 4-3 label D E | F - G

153



dy/dH

T T L T T T

- )
1900 2700 3500 4300 5100
Magnetic Field (Gauss)

Figure 4-3: Simulated S;-state EPR spectra using the parameters listed in Table 4-2 and
the vector coupling scheme shown in Figure 4-2. All spectra have been normalized to a
double-integral value of 1 except for spectrum D, which was normalized to a double-
integral vaiﬁe of 0.2 for presentation purposes. Brief descriptions of the simulations are -
as follows: (A) Mn;(II,III3) tetranuclear cluster simulation; - (B) Mn,(ILILIV,)
tetranuclear cluster simulation; (C) Mn,(IIl;,IV) tetranuclear cluster simulation; (D)
Mn,(ILIII) binuclear cluster axial simulation; (E) Mn,(IIL,IV) binuclear cluster axial
simulation; (F) Mn,(ILIII) binuclear cluster rhombic simulaﬁoﬂ; (G) Mn,(IILIV)

binuclear cluster rhombic simulation.
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Chapter 5: XANES and EXAFS studies of single-crystal Mn

complexes

Introduction

Ever since the seminal EXAFS experiments by Kirby et al.*® and XANES

1.* of Mn in the OEC, X-ray spectroscopic methods have

experiments by Goodin et a
been perhaps the most informative techniques that have been used to derive detailed
information about the oxidation states of and the environment surrounding Mn in the
OEC.**% Information obtained using these techniques has been an integral component
of proposed topological models of the OEC.3¢#71747  However, most of the X-rayv
spectroscopic studies were performed on randomly oriented PS I membranes; thus, no
angle dependence of XANES or EXAFS features was observed. -

One of the characteristic features about synchrotron radiation is that, when ..
electrons or positrons trayelling, at relaﬁvisﬁc speeds are directed into circular orbits by
the magnetié field from bendihg magnets, beams of X-rays are emitted tangentially which
are highly polarized in the plane of the orbit.*'****** To exploit the plane-polarized
nature of synchrotron radiation, PS II membranes can be oriented on a substrate such that
the membrane planes are roughly parallel to the substrate surface. This imparts a one-
dimensional order td these samples; while the z axis for each membrane (collinear with

the membrane normal) is roughly parallel to the substrate normal, the x and y axes remain

disordered. By collecting spectra at different ahgles between the substrate normal and the
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X-ray E vector, the dichroism of the absorber-backscatterer pair present in the oriented
samples is reflected in and can be extracted frdm the resulting X—ray absorption spectra.

Several XAS studies on oriented PS II membranes have provided additional
structural constraints that §vere not available from the studies on isotropic samples,
mostly in terms of the orientation dependence of the Mn—an vectors in the di-p-oxo- -
bridgéd Mn, r‘notifs.16"2°2’2°5'?‘36 However, because the samples were ordered only in one
dimension, the dichroism information was available only in the form of an angle with
respect to the membrane normal. For EXAFS measurements, this means that the
absorber-backscatterer vectors can lie anywhere on a cone defined by the angle the vector
forms with the membrane normal.

Further refinement can be performed if samples with three-dimensional order, i.e.
single crystals, are examined instead of oriented membranes. Single-crystal X-ray
spectroscopy has been performed on single crystals of Cr=0 porphyrin complexes,?®*

5 and a series of single-crystal Cu(II) model

dithiomolybdate single c'fystals,
complexes.”® These studies, whi;:h focused on the XANES region of'the spectrum,
showed pronounced dichroism in the XANES region. The Cr=0 complexes were
particularly interesting because the dichroism measurements showed that the intense
1s'— 3d pre-edge transition was almost c'.ompletely bpolarichd along the Cr=0 bond.?**

This was interpreted by Templeton et-al.”®’?®® in similar systems to be a transition

between the 1s core level and an antibonding molecular orbital with metal d, and
oxygen p, character.

Protein crystals have also been examined using single-crystal X-ray spectroscopy.

Scott et al.” examined the Cu active site in a plastocyanin single crystal with the aim of
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selectively probing the long (2.90 A from X-ray crystallography®*®) Cu-S(Met) bond.
This is possible because the EXAFS amplitude is proportional to cos’6, where 0 is the
.angle between the X-ray E Qector and the absorber-backscatterer vector,%27289291.292
This study was able to confirm the results from an earlier EXAFS study using isotropic
samples” that the S(Met) ligand is not detectable by EXAFS, possibly due to
uncorrelated vibrational motion of Cu and S; this reflects a weakly bonded situation. The
contributions from the remaining ligands, two histidine ligands and a cysteine ligand,
were shown to be dichroic, and the experimentally determined dichroism in the EXAFS
spectra was consistent with the dichroism pattern calculated from the X-fay crystal
structure. | -

This type of analysis can also be useful for systems where a high-resolution X-ray &
crystal structure is not available, such as PS II. These crystals have only become
available recently,”**’ and a preliminary X-ray crystal structure has been solved to 3.8 A -~
resolution.® Performing single-crystal EXAFS experiments can help to refine this low- -
resolution structure of the OEC by revealing information such as the angle(s) between the
di-p-oxo-bridged Mn—Mn vectors as well as the angles between the mono-p-oxo Mn-Mn
vector and the di-p-oxo-bridged Mn—-Mn vectors. This information is not currently
available from the EXAFS experiments on oriented PS II membranes because of the
‘cone’ ambiguity mentioned above.

To prepare for subsequent experiments with PS II single crystals, three single-
crystal Mn complexes were examined in the experiments detailed in this chapter. These
consisted of two Mn(V) complexes, a Mn(V)—nitrido complex and a Mn(V)-oxo

complex, as well as a di-p-oxo-bridged binuclear Mn,(IIL,IV) complex. All of these
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complgxes exhibited noticeable dichroism in the EXAFS spéctra, and the XANES
features oﬁginating from the Mn(V)-nitrido and Mn(V)—o_x§ bonds wefe dramatically
dichroic in the XANES spectra. The dichroism in the EXAFS spectra of the
Mn(V)-nitrido complex was fit for three orientations of the single crystal using single-
and multiple-scattering EXAFS theory. | |

Ir; addition to the single-crystal data from the above-mentioned Mn model
compoﬁnds, it is desirable to examine the dichroism properties of a homologous set of
Mn model complexes, such as the sets studied by Visser et al.'”* and Pizarro et al."”’ This
would more closely replicate the scenario in PS II, where the OEC in the S, S,, S,, and
S, states can be cbnsidered as a Set of Mn complexes. Single crystals of a homologous
set of Mn model complexes ha'w‘/e been obtained from Prof. R. Mukherjee and c_:o-workérs
which have been isolated in the Mn,(IILIII), Mn,(IILIV), and Mn,(IV,IV) oxidation
states.”®? The di-p-oxo Mn?(HI,IV) and an(IV,IV) complexes have identical ligands.
in both oxidaﬁon étates, while the Mn,(IILIII) complex is mono-p-oxo-bridged with an
additional acetate bridge completing the ligation sphere; otherwise, the ligation is
identical to the Mn,(II1,IV) and Mn,(IV,IV) compleﬁe's. |

Before the single crystals can be examined using X-ray absorption spectroscopy,
characterization of the isotropic XAS spectra from these samples should be performed. ..
The characterization of these cofnplexes in their isotropic form using XANES and
EXAFS and the similarities in the X-ray _absdrption spectra between compounds with

different Mn oxidation states is reported.
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Materials and Methods

The Mn model complexes were obtained from collaboratbrs Dr. Jesper Bendix,
Prof. Terrence Collins, and Prof. Jean-Jacques Girerd, who provided single crystals of.
[Rh(en);] [Mn(N)(CN),]-H,0 ) (en = 1,2-dia‘minoethane),297 the macrocyclic
Mn(V)-oxo complex (2),”*® and [an(m,li()oz’ phen,][(C10,)] (3) “(phe‘n = 1,10-
phenanthroline), respectiveiy. The structures of these compouncis are shown in
Figure 5-1. The homologous series of Mn complexes in different oxidation states was
obtained from Prof. R. N. Mukherjee. These complexes have been structurally
characterized as [an(III,III)(p-O)(p—OAc)z(MéLz)][ClO4]§-H20 @), [an'(I]I;IV)
(p—O)z(p-OAc)(MeLZ)][BF4]3-2MeCN .(5), and [an(IV,IV)(p-O)Z(p-OAc)(MéLZ)i-t

-

HaC CHa

CN & W NT ",
M =
(o] X o] N N
— —
\ ¢\~

1 _ 2 ' 3

Figure 5-1: Structures of the [Mn(N)(CN),]** anion (1), the macrocyclic Mn(V)—oxo
complex (2),® and [Mn,(I1,IV)O,phen,][C10,] (3) (phen = 1,10-phenanthroline).
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[C10,]5-H,0 (6), where MeL = (2-pyridylmethyl)(2-pyridylethyl)methylamine.

