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Abstract

XANES, EXAFS and Kb Spectroscopic Studies of the
OxygenEvolving Complex in Photosystem 1

by

John Henry Robblee

Doctor of Philosophy in Chemistry
University of Cdifornia, Berkeley

Professor Kenneth Sauer, Chair

A key quedtion for the understanding of photosynthetic water oxidetion is whether
the four oxidizing equivaents necessary to oxidize water to dioxygen are accumulated on
the four Mn ions of the oxygen evolving complex (OEC), or whether some ligand-
centered oxidations teke place before the formation and release of dioxygen during the
S® [S]® S trandtion. Progress in ingrumentation and flash sample preparation
allowed us to goply Mn Kb X-ray emisson spectroscopy (Kb XES) to this problem for
the firgd time. The Kb XES reaults, in combination with Mn X-ray absorption near-edge
gructure (XANES) and dectron paramagnetic resonance (EPR) data obtained from the
same st of samples, show that the S, ® Sg trangdtion, in contrast to the S ® S and

S ® S, trangtions, does not involve a Mn-centered oxidation. This is rationdized by

manganese |I-0xo bridge radica formation duringthe S, ® Sg trangtion.



Usng extended X-ray absorption fine structure (EXAFS) spectroscopy, the local
environment of the Mnaoms in the Sy state has been dructurdly characterized. These
results show tha the Mn-Mn distance in one of the di-p-oxo-bridged Mn-Mn moieties
increases from 2.7 A in the S; state to 2.85A in the Sy state.  Furthermore, evidence is
presented that shows three di-p-oxo binuclear My clusters may be present in the OEC,
which is contrary to the widdly held theory that two such clusters are present in the OEC.

The EPR propeties of the S date have been invedtigated and a characterigtic
‘multiling dgnd in the Sy state has been discovered in the presence of methanol. This
provides the first direct confirmation that the native $ Sate is paramagnetic. In addition,
this sgnd was smulated usng parameters derived from three possble oxidation States of
Mninthe § state.

The dichroic naiure of X-rays from synchrotron radiation and singe-crystad Mn
complexes have been exploited to sdectively probe Mnligand bonds usng XANES and
EXAFS spectroscopy.  The results from single-crystd Mn complexes show that dramétic
dichroiam exigts in these complexes, and are suggestive of a promising future for sngle-

crysta sudiesof PS1I.
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Chapter 1: Introduction

The advent of oxygenevolving photosynthess is perhgps the most important

event to have occurred in evolution. It was only through the converson of Eath's

anaerobic atmosphere! to an aerobic atmosphere 2 — 3 hillion years ago®* that evolution

of eukaryotic life forms became possble  This converson was accomplished by

photosynthetic organisms which harnessed the energy present in photons of sunlight and

sored

Redox Potential (Voits)
o o = = — =
EEN L] 4 =] %] [ ]

o
(1]

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

HED + CDE — DE + {CHEU}H

PSS
Epy (V)
pH7 Stroma
PS5 I
- M DF
Thwlakaid
Membrans

LEman

Figure1-1: 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 electronsis 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  dinuclectide  phosphate), ATP (adenosine  triphosphate),
carbohydrates, and lipids. This process is summarized by the eguation in Figure1-1 and
congsts of two mgor groups of reactions: the light reactions and the dark reactions. The
light reections ae schemaicdly summarized in Fgurel-1; these reections use light
energy to oxidize water to dioxygen, generate a proton gradient across the thylakoid
membrane, and generate reducing equivaents in the form of NADPH.® The potentid
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 equivaents available in NADPH as well as ATP to fix CO, into carbohydrates,
generating biomass in a process known as the Calvin-Bassham cycle®1°

The driving force behind photosynthetic eectron transport is the absorption of
vighle-light photors by the photosynthetic reaction centers photosystemlIl (PS1I) and
photosysem| (PSI). This absorption process provides the necessary free energy to
transport eectrons from water, the primary eectron donor, to NADP®, the termind
electron acceptor, and generates a proton gradient in the process. Each of these reaction
centers is a large multi-subunit membrane-bound complex; PSII has a molecular weight
of 300—400kDa'? and the active form of PSI, a trimer, has a molecular weight of
1000 kDa®® These large reaction-center complexes tragp photons with their large
chlorophyll (Chl) antenna systems and transfer the absorbed energy to a designated

cluster of Chl molecules (Psgo in PS 11 and P7go in PS1).
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Figure1-2: Schematic diagram of PSIl. 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 kDaD; and D, polypeptides
provide many of the ligands to the OEC and also contain the redox-active tyrosines Yz
and Yp. The function of the cytochrome bssg subunit is unknown at present. Adapted

from Debus*
Absorption of the energy from the incident photon promotes Rygo (or Prgo in PSI)
to an excited state. The excited State is dissipated very rapidly (3—20ps for Pego

reduction, > 1—2ps for Py reductiont’?°) by transfer of an dectron to a series of

acceptor molecules.  Figure1-2 shows the eectron transport path that exists in PSII.