The crystals were mounted on a Lucit.e® two—circle,.goniometer which was used in
the work of Scott et al.®® This t,§vo—circle goniom;:ter permitted rotation around two
perpendicular rotation axes ¢ and %. These axes were defined as follows. The incoming
X-ray beam is polarized in the laboratory x-y pléne, as shéwn in the top view from

Figure 5-2. The laboratory z axis is defined as an axis pefpendicula_r to the plane of

polarization of the X-ray E vector, and is the same axis as the rotation axis ¢. The

Side view . Top view

d

Y

X-ray E vector

X-ray E vector

13-element
Ge detector

Figure 5-2:  Schematic diagram of the two-circle goniometer illustrating the two angles
of rotation ¢ and ¥. The'X-ray E vector is plane-polarized. For clarity, the 13-element
Ge detector is omitted from the side view. The crystal in this diagram is at ¢ =0° and

x =0°.
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laboratory x axis is defined as the axis collinear with the X-ray E vector (pointing
towards the Ge detector) and the laboratory y. axis is defined as the direction of
propagation of the X-rays. The crystals were mounted in the center of an Al sample
holder using double-sided adhesive t#pe such that the long axis‘of thev crystal was
collinear with the lqﬁg axis of the sample holder. The Al sample holder‘ was then
mounted onto the goniometer head such that the long axis of the crystal was paralle] with
the X-ray E vector and the laboratory x axis; this was defined as ¢ = 0°.

It was not possible to collect spectra at an angle of ¢ = 90° because the Al sa.tnple
holder blocked the incoming X-ray beam. Therefore, the second circle of the two-circle
goniometer was used to make the long axis of the crystal perpendicular to the X-ray
E vector. The goniometer arm could not lie along the laboratory x axis without blocking
the Ge detector; thus, it was placed at a 45° angle to the x and y laboratory axes as shown
in the side view of Figure 5-2. The seéond rotation axis Y lies at a 45° angle from the
X-ray E vector in the plane of polarization of the X-rays. x = 0° was defined as the angle
thaf aligns the long axis of the crystal in the plane of polarization of the X-rays; the single
crystal shown in the side view of Figure 5-2 is oriented at ) = 0°.

A simplified explanation of the rotatibn axes ¢ and y is thatv rotation by an
arbitrary angle around ¢ rotates the crystal in the x-y plane, and rotation by an arbitrary
angle around % rotates the crystal out of the x-y plane. Alignment of the cry‘stal and the
X-ray bearﬂ was accomplished by moving the entire goniometer vertically and
horizontally. Isotropic powder spectra were obtained by lightly grinding a single crystal

in a mortal and pestle with 10-fold by weight excess of boron nitride.
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XANES and EXAFS spectra were recorded at room temperature on beamline 7-3
at SSRL (Stanford Synchrotron Radiation Laboratory). The synchrotron ring SPEAR
was operated at 3.0 GeV at 50 - 100 mA beam current. Energy resolution of the

: unfocuséd incoming X-rays was achieved using a Si(220) double-crystal moﬁoéhromator, ,
which waé detuned to 50 % of maximal flux to attenuate harmor.lic X-rays. A N,-filled
ion chamber (I,) was mounted in front of the sample to monitor incident beam intensity.
An ingident X-ray beam of 1 mm x 2 mm (for 1) or _.1 mm x 3 mm (for 2, 3) dimensions
was used for the XANES and EXAFS experiments. The single-crystal X-ray absorptionv

!"* using a 13-element energy-

spectra were collected as fluorescence excitaﬁon spectra
resolving detector from Canberra Elec_:tronics,115 and were referenced by I,. Typical
counts‘ in the Mn ﬂuoreséén(:e window for the \cientral channel were 300 counts/sec at
6500 eV (below the Mn K-edge) and 10,000 counts/sec at 6600 eV (above the Mn
K-edge). The isbtropic powder spectra were collected in a similar manner except that the
count rate was t00 high to use an energy-resolving detector; thué, a non-energy-resolving
ionization chamber known as a Lytle detector was used instead.””.

Combination XANES/EXAFS spectra were collected at 3 eV/point from 6400 to
| 6535 eV with a _éollection time of 1 sec per point, 0.2 eV/point from 6535 to 6576 eV
with .a collectioﬁ time of 1 sec per point, and at 1 eV/point from 6550 eV to 6576 eV with
a collection time of 1 sec per point. The EXAFS region was collected with points evenly

spaced every 0.05 A™! in k-spéce from 2.05 A™ to 12 A*, v;/ith E, assignéd as 6563 eV.

The time of collection was weighted using a cubic function from a minimum of 1 sec per

point at low k values to a maximum of 15 sec per point at high k values.
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Collection of an energy reference spectrum was achieved by placing a KMnO,
sample betwéeh two N,-filled ion 'chamberé, I, vand I,, which were positioned behind the _
PS .H sample, and collecting a KMnO, absorption spectrum cohcurrehtly with PS II data
collection. The narrow pre-edge line (FWHM < 1.7 eV) at 6543.3 eV was subsequently
used for energy calibratio‘n.”“v "Each spectrum presented in this chapter represents the
average of 3 -9 scans. Data reduction for the XANES and EXAFS spectra was
performed as described in Chapter 3.

Curve fitting of the EXAFS spectra from single crystals of [Rh(en),]
[Mn(N)(CN),]-H,O (1) was performed for the orientations ¢ = 0° x =0°, ¢ =45° % =0°,
and ¢ =45° x =90° using the procedure described in Chapter 3 to isolate all.of the.
Fourier peaks together (AR’ ~0—5 A). These isolates wére then fit using ab initio--
calculated phasgs and amplitudes from the program FEFF 7.02 frorri the University of
Washington.'”?**® These ab initio phases and amplitudes were calculated from thé:
molecular structure of (1) described in Bendix et al.””’ and were used with the EXAFS-
equation (Eq. 3-2)***7 to calculate a thcofetical EXAFS spectrum as explained in

Chapter 3.

NN TN\
Mn—C=N Mn—C=N
N N N

1 | 2

- Figure 5-3: Possible multiple-scattering paths in the Mn(V)-nitrido complex (1).
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Because the five éyano groups in (1) provide linear Mn-X-X scattéring paths, it
was important to take into account multiple-scattering effects in bbth the calculation of
ab initio phases and amplitudes and the fitting methodology.”'®*"® The possible
multiple-scattering paths afe shown in Figure 5-3. Multiple-scattering effects are
included in calculations performed by FEFF 7.02 in the form éf an additional phase-and-
amplitude file for each multiple scattering path. Because each additional pafh represents
an additional shell in the ﬁtS, the number of free parameters must be kept to a reasonable
number. This was performed by constraining the fits in a fashion similar to that
performed by Laplaza et al.*” such that each multiple-scattering shell had the same
values for the fit parameters N, R, and o as the réspective single-scattering path; as

mentioned in Chapter 3, E, was constrained to be ecjual for all shells in a given fit.
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Resulté

Mn(V)-nitrido single crystal (1)

The single crystals of the Mn(V)-nitrido complex have been well-characterized

by Bendix et al.*’ and have crystallographic parameters that are particularly suited for

this experiment. This complex crystallizes in the space group P6,, with 6 molecules per

unit cell. As shown in Figure 5-4, thé'Mn—nitrido bond for each molecule in the unit cell |

is nearly collinear with the crystallographic c-axis (the angle between each Mn—N vector

S

Figure 5-4: Diagram of the orientation of the [Mn(N)(CN)]* anions (1) in the unit cell.
(A) View along the ¢ axis of the unit cell. (B) View perpendicular to the c axis of the
unit cell.. Each Mn-nitrido vector makes a common angle of 9.4° with respect to.the

c axis of the unit cell. This figure was reproduced from Bendix et al.”’
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and the crystallographic c-axis is only 9.4°).%7 In addition, the long axis of the crystal
was found to coincide with the crystallographic c-axis.”” This means that tﬁe Mn-N
bond vector is essentially pointing along the long axis of the crystal; thus, the changes
observed in the X;ray spectra can be correlated with the known orientation of the
individual molecules within the maérosc’opic crystal.