After trander to a pheophytin, the dectron is sequentidly transferred through two redox-
active plastoquinone molecules, Qa and Qg. Once Qg is doubly reduced, it is released
from PSII into the thylakoid membrane and is oxidized by the next component in the
electron transport chain, the cyt bsf complex.

To fill the hole that is left behind after Psgo Oxidation, a redox-active tyrosne
resdue Yz (Tyr-161 from the D1 polypeptide?>??) becomes oxidized. Yz is quickly
(0.07 — 1.4 me?>?%) reduced by the oxygen-evolving complex (OEC), which is bound to
PSI1I. To reduce Yz, the OEC is able to extract eectrons from water through a concerted
4-eectron oxidation asshown in Eq. 1-1:

2H, O ® O, + 4€ + 4H" Eq. 1-1
If the OEC were to perform this reaction in a series of one-dectron seps, highly reactive
intermediates such as peroxide and superoxide would be formed?® To couple the one-
electron chemigry of the reaction center with the four-dectron chemistry of water
oxidation, the Mn-containing OEC cycles through 5redox states, Sy through S4, where
the index denotes the number of oxidizing equivalents stored on the OEC?’ Only when
four oxidizing equivdents have been dored in the S; date is dioxygen formed, which
avoids the release of harmful water-oxidation intermediates.

The OEC peforms a vitd and thermodynamicdly unfavorable reaction that has
been extremdy difficult to mimic with meta-containing model complexes®®3°  Thus, the
OEC has been the subject of intense study for over 30 years in an atempt to derive
ingght into the mechanism of water oxidation by the OEC.*3'%°  The rdevant kinetic
and thermodynamic parameters as the OEC cycles through the various Sstates have been

of interest,?3254142 it the criticd dement to understanding water oxidation is knowledge

4



of both the dructure of the OEC and the oxidation states of Mn for each of the
intermediate S-states.  Electron paramagnetic resonance (EPR) techniquest*%#34* have
provided important contributions towards this god, especidly in the identification of

4554 However, dructurd information

paramagnetic Mn species in each of the S-states.
about the OEC from EPR experiments is usudly only avalable indirectly through

interpretation of the gvaues and hypefine vaues obtaned through smulaion of

experimental spectra.



X-ray spectroscopy, however, is a very powerful technique for addressng both
dructural and oxidation-state questions.  Figure1-3 shows that the MnK-edge X-ray
absorption spectrum of PSIl contains two main pats the XANES (X-ray absorption
near-edge dructure) 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 primaily the 1s® 4p trandtion in MrP° and is sendtive to Mn

1 || T |I 1 I T I 1 I T I 1
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Figure1l-3: Mn K-edge Xray absorption spectrum of PSIl. 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

increasein X-ray absorption isseen. Seetext for more details.



oxidation-state changes through core-hole shidding effects®  Beyond the XANES
absorption edge, EXAFS oscillations appear; these are due to a find-date interference
effect from photodectrons that are backscattered off neighboring atoms, as seen in
Figure1-3.°" These osdillations contain information about the number of backscatterers
present and the identity of the backscattering atoms; they aso contain extremely accurate
information about the absorber-backscatterer distances (O 0.02A error) in the frequency
of the oscillations.

The semind EXAFS and XANES experiments on the OEC were performed 20
years ago by Kirby etd.®® and Goodin etd.>® regpectivdy. The condusion from the
EXAFS experiments was that di-p-oxo-bridged binucleer M, moieties are a prominent
gructurd motif in the S; sate of the OEC (the dark-dable state), while the conclusion
from the XANES experiments was that Mn is oxidized during the S; ® S, trangtion.
Many subsequent XANES and EXAFS experiments have provided additiond oxidation
sate and sructurad information for the OEC in other S-states®3%4°  However, the
difficulty of generding rdatively pure samples in S-states other than the dark-stable
S date and the S, date has hampered subsequent studies, which are crucid to a
mechanigtic understanding of water oxidation by the OEC.

This thess addresses these problems on two fronts. By preparing samples
eriched in each of the S-dtates S, S1, Sp, and Sg, the presence or absence of Mn
oxidetion during each S-date trangtion has been addressed. This has been done usng
XANES gpectroscopy as wel as a novel X-ray spectroscopic technique, Kb X-ray

emisson spectroscopy (Kb XES) and is described in Chapter 2. These results can be



explaned by the concluson that not dl of the S-date trandtions contain Mn-based
oxidations.

Chapter 3 describes the dructurd characterization of the Sy state usng EXAFS
gpectroscopy on samples generated through single-flash turnover.  This is the most
difficult S-dtate to generate in high purity. The conclusons from these experiments show
that some of the di-p-oxo-bridged Mn-Mn distances are longer in the $ state than they
ae in the S; date.  In addition, some surprisng conclusons can be drawvn from the
experimentad  EXAFS results — specificaly that three di-p-oxo bridges may be present —
that suggest additiond dructurd posshilities for the OEC which have not been
previoudy conddered in detall.