It should be emphasiéed that not all crystals are optimal for single;crystal XAS. |
Several factors can result in crystals which are almost devoid of macroscopic dichroisni.
Aside from the case of molecules with high symmetry like T, or O;, which lack dichroic
properties on a single-molecule basis, dichroic molecules in certain crystal-packing
arrangements in the unit cell can produce a crystal without dichroic pi'operties. For
example, the [Mn(N)(CN),]* anions could be arranged in a three;moleculc unit cell such
that the first molecule in the unit cell has the Mn—nitrido bond oriented along the unit cell
a-axis, the second molecule has the Mn-nitrido bbond oriented along the unit—cell b-axis,
‘and the third molecule has the Mn—niﬁdo bond oriented along the unit-cell c-axis This
scenario would make it impossible to choose two different orientatioﬁs of the crystal to
observe dichroism in any of the Mn-backscatterer vectors. It is also ‘possible to envision
similar scenarios in v;/hich the maximum possible dichroism observable from the single
crystal is significantly Iess than is seen for the Mn(V)—nitﬁdo cbmplex. Furthermofe, the
relation between the crystallographic a-, b-, and c-axes and the macroscopic axes of the
éryétal needs to be determined from a diffraction pattern to specify the orientation of the
unit cell in the X-ray beam. Fortunately, this relation was determined by Bendix et al.,””
because the equipment necessary to collect and analyze a diffraction pattern.was not

available on the beamline used fo r these experiments.
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XANES

Figure 5-5 shows the dichroism exhibited in the XANES spectra of the
Mn(V)-nitrido single crystal (1) as the rotation angles ¢ and x are changed. The intense
pre-edge feature, which corresponds to bound 1s — 3d transitions,” is strongly dichroic,
with the maximum intensity appearing when the Mn-N bond is collinear with the X-ray

E vector. This is not surprising, because the normally dipole-forbidden 1s — 3d

1.8

1.0 4

Fll,

OO = ‘ T I I
6535 6545 6555 6565 6575
X-ray Energy (eV)

Figure 5-5: Mn K-edge XANES spectra of the Mn(V)-nitrido single crystal (1) as a
function of the rotation angles ¢ and . The arrows show the direction that the spectral
features change as ¢ is increased from 0° to 70°, thereby decreasing the overlap between
the Mn-N bond and the X-ray E vector. The spectrum shown in red was collected at
¢ =0° and ¥ =0° (Mn-N bond aligned with the X-ray E vector), while the spectrum
shown in green was collected at ¢ =45° and ¥ = 90° (Mn-N bond aligned perpendicular
the X-ray E vector),. The isotropic spectrum shown in blue was obtained from a
polycrystalline sample. The specific orientation angles are as follows: A: ¢ =0°, x =0°
(red), B: ¢ =30°, ¢ =0°, C: ¢ =45°, x =0° D: polycrystalline sample (blue), E: ¢ =70°,
% =0° F: ¢ =45° x =90° (green).
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‘ __:transmon caﬁ gamv 81gmﬁcant intens1ty .through rmx1ﬁg éf the metal 3d orﬁltals wifh
hgand 2p orbltals a transmon from the 1s level to an unoccupled molecular.orbltal w1fh
2p chafac_j:er 151 Fheﬁ '_no.-'.long»erv d_1_pQIé. fo’rblvdde,n.: This intense pre—edge transition Was .
showntooccur 1n sumlar "tligﬁ-y.alent fnétal complexes, and was éssigned to é transitiqn v
, Béfweeﬁ the 1s bére 1évél and an anti_b_bndi__ng moiecular orbital with metal d;z _and 'lighnd :
Pz character. "% The intensityv(.)f this transition is minimized atv thé ) =45°,X =900 v'
orientation, where the long axis of the crystal, and hence the Mn-N -VéCtOfS? is idricntéa v
~ vertically and is orthogonal to fhe X-ray E vector. The non-zero amplitﬁdé 6f the f)ré:—
~ edge features is due to contributions from the 6thef di_pdle-‘f@bi_ddeﬁ 1s — 3d transitions
and the fact that a 9.4° ag_gle cxisfs Between the Mn-N v:ectors and tﬁg crystallographic
~c-axis. The apparént shift m the prefedgc peakbin spectrum B (¢ .—_'30°, ¥ =0°) is an
artifact of photoreduction (videiinfra). | |
Spectmfn D from Figure 5-5 (shown in blue) is from an isotropic sample, and was

collected from a powdered sihgle crystal. The pre-edge peak from this sample is much
less intense (35.6 % less area) than the spectrum collected at ¢ = 0° and y = 0° (shown in
 redin Figure_ 5-5), which provides maximum overlap betWeen the X-ray E vector and the
Mn-N bond. This is expected, because the isotropic sample contains Mn-N bonds in a
sphere of all possible orientations. The amplitude of these features is weighted by'éos?é,
where 0 is the angle betWeén the Mn%backscatterer vector and the X-ray E V.e'cv_to:rv. Thus

the cos’@ term must be averaged 'ovef all orientations in the sphere, which produces a
weighting factor of 5;282'289 To properly compare the oriented single-crystal data with the
data from isotropic samples, it is thus necessary to divide the oriented data by 3cos?6.
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o :_Keéping in'nii.nc.l.‘tha:t., at _lc'p*=v0'°. and = 0°;'_fhe.:_énéic b';c_tv_veenvthe Mn—N ‘bond andthe -

| ”X-.ra.y__ E véct‘o_r is 9>.4°', the calcﬁlated rati§.6f intensities (34.2 %) cémpareS-' iq:uit;e;:

' fanrabiy'to the ¢xperimerital result of 35.6 %. o
o "Thevrri.air.l edge region, which contains: the 1s — 4p transition, 1s alsQ strongly

dichroi;, présumably from multiple-scattering contributions from the five cyanide ligands

~ to the Mn atom. This type of behavior has been seen in other éompounds Ewith many

286

multiple-scattering paths®® and was attributed to multiple-scattering features present in

the main edge region.

EXAFS

Figure 5-6 shows the kK’-space EXAFS spectra of the Mn(V)-nitrido single crystal
(@) fbr two cqmbinations of the rotation angleé 0 and . Because of the favorableicrys.tal
haﬁit:s and theianisvotropic nature of 't_he Mn(V)-nitrido single crystal (1), fhese spectrva ércv |
very strongly dichroic. The spectrum shown in green in Figure 5-6 was collected at .
¢ =45° and y = 90°, which aligns the plane containing the equatorial cyano ligands with
the plane 6f polarization of the X-fays and places the Mn-N bond and the axial cyano
groﬁp otthogonal to the X-ray E vector. This oriénfation isv thus dominated by
Cbackscattering' from tﬁe equatorial cyano groupsv and a ‘strong multiple—sc’at_tering

contribution from the collinear Mn—CN moieties in the equatorial plane.
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Figure 5-6: Mn kj—space EXAFS spectra of the Mn(V)-nitrido single crystal (1) for two

combinations of the rotation angles ¢ and %. The spectrum shown in red was collected at

¢ =0° and ¢ = 0°, which provides maximum overlap between the Mn—N bonds and the

X-ray E vector. The spectrum shown in green was collected at ¢ =45° and ¥ = 90°,

which orients the Mn—N bonds nearly orthogonal to the X-ray E vector.

At the other extreme orientation, ¢ = 0° and % = 0°, the contributions from the
equatorial cyano ligands is minimized and the dominating contribution to the k’-space
EXAFS spectrum is the short Mn(V)-nitrido bond. This is shown as the red spectrum in
Figure 5-6, which is dominated by low-frequency EXAFS oscillations arising from
Mn-N backscattering. An additional contributor to the EXAFS in this orientation is the

axial Mn—CN group. However, because the Mn—C bond is ~0.25 A longer than the

equatorial Mn—C bonds and there are four equatorial cyano groups and only one axial
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group, the contributions of the cyano groups in this orientation to the EXAFS spectrum is
much less than are seen at ¢ = 45° and y = 90°.

Figure 5-7 shows the Fourier transforms of the k’-space EXAFS spectra of the
Mn(V)-nitrido single crystal (1) as a function of the rotation angles ¢ and %. The intense
peak at an apparent distance R’ of 1.18 A in the ¢ = 0°, ¥ = 0° spectrum is due to

backscattering from the nitrido atom, while the peak at an apparent distance R’ of 1.53 A

0.400
X-ray Evector ¢ X

NEMM—% 45° 90°
N
I «~f— o o
Mn

&
\\& —f— o4

0.300 -

FT Magnitude
o
N
o
o

0.100 -

0.000 . T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0
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Figure 5-7: Fourier transforms of the k’~space EXAFS spectra of the Mn(V)-nitrido
single crystal (1) for three combinations of the rotation angles ¢ and . The spectrum
shown in red was collected at ¢ = 0° and 7y = 0°, which provides maximum overlap
between the Mn-N bonds and the X-ray E vector. The spectrum shown in green was
collected at ¢ = 45° and ¢ = 90°, which orients the Mn—N bonds nearly orthogonal to the
X-ray E vector. The spectrum from an intermediate position, ¢ =45° and ¥ = 0°, is

shown in black.
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in the ¢ =45°, x =90° spectrum 1s due to baCkscattering from the :four“equatori'al-

:_C atoms The peak at R’ 2. 58 A arises from. the N atoms 1n the equatonally bound

o f'cyano groups and is strongly enhanced by multiple scattering medlated by the

| -'1nterven1ng collinear C atoms (see Figure 5 3). A rough estlmate of the actual absorber-' :
vbackscatterer d1stance can be obtamed by addmg ~O 5 A to the apparent distances R fromv

" the Fourier transform

Curve-_ﬁtting andlysis:

A quantitative analy31s of the angle dependence of the EXAFS spectra was
' achleved usmg the curve- fittmg methodology described in'the Materials and Methods
section. Curve-fitting analysis was applied to the tWo ext'reme orientations of the
Mn(V)—nitrido smgle crystal (1) 0=0%y= 0° (shown inred in Figure 5-7) and 0 =45°,
¥ = 90° (shown in green in Figure 5 7). In addition, curve- ﬁttmg analysis was- also

“applied to the intermediate orientation of ¢ =45°and 3 =0°. As expected, these .results
(which are detailed in the Appendix)v were va COnvolution of those obtained at the extreme

_orientations.
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Table 5-1 shows the curve-fitting results for the ¢ = 0°, 3 = 0° orientatioq. At this
orientation, the major contributor to the EXAFS speétrum is the short Mn-N bond; thus,
| an acceptable ﬁt is obtained with only a one-shell Mn-N fit (Fit #1 in Table 5-1). Further
refinement can be obtained by 1ncrementally including backscattermg contributions from
the axial Mn-C vector (Fit #2 in Table 5-1) and the mtrogen atom in the axial cyano
group (Fit #3 in Table 5-1), as shown in Figure 5-8 and judged by the error parameters ®
and & in Table 5-1.. Interestingly, the cyano nitrogen atom can contﬁbutersigniﬁc':antly to
the vEXAFS oniy by amplitude enhancement from a multiple-scattering path; of the two
multiple-scattering paths> in Figure 5-3, only path 1 contributed to the EXAFS in this
orientatioﬁ. Because N, a low-Z atom, is at a long distance _from the absorbing atom for
this scattering path, ‘single.-scatten'ng paths provide almost no contribution to the EXAFS
spectrum in this situationﬁ as described in Chapter 3, there is a 1/(kR?) dependence of the

amplitude of the EXAFS oscillations. Because these spectra are from single crystals, the

Table 5-1: Simulations of the EXAFS spectra from the Mn(V)-nitrido single crystal (1)
at an orientation of ¢ =0°, X =0°. This orientation maximizes the contribution from the

short (~1 .5 A) Mn—N vector.

Fit# | shell. | path | R(A) N [ AY) | 4aE? | & x10%) | £ x10%)
1 Mn-N - 1.57 | 328 | 0.003 -8 0.59 0.84
2 Mn-N | - 1.57 | 3.13 | 0.002 -8 035 0.22
Mn-C - 227 | 1.71-| 0.002°
3 Mn-N - 1.57 | 3.13 | 0.002 -8 0.20 0.14
Mn-C -~ 227 | 171 | 0.002°
Mn-N 1 347 | 258 | 0.002°

*fit parameters and quality-of-fit parameters are described in Chapter 3 Materials and Methods,
path = multiple-scattering path from Figure 5-3; AE,, was constrained to be equal for all shells
within a fit; ‘parameter fixed in fit
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N values obtained from the fits cannot be correlated to a chemical structure using the
same methodology that was used in Chapter 3. The EXAFS equation shown in Eq. 3-2
from Chapter 3 was derived for isotropic samples in which the absorber-backscatterer -
vectors lie in a sphere of all possible orientations. For spectra obtained from single
crystals, the amplitude of these features is weighted by quzo, where 6 is the angle

between the Mn—backscatterer vector of interest and the X-ray E vector; averaging over

all possible orientations produces a weighting factor of -;;.282'289 Thus, the N values from

single-crystal data should be divided by 3cos?6 to enable a meaningful comparison to N
values from isotropic data. After this division is performed, Eq. 3-3 can be used to
interpret N values, and the N value for the nitrido backscatterer agrees quite favorably

with the ’expected value.

AN
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Figure 5-8: Curve-fitting results for various fits described in Table 5-1 to the k’-space
EXAFS spectra from the Mn(V)-nitrido single crystal (1) at an orientation of ¢ = 0° and
¥ = 0°. For comparison purposes, the spectra are presented as Fourier transforms of the
experimental spectra (red) and the various fits (gray) (A) Fit #1 from Table 5-1 (Mn-N);
(B) Fit #2 from Table 5-1 (Mn-N + Mn-C); (C) Fit #3 from Table 5-1 (Mn-N + Mn-C +
cyano Mn—N).
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A Pa‘rti‘c'ula'rly' inforrna't'ive' rnethod- of der'ivfin'g"' in'Sight' '-i'n"to’ 'the ‘various

. contnbutlons to the EXAFS ﬁts 1s to compare the Fourler transforms of the calculated R -

B ‘EXAFS spectra for each ﬁt to the expenmentally deterrmned EXAFS spectra Flgure 58

} --shows the comparlson of the three fits from Table 5- 1 (gray) to the expenmental EXAFS v
'. spectrum (red) Fit #1 from Table 5-1 (Flgure 5-8A) 'adequately account_s for the v
' dormnant Mn-N scattering in the EXAFS spectrum, but does' not account for the peaks at’
higher R .' By including a Mn—C shell (Fit #2 from T able 5-1) for the axial cyano group,
 the shoulder on the large Mn—N peak is accounted for (Flgure 5- 8B) but itis necessary to

- add the multlple-scattermg contrlbutrons from the axial cyano N (F1t #3 from Table 5- 1)
.to obtain a significantly better fit to the spectrum (Flgure 5-8C). ,By presentmg the fits in

the ’m‘é_:_thod shovt/n in Figure 5-8, it is quite _strajghttorward to assign features in the

Fourier transform and assess the effe_cts of multiple scattering.
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Table 5-2: Simulations of the EXAFS spectra from the Mn(V)-nitrido single crystal (1)
at-an orientation of ¢ =45°, % =90°. This orientation minimizes the contribution from
the short (~1.5 A) Mn-N vector and maximizes the backscattering contributions from the

equatorial cyano groups.