Chapter 4 describes the characterization of the $ state using EPR spectroscopy in
which a didinctive ‘multilineé EPR dgnd has been detected in the S state, thereby
confirming the paramagnetic nature of the Sy date. This sgnd was then smulated under
various assumptions for the oxidation states of Mninthe & state.

Chapter 6 describes the future directions for this research, which will likdy be
centered around the recently discovered Xray crystalographic structure of PSII at 3.8 A
resolution.?®  To prepare for future studies of single crystds of PSII, single crystas of
severd Mn modd complexes were studied usng XANES and EXAFS spectroscopy to
exploit the dichroic nature of dngle crystds and synchrotron radiation; this is described

in Chapter 5.



Chapter 2: Absence of Mn-centered oxidationinthe S, ® S;

transition: insights from XANES and Kb XES and implications for the

mechanism of photosynthetic water oxidation

Abstract
A key quedtion for the understanding of photosynthetic water oxidetion is whether
the four oxidizing equivaents necessary to oxidize water to dioxygen are accumulated on

the four Mn ions of the oxygen evolving complex (OEC), or whether some ligand-

centered oxidations take place before the formation and release of dioxygen during the
SS® [S] ® S trandtion. Progress in indrumentation and flash sample preparaion
allowed us to apply Mn Kb X-ray emisson spectroscopy (Kb XES) to this problem for
the firg time. The Kb XES reaults, in combination with Mn X-ray absorption near-edge
gructure (XANES) and dectron paramagnetic resonance (EPR) data obtained from the
same set of samples, show that the S, ® Sz trangtion, in contrast to the SG® S; and
S ® S, trangtions, does not involve a Mn-centered oxidation. Based on new structura
data from the Sz date, manganese p-oxo bridge radica formation is proposed for the
S, ® Sz trangtion, and three possble mechanisms for the O-O bond formation are

presented.



Introduction

Mog life on eath is criticaly dependent on the presence of dioxygen in the
amosphere.  Almost al of this dioxygen has been generated through photosynthetic
oxygen evolution by the oxygen evolving complex (OEC) in photosytem |l
(PS11).143%61  pg| is a ~500 kDa multi-subunit membrane proteéin complex whose
primary function is to generate charge separation across the membrane using the energy
present in photons of sunlight. The energy from this charge separdtion is then used to
oxidize water to dioxygen in the OEC, and eventudly to generate ATP and NADPH.
The OEC contains four Mn atoms and two essentia cofactors, C&#* and CI. Using the
enagy from the light-induced charge separation in the PSII reaction center, the OEC
couples the 4-éectron chemistry of water oxidation with the Xdectron photochemistry of
the reaction center by sequentidly storing oxidizing equivaents in a series of S-states S
(i =0-4), where i denotes the number of oxidizing equivalents stored (Figure2-1).2’
Once four oxidizing equivdents have been sored (S;), the OEC evolves dioxygen. This
accumulation process avoids the rdease of harmful water oxidation intermediates such as
superoxide or peroxide.

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

So hl'lll'-5-| hy > So —I"h'lll Egﬁl’[s.ﬂ

— ——

Os 2H20

Figure2-1: S-state scheme originally proposed by Kok et al.?’
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subject of intense sudy. Severd possble mechaniams for this reaction have been
proposed; 637406270 however, some key mechanistic questions are ill  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-dates is crucid to understanding the
mechanism of water oxidation. In the absence of a high-resolution X-ray crystd structure
of PSII, the primary spectroscopic tool for dructura andysis of the S-states has been
extended X-ray absorption fine structure (EXAFS) spectroscopy. Based on EXAFS data,
the Mn cluster has been proposed to be a cluster consging of a least two di-p-oxo
bridged Mn moieties and one mono-p-oxo bridge Mn moiety.>*’* However, the EXAFS
data provide few condraints on how these motifs are arranged in the OEC; thus, severd
possible topologicd modds exist.*%’>"®  Recently, a crysta structure a 3.8 A resolution
has been reported for an oxygenevolving PSII 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 from the S,-state multiline EPR sgnd,**™* continuous-wave EPR
smulations of the S,-state EPR multiline signd,”™"® and density functiond theory (DFT)
caculaions” sructurd modds with a monomer-trimer arrangement of the Mn ions have
been proposed, while a recent smulation of the $-dae multiline EPR dgnd is congdent
with a diamond-like structure.”®  Further work is required to define the overal structure
of the OEC, but the Mn-Mn and Mn-Ca vectors determined by EXAFS spectroscopy
will serve as abass for any proposed structure.