Fit # shell path | RA) | N | Ay | 2B | ©o(x10%) | &(x10%)

1 Mn-C - 196 | 605 | 0004 | -16 4.72 2.72

2 Mn-C - }'196 | 585 | 0004 | -19 | 1.69 1.06
Mn-N - 3.2 7.0° | 0.002° : '

3 Mn-C - 198 | 551 [ 0003 | -11° 0.37 0.23
Mn-N | - 3.13° | 651¢ | 0.002%

Mn-N 1 3.13¢ | 651¢ | 0.002* |
Mn-N 2 3.13° | 6.51¢ | 0.002°

*fit parameters and quality-of-fit parameters are described in Chapter 3 Materials and Methods,
path = multiple-scattering path from Figure 5-3; "AE, was constrained to be equal for all shells
within a fit; “parameter fixed in fit; “parameters constrained to be equal for designated shells in the
fit; apper limit for parameter '

At the othér extreme orientation, ¢ =45° and = 90°,. the contribution to the
EXAFS of the short Mn-nitrido véctor is minimal, and the Spectrum is dominated by the
contributions from the equatorial cyano groups. As shown in Fit #1 from Table 5-2,
ignoring the confributions from Mn-N scatt_ering paths 1¢ads to a pdor fit of the
experimental EXAFS; the second Fquricr peak in Figure 5-9A is essentially unaccounted
for. Fit #2 in Table 5-2 attempts to fit the .second Fourier peak with a single-scattering
Mn-N shell. Figure 5-9B shows that the resulting amplitude of the second Fourier peak |
in the fit is insufficient to account for tﬁe experimental data; this is also reflected in the
high ® and & values in Table 5-2. As Fit #2 from Table 5-2 shows, single-scaﬁeﬁng
theory predicts a significantly lower amplitude of this'pea'k than is experimentally
observed. One poséible-explanation of the high ampﬁtude of the second Fourier peak

could be that it is due to backscattering from higher Z atoms, such as a transition metal, at

177



R>3A. The characterization of these crystals by Bendix et al.”’ proved that this
explanation is incorrect, because no metal atoms are visible from vthe Mn poiﬁt-of-vigw in
the samples at less than the EXAFS detection limit of 5 A. Figure 5-9C shows that the
inclusion of multiple-scattering shells nicely accounts for the amplitude of the second
Fourier peak (Fit #3 in Table 5;2). ‘ |

To explain the N values from these fits, it is important to cmphas1ze that rotation
of the crystal around the Mn—nitrido bond will not change the EXAFS spectrum the
projection of the four equatorial Mn—C or Mn-N vectors onto the X-ray E vector will
always add up to a total of two Mn—C vectors and two Mn-N vectors. Thus, weighting.
by 3cos’60 as descrlbed earher yields an expected N value of ~6 for the curve-fitting

results, which is borne out by the fits shown in Table 5-2.
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Figure 5-9: Curve-fitting results for various fits described in Table 5-2 to the k’-space
EXAFS spectra from the Mn(V)-nitrido single crystal (1) at an orientation of ¢ =45° and
% = 90°. For comparison purposes, the spectra are presented as Fourier transforms of the
experimental spectra (red) and the various fits (gray) (A) Fit #1 from Table 5-2 Mn-C);
(B) Fit #2 from Table 5-2 (Mn-C + Mn-N single scattering); (C) Fit #3 from Table 5-2

(Mn—C + Mn-N single and multiple scattering).
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Mn(V)—oxo single crystal (2)

XANES

Figure 5-10 shows the dichroism exhibited in the XANES spectra of the
Mn(V)-oxo single crystal (2) as the rotation angles ¢ and  are changed. As was seen for
the Mn(V)-nitrido single crystal (1), a strongly dichroic pre-edge feature is seen for the
Mn(V)-oxo complex; however, in contrast to the Mn(V)-nitrido single crystal, the pre-
edge feature for the Mn(V)—oxo single crystal is more intense when the long axis of the
crystal is oriented perpendicular to the X-ray E vector. This suggests that the Mn-O

bond is oriented away from the long axis of the crystal. However, an absolute orientation

1.3
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00 i T I
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Figure 5-10: Mn K-edge XANES spectra of the macrocyclic Mn(V)—oxo single crystal
(2) at two combinations of the rotation angles ¢ and . The spectrum shown in red was
collected at ¢ = 0° and ¢ = 0° and the spectrum shown in green was collected at ¢ = 45°

and y = 90°.
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' __Qf thecrystal could not bbe; éSté_ibliShgd béc:_aﬁég ltIS notknown how thé'u_x.;it éqll axes are. B )
’ rgla{téd to thé macfdséopié crystal axes, and techmcal ’ljnﬁfétiéns preglude’d.det_é‘rmi.ning ’
thi.'s. feiationshii) from a diffraétion pattern (vzde :sup::rvd). Pfesumably,-this pfe-jgdge ,
feature arises from transitions from the 1s c;ore:: leviél to'aﬁ' antiboriding mo.lééulér orbital
with Ifletali d, and ligand p, chvaracter..sm"z_.s; Fﬁfﬁhérmore, thé shape of the pre-edge peak
chahges signifiqantly between the two dfiéntations. Because of the short vtim.e éf
exposure to X-rays, it is unlikely that this vdifference is due to photoreduction effects. A
~ more likely éxplanation is that there may be multiple prc;—edge features in this complex,
each with different dichroic properties.

The diéhroism in the main edge regi,onv is much less dramatic than seeh in
Figure 5-5 for the Mn(V)—nitrido" single crystal (1), ‘which is partly because multiple-
scatte:riﬁg contributions are much smaller for th_é Mn(V)—on complex (see Figure 5-1);
mul}tiplé-scattering effects are strongly dependent on fhe Collinearity of the absorber,
backscatterer, and intervening atom, and are difficult to detéct if the anglevbetvx‘/ee.n these

 atoms is ~150° or less. ™"
EXAFS

Figure 5-11 shows the Fourier tranéfonn's of thé I-space EXAFS spectra of the
macrocyclic Mn(V)—oxo single crystal (1) for two combinations of the rotation angles ¢
and . The peak at an apparént distance R’ of _1.5 A in the ¢ =0°, x = 0° spectrum
(shown invred in Figure 5-11), which hés a n_()ti_céable shoulder in the ¢ =45°, y = 90°
spectrum (shown in green in Figure_S‘-l_l),.::is rﬁ_ainly dﬁe to backscattering from the -
eciuator'ial N ligands in the macrocycle. fAvSh§u1der appéa:s: at the orientation where the |

181



0.400

0.300 -

FT Magnitude
o
N
o
o

0.100 -

0.000 T T l T
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Apparent distance R'(A)

Figure 5-11: Fourier transforms of the k’-space EXAFS spectra of the macrocyclic
Mn(V)-oxo single crystal (2) for two combinations of the rotation angles ¢ and . The
spectrum shown in red was collected at ¢ = 0° and ¥ = 0° and the spectrum shown in
green was collected at ¢ = 45° and ¢ = 90°.
pre-edge peak in Figure 5-10 becomes more intense (¢ =45°, x = 90°); this reflects the
appearance in the Fourier transform of backscattering from the short Mn-O distance.
Because this complex does not have all the Mn—O bonds oriented in a nearly collinear
fashion with the long axis of the crystal, as was the case for the Mn(V)-nitrido single

crystal (1), the dichroism observed for the short (~1.5 A) Mn-ligand distance is much

smaller for the Mn(V)—oxo single crystal.
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di-p-oxo Mn,(l11,1V) single crystal (3)

XANES

Figure 5-12 shows the dichroism exhibited in the XANES spectra of the di-p-oxo
Mn,(IILIV) single crystal (3) as the rotation angles ¢ and  are changed. These XANES
spectra are far less dichroic than those shown in Figure 5-5 and Figure 5-10 for the
Mn(V)-nitrido single crystal (1) and the Mn(V)-oxo single crystal (2), respectively.
Because an absolute orientation for this crystal could not be determined, it is possible that
a different choice of the rotation angles ¢ and % would produce increased dichroism in the

XANES region. However, the maximum possible observable dichroism will be dictated
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Figure 5-12: Mn K-edge XANES spectra of the di-p-oxo Mn,(IILIV) single crystal (3)
at two combinations of the rotation angles ¢ and %. The spectrum shown in red was

collected at ¢ = 0° and y = 0° and the spectrum shown in green was collected at ¢ = 45°

and y = 90°.
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by how the di-p-oxo Mn,(II1,IV) moieties are oriented within the unit cell.

EXAFS

Figure 5-13 shows the Fourier transforms of the k’-space EXAFS spectra of the
di-p-oxo Mn,(IILIV) single crystal (3) as a function of the rotation angles ¢ and ). The
peak at an apparent distance R’ of 1.48 A is mainly due to backscattering from the
bridging di-p-oxo ligands, and the peak at an apparent distance R’ of 2.33 A corresponds

to Mn—-Mn backscattering. While the XANES spectra shown in Figure 5-12 are not
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Figure 5-13:  Fourier transforms of the k’-space EXAFS spectra of the di-u-oxo
Mn,(II1,IV) single crystal (3) as a function of the rotation angles ¢ and . The spectrum
shown in red was collected at ¢ = 0° and 3 = 0° and the spectrum shown in green was
collected at ¢ =45° and ¥ = 90°. Note the change in the scale of the y-axis between this

figure and those in Figure 5-7 and Figure 5-11.
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partlcularly dlchr01c,the EXAFS spectra taken at thesamerotatlon anglesd) and x are
much more 'diehrOic. This is expeéted beeanse_the dl-p-oxoMn—Mn rnoiety i'vs;‘)la_nar‘;303
thus, an erientatidn in:which the. Xéras'r vE tlector is ‘p'aralle.ll to:the Mn—Mn .vee.tovr'jWivllv’also.
maximize the contribution from the di-p-oxo bridges. Conversely, an orientation in
which the X-ray E vector is perpendicular to the Mn—Mn vector wiH minimiz_e the
cont_ributtons from beth Mn-Mn backscatteting and nackscattering from the di-p-oxo
bridges, and the only remaining significant contributions will be‘ from bridging ligands.

| Exarninatien of X-ray cryst_al structnre:_ data frqm similar compounds suggests that
the di-p-oxo Mn,(IILIV) single crystal i.us_ed in _these studies will give rise to highly
..dichroic EXAFS spectra once the absinte Cry‘stal Qrientatidn can l_')e. calibrated and a
| judicious choice of the rotation angies ¢ and ¥ 1s made.v; Twp __simil.arv cemplexes were
crystallized by Stebler et al.,3°3»the-Mn2(III,IV) complex with PF, c'ounterions and the
- Mn,(IV,IV) complex with ClO, counterions. Each moleeule crystallized with four
molecules in the unit cell (space group Pbcn for the PF6 complex and P2,/c for the ClO,
complex), and the planes formed by the difp-oxo Mn—Mn moieties of each:molecule in
the unit 'c_ell are all cbpia_riar 1n each crystal." Therefone, it is reasonable to expe:c't that
such a situatien enists for the di—p-oxo-an.z(III IV) stngle crystal used in the current.
study, thus, proper choice of the rotation angles ¢ and %, should reveal even more.i

dichroism in the EXAFS spectra than is observed in Flgure 5 13.
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A homologous set of Mn complexes in the Mn,(l11,1l1), Mn,(l11,1V), and Mn,(IV,1V)

oxidation states

XANES

The Mn K-edge XANES spectra of 4, 5, and 6 in the Mn,(IIL,IIT), Mn,(IIL,IV),
and Mn,(IV,IV) oxidation states are shown in Figure 5-14. The pre-edge region near
6542 eV shows significant changes when the mono-p-oxo Mn,(IILIII) complex is
oxidized to the di-p-oxo Mn,(III,IV) complex, but very little change when the di-p-oxo
Mn,(IILIV) complex is oxidized to the di-p-oxo Mn,(IV,IV) complex. The pre-edge
region is known to be extremely sensitive to the ligand geometry;’® thus, it is not
surprising that the changes in the pre-edge region in these complexes are dominated by

the change in ligand environment of a mono-p-oxo bridging compound to a di-p-oxo
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Figure 5-14: Mn K-edge XANES spectra of 4, 5, and 6 in the Mn,(IILII) (blue),

Mn,(IILIV) (pink), and Mn,(IV,IV) (green) oxidation states.
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' bridgivng-comp_ourfld'.{'

’ ’I‘lle. shepevof the main edge regio:rl.al'so shows the most d_mmatic changes when
the ligand erivilrohmerlt is changed :fromv mono-p%oxo brldginé :vmo.iety to a difp-oxo
bridging moiety. However, in comparing’ the di-p-oxo an(III,IVI) complex to the
di.-p-oxo Mn,(IV,IV) complex, where the ligand e'mﬁronment is identical, the oxidation
of Mn causes a shift in the edge position to lnligherenergy:andl tllefe is almost no cll_ang_e |
in the shape of the edge. A slnlilar- trend is seen in the XANES spectra pertaining to tlie‘

S, — S, transition (see Figure 2-4 in Chapter 2).

EXAFS

The k’-space EXAFS‘ spectra of 4, 5, aod 6 in the Mn,(IIIL,III), Mn,(III,IV), and
Mn,(IV,IV) oxidation states, respectivély,» ére shown in Figure 5-15 As was concluded
from the 'exar.nination of the XANES spectra'in Figure 5-14, the greatest changes in the
K’-space EXAFS' spectra occur between vt:he mono-{-0xo an(III,III) complex and the
di-p-0xo Mn,(IILIV) complex. This is because the ~_2.7 A Mn-Mn backscattering which
is present. in di-p-oxo-bridged Moz moieties is absent in the- mono-u-oxo Mrlz'(IH,IH)

complex thus, the k’-space spectrum for the an(III III) complex is much dlfferent from _

the k’-space spectra for the an(III IV) and the MnZ(IV V) complexes ThlS is shown' L

graplucally in the Fourier transforms _of vthes‘e_ F-space spectra which are shown in
Figure 5-16. The peak at an apparent distance R'= 2.3 A in the Mn,(IIL,IV) and the
Mn,(IV,.IV) complexes reflects the contfibution from Mn-Mn backscattering in the

di-p-oxo-bridged moiety. In the mono-u-oxo Mn,(IILIV) complex, the Mn-Mn
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Figure 5-15: Mn k’-space EXAFS spectra of 4, 5, and 6 the Mn,(IILIII) (blue),

Mn,(IILIV) (pink), and Mn,(IV,IV) (green) oxidation states, respectively.
backscattering peak has increased in apparent distance by ~0.5 A, consistent with the
presence of a mono-p-oxo bridge.

The first peak in Figure 5-16 corresponding to first-shell Mn—O/N ligands is also
strongly affected by the presence of a di-p-oxo bridge. It has been shown that the
bridging oxygens in di-p-oxo-bridged Mn—Mn moieties are by far the strongest
contributor to the first-shell EXAFS due to their low static disorder, although a greater
number of terminal Mn—O/N distances, albeit with a higher static disorder, exist.”” The
increase in apparent distance of the first peak in the mono-p-oxo Mn,(IILIII) complex
can be due to two factors. First, the Mn(III) Jahn-Teller distortion is expected to be twice

as intense in the Mn,(IILIIT) complex as it is in the Mn,(IIL,IV) complex, which causes an
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Figure 5-16: Fourier transforms of the Mn k’-space EXAFS spectra of 4, 5, and 6 in the

Mn,(IILIII) (blue), Mn,(IIL,IV) (pink), and Mn,(IV,IV) (green) oxidation states,

respectively.
increase in the first-shell distances to axial ligands. Another explanation is that the
difference in the degree of static disorder between the bridging and terminal distances is
less in the Mn,(IILIIT) complex than the Mn,(III,IV) complex. However, neither of these
scenarios would predict that the first-shell Fourier peak would be more intense in the
Mn,(IILIII) complex than the Mn,(IILIV) complex. In fact, a similar mono-u-oxo
Mn,(IIL,III) complex with tacn (triazacyclononane) terminal ligands has been synthesized

by Wieghardt et al.”* and it was shown by DeRose et al.”” to have a significantly reduced

amplitude of the first- and second-shell Fourier peaks relative to the S, state of PS II.
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o y Becalis_c_ single crystalshave been obtamed ofall three of these é:omplexé's"-f_r_(:)rr_i’_
ProfMukherJee, it w1ll be péssiblé tb' pufsue oriented XAS studies with these samples-in

o conjunction with the onentedstudlesof PS ]:;[vsiivngl_e crystals.
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Discussion

The ability to exploit the plane-polarized nature of s&nchrotron radiation has

161,202,205,236,305

made possible the study of dichroism in oriented membranes, singlc—crystal
model complexes,® ¢ and cingle crystals of metalloproteins.®® These studies have been
able to si‘gniﬁcantlyvexpand the X-ray absorption Spectroscopic information available for
these systems over what is gleaned from studies of isotropic samples.