EXAFS data reved that the structure of the Mn clugter is not dtetic, indtead,

distance changes are observed during some Sdtate trandtions. 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 $ 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.5%:80-82

Severd different gpectroscopic methods have been used to address the oxidation
dates of Mn a a function of S-date.  Electron paramagnetic resonance (EPR)
spectroscopy has shown that the Sp and S, dates are paramagnetic, exhibiting multiline
EPR signds?®46°95183 and that the § state has a pardld polarization EPR signd.*’ 4984
This suggests that Mn is oxidized during the S® S; and S; ® S trandgtions.  Other
EPR sudies of the power-saturation behavior of a redox-active tyrosne in photosystem

11, Yp®, which is sendtive to the presence of relaxing centers such as the Mn dugter,
show that the hdf-saturation power Py, changes during the SG® S; and S ® S
trandtions, but remains unchanged during the S, ® S; trandtion.®® This led to the
suggestion that, unlike the SG® S; and S ® S, trangtions, the S, ® S trangtion
proceeds without Mn oxidation. A direct pulsed dectron spin echo measurement of the
Yp® T: reaxaion time, which has intrindc and dipolar contributions, shows the same
trends with S-state as the continuous-wave EPR messurements®®  Nuclear magnetic
resonance proton relaxation enhancement (NMR-PRE) measurements, which measure the
increased relaxation rate of the bulk water due to rapid exchange with water bound to a
trangtion metal such as Mn, dso led to the same conclusion, in particular with regard to

the S,® S; transtion not involving Mn oxidaion®” In addition, UV absorption
12



difference spectroscopy has been used to address this question. By measuring small
changes in absorbance between Sdtates, difference spectra are obtained which have been
interpreted by some groups to suggest that Mn is oxidized on each S-dae trangtion,
contrary to the conclusions from other methods®®*° However, the interpretation of these
UV absorption difference spectra to derive ingght aout Mn oxidation is not
straightforward 3%

X-ray spectroscopic techniques are idedly suited to address questions about
oxidation date, because the dement in question, Mn, can be sdectively probed with
essentidly 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 extensvely in the fidd of metdloproteins to investigate the oxidation
states of redox-active metds in metdloprotein active sites®®°%%1%  The principd
component in XANES spectra is a 1s® 4p absorption edge in Mn.  The pioneering
application of XANES to PS 1l was performed by Goodin et d. in the early 1980s>° This
sudy, which was extremdy difficult because of the low Mn concentration in PSII
samples (O 1 mM), showed that the Mn K-edge in the § date is shifted to higher energy
in the S; sae.  Dramatic improvements in detector technology and cryostat cooling
capabiliies have made XANES experiments routine for most concentrated
metaloproteins, and the collection of XANES spectra from dilute, single-flash saturable
PS Il samples is now achievable. Three different groups have investigated the oxidation
dates of Mn for the S, S, S, and Sz sates usng XANES. Based on shifts in the
absorption edge, or lack thereof, Rodofs et d. proposed that Mn is oxidized during the

SH® S and S, ® S, transtions, but is not oxidized during the $ ® S transtion.®® In
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contrast, Ono et d.'%* and luzzolino et d.'%? interpret their XANES results to indicate that
Mn is oxidized during each Sdate trangtion, athough one group (Ono et a.) reported no
independent S-dtate determination for their samples and the other group (luzzolino etd.)
had sgnificant S-gtate inhomogeneity in their samples.

The conflicting results in the literature concerning the S, ® S trangtion, some
which support and some which disagree with Mn oxidation occurring during this
trangtion, have led to two different types of proposed G evolution mechaniams, with one

36,37,40,66,67,70

type incorporating the oxidation of ligand or subdrate in the S state, and the

other type®™®1% invoking Mn oxidation during the S, ® S transition. As expected,
fundamentd differences in the chemigry of O—O bond formation and O, evolution exist
between the two t/pes of mechanisms. Clearly, if the nature of the S ® Sz trangtion is
unambiguoudy identified, it will narow the range of possble mechanisms for O,
evolution, leading to aclearer understanding of thisimportant process.

By the application of an independent X-ray spectroscopic technique, Kb X-ray
emisson spectroscopy (Kb XES), this chapter provides a new approach to contribute to
the resolution of the true nature of the S ® Sz trangtion. It has been known for over 60
years that Kb XES is sengtive to the number of unpaired 3d eectrons of the fluorescing
aom; %4197 due to improvements in instrumentation, it has recently been possble to
apply this technique to dilute, biologicaly rdevant samples such as PS11.1%81%° Kb XES
monitors the Mn 3p® 1s fluorescence, which is sendgtive to spin dtate, and therefore
oxidation state {ide infra) through a 3p—3d exchange interaction.’®” This is an indicator

of oxidaiondate sengtivity tha is diffeeent from XANES, which is sendtive to

14



oxidation state through 1s core-hole shidding effects®® In this chapter, the investigation
of the oxidation states of Mn in each of the intermediate S-states (S through Sg) usng
Kb XES and XANES spectroscopy on the same sats of samples that have been
characterized by EPR is reported, and it is concluded that Mn is oxidized on the S ® $;
and S;® S, trandtions while ligand/subgrate oxidation occurs during the S, ® S
trandtion in lieu of a Mn-centered oxidation. By combining these data with Sructurd
information from EXAFS gspectroscopy, three possble mechanisms for O-O bond

formation by the OEC are proposed.
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Materials and Methods