Based on the rcsults shown in this chapter, it is reasonable to expect that the study
of single crystals of PS 1I will pro.vide significant new information about the orientation
of important strucfural motifs in the OEC. This is based on the significant dichroism
observed in the single crystal studies of the three Mn complexes presented above. Of
particular interest are the dichroic properties of the di-u-oxo an(HI,IV) single crysfal 3
which show that the ﬁrst and second Fourier peaks ha?e quite similar dichroic properties.
Thus, it is _quite possible that the proper orientations of a PS II single crystal will show -
thc same type of dichroism in Peaks I and II, this will greatly .help in deriving insight into
the rcl‘ative orientations of the di-u-oxo Mo—Mn motifs. This will also be extremely
helpful in _narrowing the possibilities for a topological model of the dEC that are shown
in Fiéure 3-12 and Figure 3-13. |

Ohe of the issues that will need to be addressed for mctalloprotcin crystals is how
to minimize radiation .dar_n'age. The XANES spectra shown in Figure 5-5 from the
Mn(V)-nitrido single crystal (1) show that susceptibility to radiation damage is a concern
even for model complexes if they are exposed to the X-ray beom for a sufﬁcient time.

The spectrum in Figure 5-5 collected at ¢ = 30° and y = 0° (pre-edge peak second from
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the top) was one of the last spectra collected on this crystal, and the pre-edge peak from
this transition is noticeably ’§hifted to higher energy. This can be attributed to the effects
of radiation damage, because the same trend was seen in separéte scans at ¢ =45° and
X = 0° which were taken near the beginning and the end of the experiment (data not
shown); the experiment took over 24 hours to complete at room temperatire. The
radiation damage can be g_reatly reduced if a laminar flow of cold N, gas maintains the
crystal temperature at ~100 K; such laminar-flow setups are already in place in all
beamlines at SSRL dedicated to protein crystallography. | |

Further improvement can be obtéined vby using an image plate or an area detector
to collect a diffraction paftem of a crystal‘mounted on the goniometer head. This
eliminates the need to relate the unit cell axes with the m.;:lcroscopic crystal axes, because
the direction of the unit cell axes can be dete@ned from the diffraction pattern if fhe
space group of the crystal is _kﬁown. By taking two diffraction patterns at two arbitrary
angles 90° apart, the absolute orientation angles of the unit cell axes can be calculated;
this provides an absolute calibration of the goniometer angles ¢ and X and allows proper
alignment of the X-ray E vector with the desired molecular vector(s).

These suggested improvements are being incorporated intb a special single—éryStal
setup that can be installed in certain SSRL beamlines which will have a means of
collecting diffraction patterns and cryo-cooling crystals. This will greatly reduée the two
major problems mentioned above — absolute angle calibration and rédiation damage — and

will make it possible to perform single-crystal XAS studies on PS II.
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Appendix

EXAFS curve-fitting of Mn(V)-nitrido single-crystal spectra from an intermediate
orientation

The fitting procedure described in the main text for the extreme orientations of the
Mn(V)-nitrido single crystal (1) can be extended to fit an intermediate orientation which
contains contributions from almost all of the backscatterers present in the complex.

Table 5-3 describes the fits to the EXAFS data at the intermediate orientation of ¢ = 45°

Table 5-3: Simulations of the EXAFS spectra from the Mn(V)-nitrido single crystal (1)

at an orientation of ¢ = 45° and ), = 0°. This orientation contains contributions from both

the short (~1.5 A) Mn—N vector and the equatorial cyano groups.

Fit# | shell path | R(A) N A | AES | o x10?) | £ (x109)
1 Mn-C - 194 | 442 | 0.004 20 241 1.57
Mn-N - 3.08° | 4.44% | 0.004¢
Mn-N 1 3.08¢ | 4.44° | 0.004¢
Mn-N 2 3.08¢ | 4.44° (. 0.004°

2 Mn-N - 1.60 1.70 0.003 5 2.89 1.81

Mn-C - 237 | 058 | 0.002°
3 Mn-N - 158 | 1.85 | 0.003 -1 1.61 1.16
Mn-C - 235 | 0.69 | 0.002°
Mn-N 1 320 | 3.70 | 0.002
4 Mn-C - 197 | 240 | 0.002° | -12 | 0.7 0.05
Mn-N - 3.13¢ | 4.56° | 0.005¢
Mn-N 1 |'3.13¢ | 456 | 0.005¢
- Mn-N 2 3.13¢ | 456 | 0.005°
Mn-N | - 155 | 161 | 0.003

Mn-C - 244 0.27 | 0.002°

*fit parameters and quality-of-fit parameters are described in Chapter 3 Materials and Methods,
path = multiple-scattering path from Figure 5-3; *AE, was constrained to be equal for all shells
within a fit; “parameter fixed in fit; “parameters constrained to be equal for designated shells in the
fit - : .
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énd % = 0°. Fit #1 in Table 5-3 shows the attempt to fit this spectrum using only single-
and multiple-scattering contributions from the equatorial cyano groups. As shown in
Figure 5-17A, this adequately fits the backscattering contributions from the cyano N
atoms, but poorly fits the low R’ contributions to the first Fourier peak. Fit #2 in
Table 5-3 uses only the single-scattering shells corresponding to the axial ligands;
Figure 5-17B shows that this fits the low-R’ portion of the first Fourier peak well, but
cannot fit the second Fourier peak at all. Adding multiple-scattering contributions to this
fit is a significant improve_mem (Fit #3 in Table 5-3, Figure 5-17C), but is mostly du¢ to
the fitting program attempting to fit the corhponents of the EXAFS spectrum which are
due to equatorial ligands with axial ligand parameters. Including shells for both the
equatorial and-axial ligands (Fit #4 in Table 5-3) provides an excellent fit to the

experimental data, as shown in Figure 5-17D.

194



(.250 i

0.150 1

0.050

0.250

FT Magnitude

0.150

0.050 T

1.0 20 3.0 4.0 5.0 1.0 2.0 3.0 4.0 5.0
Apparent distance R'(A)  Apparent distance R’ (A)

Figure 5-17: Curve-fitting results for various fits to the kK’-space EXAFS spectra from
the Mn(V)-nitrido single crystal (1) at an orientation of ¢ =45° and % =90°. For
comparison purposes, the spectra are presented as Fourier transforms of the experimental
spectra (red) and the various fits (gray) (A) Fit#1 from Table 5-3; (B) Fit #2 from
Table 5-3; (C) Fit #3 from Table 5-3; (D) Fit #4 from Table 5-3.
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Chapter 6 : Future Directions

The conclusions presented in this thesis are suggestive of several additional
experiments which can provide further insight into the structure of the OEC and the
mechanism of oxygen evolution. Many of these experiments'will take advaniage of the
higher Mn concentration in newly available single crystals of PS II from the research
groups of Dr. Fromme and Prof. Witt in Berlin.®*** These preparations have 60 — 70 Chl
per reaction center,”” which is increased by a factor of about five relative to the
preparations used for the experiments detailed in this thesis. Because the single-flash
saturable concentration of Chl in this new preparation is still 9.5 mg/mL, this translates
into a five-fold increase in the Mn concentration of single-flash saturable PS II samples.