PS 11 membranes were prepared from fresh spinach leaves by a 2 min incubation
of the isolaed thylakoids with the detergent Triton X-100 and subsequent
centrifugation. %' The pelets were then resuspended to a chlorophyll (Chl)
concentration of 9.5 mg Chl/mL in a 30 % (v/v) glyceral buffer (pH 6.5, 50 mM MES, 15
mM NaCl, 5 mM MgChk, 5 mM CaCl,) and stored as diquots at -80° C until used. Chl
concentrations were caculated as described in Porra etd.!'?  Inductively-coupled
plasma/atomic emisson spectroscopy (ICP/AES) was used to determine the Mn
concentration in a sample of known Chl concentration; this provided a ratio of Mn/Chl
for the PSII preparation used in these experiments. Information on the number of Chl
per reection 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, dectron
acceptors: 1 mM [Fe(CN)s]*, 0.2 mM PPBQ (phenyl-1,4-benzoquinone), and 0.5 mM
DCBQ (2,5-dichloro-p-benzoquinone). From the average oxygen yidd per flash and the
known Chl concentration, the Chl/RC ratio was caculated usng the knowledge that G is
evolved every 4" flash and assuming that the miss and double-hit parameters are small
and gpproximatdy equa 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 flashinduced oxygen evolution, a ratio of 4.3 + 0.2
Mn/RC was caculated for the preparation 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 mJpulse a 532 nm, 9 ns pulse width)
was used to illuminate PSII samples from both Sdes smultaneoudy. The setup shown
in Figure2-2 dlowed us to double the sample concentration used in earlier studies™ %!
while dill mantaning flash saturation. The laser was operated continuoudy a 10 Hz,
and flashes were sdected usng an external shutter (model LSTX-Y 3, nm Laser Products,

Inc.).

! I
Lo
Laser & i

Laser lable |

Figure2-2: 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)

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

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

stop; 1) PS |1 flash sample.

Before flash illumination, 1 mM of recryddlized PPBQ, an exogenous dectron
acceptor of PSII, was added at 21° C from a 50 mM gock solution in dimethyl sulfoxide
and mixed. Lexan sample holders (22 x 3.2 x 0.8 mm inner dimengons) were evenly
filled with 40 pL diquots of PSII a 4° C under dim green light and then used for flash
illumingtion.

All samples were enriched in the S;Yp™ 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 eectron donor Yp and thereby minimizes S-date scrambling
due to the back-reaction with the S and S states between the flashes in the subsequent
flash tran. The samples were then illuminated with O to 6 flashes (‘OF to ‘6F samples)
a 1 Hz frequency. After the lagt flash, eech sample was frozen immediady (< 1 9) in
liquid nitrogen to trap its S-state composition. Three sets of >35 samples each were
prepared and used within 10 days for the experiments. The dimendons of the Lexan
sample holders dlowed us to measure EPR spectra of every sample that was later used
for X-ray experiments.

To veify tha the laser flash illumination procedure did not damage the PSII
samples, Mn(Il) EPR spectra were collected for several 6F samples, they showed that
amost no Mn(ll) (<1.5%) was released by seven laser flashes. For further confirmation,
four of the 6F samples were dark-adapted for 40 minutes at room temperature after
quantitation of ther S,-state multiline EPR dgnd amplitudes, and were then advanced to
the S, date by continuous illumination a 190 K. The rexulting normdized Sy-state
multiline EPR signa amplitudes were identical to that obtained from the 1F samples.

After dl S, EPR multiline 9gnd and X-ray measurements were completed, the
Mn content of each sample was quantitated by releasing the bound Mn as Mn(ll) &ng
the externa reductant NH,OH. 10 pL of a freshly prepared 1.0 M NH,OH solution was
layered onto the surface of each sample, and the samples were adlowed to incubate a
room temperature for 30 minutes. The Mn(Il) six-line EPR spectrum ( = 5/2 for >°Mn,
100 % naturd abundance) was then measured for each sample using the parameters

described bel ow.
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EPR spectra were collected on a Varian E-109 spectrometer with an E-102
microwave bridge and dored usng Labview running on a Macintosh G3 computer.
Samples were maintained a cryogenic temperatures usng an Air Products Heli-tran
liquid helium cryodat.  Spectrometer conditions were as follows S, EPR multiline
ggna: 2800 = 500 G scan range, 25,000 or 40,000 gain, 30 mW microwave power, 9K
temperature, 32 G modulation amplitude, 100 kHz modulation frequency, 2 min/scan, 2
or 4scans per sample, 0.25sec time congtant, 9.26 GHz microwave frequency; Mn(ll):
3300 + 1000 G scan range, 16,000 gan, 10 uW microwave power, 20 K temperature,
32 G modulaion amplitude, 100 kHz modulation frequency, 2 min/scan, 1lscan per
sample, 0.25 sec time congtant. MLS amplitudes were determined from the low-fidd and
high-fild pesak-to-trough measurements for each designated pesk. The Mn(Il) sx-line
EPR dggnd amplitudes were determined using the low-fiddld pesk-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) essentidly as in Rodofs etd.”® 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 usng a Si(220) double-crystd monochromator, which
was detuned to 50% of maximd flux to atenuate hamonic X-rays. A No-filled ion
chamber (lIp) was mounted in front of the sample to monitor incident beam intensty. An
incident X-ray beam of 1mm x 11mm dimendgons with a flux of goproximatey
3.5x10% photons/sec. was used for the XANES experiments. The samples were placed
a an angle of 45° reative to the X-ray beam and were kept a 10+ 1K in a He

amosphere a ambient pressure usng an Oxford CF1208 continuous-flow liguid He
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cyodat. The X-ray absorption spectra were collected as fluorescence excitation
spectrat!® using a 13-dement energy-resolving detector from Canberra Electronics**® and
were referenced by lp. Typica counts in the Mn fluorescence window for the centrd
channel were 100 county/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 1second per point, a 0.2€V/point from 6520 to
6580 eV with a collection time of 3seconds per point, and a 10 eV/point from 6580 eV
to 7100 eV with a collection time of 1second per point. Three vertica postions of 1mm
height each were used for each sample, and only 2 or 3 scans were collected at each
Sseparate podtion to minimize and monitor radiation damage. A third scan a each
position was taken for fewer than 25% of the XANES samples. The samples were
protected with a shutter from the beam a dl times unless a measurement was in progress.
Collection of an energy-reference spectrum was achieved by placing a KMnO4 sample
between two No-filled ion chambers 11 and |, which were positioned behind the PSII
sample, and collecting a KMnO,4 absorption spectrum concurrently with PSI1I data
collection. The narrow pre-edge line (FWHM O 1.7 eV) a 6543.3 €V was subsequently
used for energy cdibration.'*® For the XANES spectra, 41 —49 scans (2 — 3 scans per
position, 3 postions per sample) were averaged per flash number for the OF — 3F spectra,
and 11-13 scans (2—3 scans per podtion, 3 postions per sample) were averaged per
flash number for the 4F — 6F spectra  After remova of a linear background, the XANES
data were normaized by fitting a quadratic polynomid to the EXAFS region (6570 —
7100 eV) and assgning the intersity of the extrapolated polynomid to 1.0 at 6563 eV.

Second derivatives between 6535 and 6575 eV were cdculated for each point by fitting a
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cubic polynomia to a range of + 3eV around that point and computing the 2 derivative
of the polynomid.

Kb emission spectra were recorded on beamline 10-2 a& SSRL usng a crystd
aray spectrometer with O 1 eV energy resolution.’®® The PSI1I samples were positioned
with an angle of 15° between the surface of the sample and the incident Xray 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 1nmm X 4nmm
dimensons and a flux of approximady 7 x10™ photons/sec (~10x higher energy
absorption per unit of sample volume than for XANES) were used.

The crystd aray monochromator contained eight 89 cm-diameter sphericdly-
curved Si(440) crystals mounted on a movable table; the crystals were placed in an arc at
a radia digance r = 85 cm from the sample. An energy-resolving Ge detector was
mounted on a movesble platform postioned beow the sample and cryostat in an
goproximate Rowland circle geometry.  Bragg diffraction from the crysds adlowed the
detection of X-ray fluorescence from PSII a specific wavelengths of the broadband
X-ray fluorescence spectrum. By moving the crystds and Ge detector verticdly, the
Bragg angle between the X-ray fluorescence and the S crystd norma could be changed,
thereby changing the wavelength of detection.

The samples were protected with a fag pneumatic shutter from X-ray exposure
during dl spectrometer movements. To minimize and quanttitate the effect of
photoreduction, the following scan protocol was used. The Kbi 3 main pesk (6483.6—
6497.3 eV) was initidly scanned twice (5 sec/point, 6 min scans, ~0.2 €V gep sze) and
was then measured a third time after the Kb' region (6467.4 — 6483.6 eV, 19.5 min scan)
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and the high energy region (6496.5—6510.9 ¢V, 11 min scan) were collected. 33 -39
separate scans (3 positions per sample, 11 — 13 separate samples) per flash number were
collected for the firg Kb 3 scans (shown in Figure2-7B). The totd number of counts
from dl of the firda Kb 3 scans a dl three postions was 8100 — 9000 counts per flash
number. Similar counts were obtained from the second Kb, 3 scans, however, fewer third
Kb 3 scans were collected, and only 2400 — 3600 counts were obtained. Only the data
from the firda Kbj; 3 scans a each podtion were used for the spectra shown in
Figure2-7B. The cdibraion of the indrument was checked periodicdly with a MnF;
sample and was found to be invariant over the entire run.