Intriguing experiments for the future abound with these new Fromme/Witt PS II
pfeparations and single crystals. It is now possible to use these new preparations to
repeat the XANES and KB XES experiments detailed in Chapfer 2 at a significantly
higher Mn concentration. This will be most helpful for the KB XES experiments, which
can now be performed with less X-ray exposure time, and a higher signal-to-noise ratio
will be achieved. Furthermore, these experiments can now be done at the Advanced
Photon Source (APS) in Argonne, IL, where the photon flux is increased by roughly a
factor of 100 over that available at beamline 10-2 at SSRL. This means that, during the
limited amount of beamtime available, a significantly larger number of samples will be
able to be examined than were examined at beamline 10-2 at SSRL.

If the new Fromme/Witt PS II preparations are used, the total X-i'ay eprsuré per

sample for the the KB XES experiments will be considerably reduced relative to the
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experiments described in Chapter 2. This will improve confidence that the observed <E>
shifts for the KB XES spectra detailed in Chapter 2 are not significantly affected by
radiation damage. For the XANES expcriments; _the greatest benefit from the
Fromme/Witt PS II preparations will be the significantly improved signal-to-noise ratio.
‘This will make it easier to identify the individﬁal features that ¢ontributé to the XANES
spectrum using high-resolution 2™ derivatives. If theée features can be reliably identified
in the various S-states of the OEC as well as in Mn model complexes, it may be possible
to gain a much deeper insight into the origin of the XANES transitions than is currently
avaiiable. Currently, exfracting oxidation-state information from XANES spectra is
primarily based on qualitative interpretations of edge shape and using quantitative
analysis methods like 2™ derivatives to calculafe shifts in the overall position of the main
XANES edge. With information about the position and number of individual transitions
that form the main XANES edge, techniques like density functional theory can be used to
assign thése experimentally observed features to ab initio-calculated transitions between
molecular orbitals. This type of interpretation could finally prc;vide a firin theoretical
basis for interpreting the XANES spectra of PS II much like the esfablished theoretical
basis that exists for interpreting EXAFS spectra.

The increased flux available at the APS can also be used to indirectly obtain an
Mn L-edge XANES spectrum from PS II. It has been extremely difficult to collect Mn
L-edge spectra becausé significant experimental problems occur with photons at the
energy of the Mn L-edge absorption (~650 eV). The penetration depth of L-edge photons
is only about 1'um, and frost forming on the sample will instantly eliminate any Mn
fluorescence. Furthermore, at these energies, almost any substance, including the sample,
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significantly absorbs the incoming X-rays, so the experiments must be done in vacuum;
radiation damage is thus a serious problem. Fi‘nzﬂly, the oxygen K-edge is only 100 eV
lower in energy than the Mn L-edge; thus, superconducting energy-resolving detéctors
must be used to discrinﬁnate against the vast amount of oxygen Ko fluorescence that is
present.>®

These problems are particularly challenging in view of the potential of Mn L-edge
spectra to provide detailed information about the Mn atoms in the OEC. In many ways,

Mn L-edge spectra are superior to Mn K-edge spectra, because multiplet calculations™”

can be élpplied to L-edge spectra which are sensitive to the number of holes in the

information about oxidation states relative to what is available from K-edge XANES

spectra. L-edge spectra have already been obtained for a number of Fe, Cu, and Ni

metalloproteins,® '

and have been fit using multiplet calculations to provide
quantitative conclusioné about the oxidation states of the metals involvedT .Ho,weverv, as
detailed above, extending these experiments to Mn in PS II is not straightforward.

Most of the problems in L-edge spectroscopy are due to the intrinsic physical
properties of <1 keV photons. Thus, the recent proposal by Prof. Stephen Cramer and co-
workers that it may be possible to collect these L-edge spectra using hard X-rays is
definitely worth investigating. This proposal is based on using a technique called
resonant inelaétic X-ray scattering (RIXS)*" t(; collect an L-edge-like spectrum of Mn in
PSII. RIXS involves exciting a pre-edge transition (1s — 3bd) of the K shell using hard
X-rays. Then, the high-resolution X-ray emission analy‘zer described in Chapter 2 can be

tuned to detect the Ko fluorescence of Mn, which is a 2p — 1s transition. The final state
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3d level,*® the oxidation state of Mn, and the spin state of Mn.>” This is a rich amount of



from this transition is a 2p hole, which is the same final state as the L-edge fluorescence
(3d — 2p). Thus, the resulting spectrum obtained using hard X-rays with RIXS should

.resemble a Mn L-edge emission spectrum. Furthermore, this technique offers an
unprecedeﬁted opportunity to selectively excite into specific molecular orbitals with
3d character by tuning the incoming X-rays to look at a specific pre-edge trangition; at
least 2 — 3 resolvable pre-edge transitions are seen in the Mn K-edge spectrum of PS II,
as shown in the inset of Figure 2-4A. This means that it would be possible to obtain
‘nested” RIXS spectra which correspond to fluorescence from different molecular orbitals
with 3d character.

A rough estimate of the expected signal-to-noise ratio for this experiment is
actually quite pronﬁsing, ‘because the Mn Kf ﬂuores;:enée that waé monitored in the .
experiments described in Chapter 2 is a factor of eight weaker th‘an the Mn Ka
fluorescence from these proposed experiments. However, the pre-edge transition shown’
in Figure 2-4A is formally dipole-forbidden, and in PS II is about ten times weaker than

- the main (1s — 4p; XANES transition. Thus; the expected signal-to-noise ratio should
be comparable to that observed for the KB XES spectra shown in Chapter 2.
Furthermore, this experiment is dependent on Vthe siability aﬁd energy résoiution of the
incoming X-ray beam. The beam needs to be monochromatic enough (<1 eV would be
desirable)- to selectively excite certain pre-edge transitions. In addition, any shift in
energy of the incoming X'-ray beam will be manifested as a shift in the observed
L-edge-like spectra; this must be kept to a minimum to avoid unnecessarily broadening

the spectral features.
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The Si-state EXAFS experiments described in Chapter 3 can be extended by
using oriented S;-state samples. This can be done by using the time after the flashes,
which was used to concentrate the samples by centrifugation, instead to orient the Sy-state
PS II membranes on a Mylar film. Th¢se samples can then be used in orien'ted EXAFS
experiments to examine the dichroism of the 2.85 A Mn—Mn ‘vector separately from the
2.7 A Mn-Mn vector(s) and extract the orientation of these Mn—Mn vectors with respect
to the membrane plane. Using oriented samples to derive dichroism information has

161

already been performed for samples m the S, state™ and samples in the S, state which

have been treated with NH,;*¢ these experiments have exploited the presence of Mn—-Mn

distance heterogeneity in the samples to deconvolute the dichroic properties of the longer %

- and shorter Mn—Mn vectors.

The EPR experiments with the Sy-state multiline EPR sighal detailed in Chapter 4

are being advanced by the examination of this signal using pulsed EPR methods in -.

collaboration with the group of Prof. Britt at UC Davis and using high-field EPR - -

speétroscopy in collaboration with the group of Prof. Lubitz at the TU-Berlin. The use of
pulsed EPR methods such as ESEEM will provide further insight into the magnetic
couplings present in the S state and will significantly refine the fit possibilities presented
in Chapter 4 for this signal. The use of high-field EPR will show how much g énisotropy
is present in this signal; at the present time, it is not known to what degree hyperfine
interactions aﬁd g anisotropy contribute to the splitting between the multiline peaks. If
signiﬁcant‘ g anisotropy. is present, the splitting between the multiline peaks will
significantly increase at higher field, because g anisotropy is magnetic-field dependent
while hyperfine interactions are not. |
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The single-crystal experiments with Mn model compounds that are detailed in
Chapter 5 will be followed by similar experiments with single crystals of PS II from the
Fromme and Witt groups in Berlin. The information gained by the experinients with
model compounds wiil guide the subsequent studies of PS II, in which the hope is to
specifically orient the di-u-oxo-bridged Mn—Mn moietie§ in the OEC. This will lead to a
significant refinement in the possibilities for the structure of the oxygen-evolving

complex in PS IL
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