The following data reduction was performed on the rawv Kb emisson spectra of
PSII: & subtraction of a linear background (less than 10 % of the pesk intensity of ~9000
counts) arisng from Compton scatering and other fluorescence emisson  (mostly
FeKa). The linear background was chosen so as to dign the FS1I data with those of
highly concentrated Mn oxides in the low (<6470€eV) and high (>6505€V) energy
regions. The fluorescence intensties in these low and high energy regions are invariant
with oxidation dtate (see Figure2-6). b) The individua data points were binned (step Sze
varied from 0.1 eV to 0.24 eV) into groups of 9 or 5 points in the tails and 2 points in the
Kb1s peak. c) The spectra were splined onto a grid of 0.1 eV energy steps to facilitate
the cdculation of 1¥-moment (<E>) vaues. 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 vaue  The 1%-moment vaues were caculated between 6485 and

6495 eV usng the formulashown in Eq. 2- 1.
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where E; and |; are the energies and fluorescence intengities, respectively, of thej™ poin
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Results

EPR

Characterization of the samples usng EPR spectroscopy is a criticd aspect of
these experiments, because it is the only way to determine S-state compostion as a
function of flash number for the same samples that are subsequently used in the X-ray
experiments.  Starting from dark-adapted samples, the S,-gate multiline EPR dgnd is
maxima after 1 flash and oscillates with a period of four as a function of flash number;
thus the Sp-gtate multiline EPR dgnd can be used to characterize the Sdtate digtribution
of samples given 0 to 6 flashes. The $-date multiline EPR sgna was measured on each

of 109 separate samples given no preflashes (NPF) or given 0, 1, 2, 34, 5, or 6 flashes.
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Magnetic Field {(G)

Figure2-3: S,-state multiline EPR signal oscillation pattern.  (A) EPR difference
spectra (flash sample minus buffer spectrum) of the low-field side of the S multiline.
The spectra shown are the average of all samples used in this study. Spectrafrom 2, 23,
23,18, 19, 9, 7, and 8 samples were averaged for the NPF, OF, 1F, 2F, 3F, 4F, 5F, and 6F
spectra, respectively. They are normalized to their total Mn contents, which were
determined as described in Materials 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 quantitations of the S-state
multiline 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 ling). The data points are measurements on the spectra from individual
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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Figure2-3A shows the difference spectra (sample minus buffer) obtained by
averaging dl samples of a given flash number. These spectra are normdized according
to the totd Mn content of each sample (see the Materids and Methods section). A deep
period-four oscillation is observed with maxima on the fird and fifth flashes, indicating
that there is very little dephasng of S-state advancement with flashes and an initid
S-date population of amost 100% S;. The sgnd-to-noise ratio d these average spectra
dlows a reidble quantitation of even the amdl S,-dae multiline EPR sgnd amplitudes
in the OF, 3F, and 4F samples. This can be seen by the comparison to the EPR spectrum
of the NPF sample, which has no Sp-dae multiline EPR sgnd. For each spectrum
shown in Fgure2-3A, the four designated S,-state multiline EPR dgna pesks were
quantitated (see the Materids and Methods section); the results are shown as the solid
line in Fgure2-3B, with the 1F vaue normdized to 100%. In addition, the Sy-State
multiline EPR dgnd quanttitations for each sample ae shown as filled crdes in
Figure 2-3B.

Due to factors such as redox equilibria between the cofactors in PSIILM it is
inevitable that some dephasing occurs while the OEC is advanced through the various
S-daes. The origind Kok modd explans this by assuming two parameters. the miss
probability (a) 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 ® Sis2).2"**® Double hits are caused by the long (~100 ps)

tail of the 3—5 ps Xe flashlamp pulses commonly used:*'® the rates of Sstate turnovers
are in most cases limited by the Qv ® Qg or Qa” ® Qg™ eectron transfers, which are on

the same time scde as the tall of the Xe flashlamp pulse. The short (9 ns) Gaussian
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shaped pulses from Nd-YAG lasers do not have these talls, making double hits negligible
for laser flash illumination. According to the Kok modd, a sample that is initidly 100 %
in the § date will have an Sdate digribution of a % S, (100-a -b) % S, and b % Ss
population after the fird flash. This andyss can be extended for subsequent flashes to
the point where the complete S-date didribution as a function of flash number can be
essly derived if the quantities a and b are known. This modd has been used to caculate
the S-gate populaion for each flash number and have compared the cdculated S,-state
vaues to the measured amplitudes shown in Figure2-3B. Using a Microsoft Excd
Soreadsheet and a least-squares minimization routing, the error between the caculated
and measured S,-date populationsisminimized usng a and b as adjustable parameters.

A systematic gpproach has been used to extract a reliable Sdate distribution from
the Sp-gate multiline EPR dgnd oscllation patern.  The results from gpplying the
origind Kok mode to the experimentd data in Figure2-3B ae shown as Fit #1 in
Table2-1. The vdue of b was st to O for this fit because the pulse width of the laser
used in the experiment (9 ng) is at least 5 orders of magnitude fagter than the Qa™ ® Qg or
Qa ® Qg dectron transfers and 3 orders of magnitude faster than the Qa ® Fe™*
dectron transfer (vide infra), thus diminaing the posshility of double hits!'® A
noticeable improvement in the fit, shown in Ft #2, is obtaned by vaying the initid
S,-date percentage in addition to a. This is judified because there is a discernible
(8.4 %) S,-gate multiline EPR sgnd 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 Ss-date lifetimes by minimizing recombination reections with the acceptor
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Table2-1: 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: a, 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 = S(residual®) and Fit Quality = (fit error)/(7 - # of

free parameters).
Fit # a Initial S l. C. b Fit Error Fit Quality
1 11.4% - - - 197 33
2 11.7% 7.9% - - 64 13
3 11.6 % 6.7 % - 15% 42 11
4 10.8 % 5.7% 4.7% - 105 3

side, and are necessary to obtain deep $-date multiline EPR signd oscillation patterns in

isolated PSIlI membranes?%1%

Because Lexan sample holders, which alowed the EPR
and X-ray spectroscopy to be performed on the same samples, and not EPR tubes were
used to hold the PSII samples, PPBQ could not be added and mixed into each sample
after the preflash and was therefore added to the entire PSII diquot before the preflash
treetment. The posshility of double hits was dso considered; but, as expected (vide
supra), the incluson of double hits, shown in Ft #3, does not sgnificantly improve the
fit qudity.

However, none of these 3 fits properly accounts for the smal but sgnificant

Sy-dae multiline EPR dgnd amplitudes for the 3F and 4F samples. It is therefore

necessary to use ‘extended Kok models, whereby additionad dephasing parameters are
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used to explan the 3F and 4F Sp-dae multiline EPR dgnd amplitudes.  Severd
phenomena asde from a and b can lead to dephasing of S-state advancement. One
posshility is the initid presence of some reduced tyrosne Yp, which can rapidly
recombine with the S, and S; dtates during the time between the flashes, oxidizing Yp to
Yp® and reducing the Mn duster.*>  However, the preflash protocol that was used
converts Yp to Yp”* in nearly dl centers, as shown by a lack of an increase in the Yp**
EPR dgnad with increesing flash number (data not shown); thus, this reaction cannot
account for the observed Sp-dae multiline EPR sgnd amplitudes in the 3F and 4F
samples. Another scenario concerns the presence of a certain percentage of acceptor-
impaired centers. It has been shown that, even in whole plant leaves, in some PSII
centers the acceptor-sde quinone Qa™ is oxidized with a t1» of 2— 3 seconds and that full
recovery takes up to 100 seconds;*?®1?* thus these centers are effectively blocked from
multiple turnovers with a flash frequency of 1 Hz. In addition, much higher Sy-state
multiline EPR sgnd amplitudes are observed for the 3F and 4F samples in the absence of
PPBQ (data not shown); thus, it is reasonable to consider acceptor-sde limitations. For
amplicity, this was modeled as a variable percentage of centers which advance with the
norma miss parange a for the firg flash, but cannot advance on any subsequent
flashes, thus, the miss parameter for these centers for subsequent flashes is 100 %. More
complex fits teking reoxidation kingtics or miss factors smaler than 100% for the
impaired centers into account were consdered. However, these yidded amogt identical
fits with essentidly the same S-dtate didtributions for the various flash numbers (deta not
shown). Therefore, the increased number of parameters was not judtified. Fit #4 in
Table 2-1 shows tha including these ‘impaired centers as a fit parameter sgnificantly
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improves the fit. The dashed line in Figure2-3B represents the best fit to the data that
was obtained, Fit #4, with a 10.8 % miss parameter, 5.7 % of the centers initidly in the
S, state, and 4.7 % impared centers. To obtan maximd eror limits, amilar fits were
made to a ‘most damped’ pattern and a‘least damped’ pattern that were constructed using
the respective higher and lower ends of the standard deviations from the individud
Sy,-date multiline EPR sgnd measurements shown in Figure2-3B (see Table 2-2 for

details).
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Usng the fit parameters from Fit #4, the S-date digribution of samples given 0,
1, 2, 3, 4,5, and 6 flashes have been calculated and are shown in Table 2-2. As expected,
the OF, 1F, 2F, and 3F samples are predominantly in the S;, S, Sz, and S states,
respectively, and the deep S,-date multiline EPR dgnd oscillaion pattern that was
obtained contributes to a farly high S-date purity for the OF—3F samples. The

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

Table2-2: S-state composition of samples given 0 to 6 flashes. The numbers were
calculated using Fit 4 in Table 2-1. The maximum error in Sstate 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, 1F: 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, 5F: low, 6F: high.

So St 7 S

OF 0.0+0.0 943+ 3 5.7+3 0.0+0.0

1F 00+0.0 10.2+0.9 84.7+3 2.1+ 1.7

2F 45+ 0.6 16+0.6 215+ 4 724+ 5

3F 65.2+5 46+04 703 232+1.2

4 | 27.7+1.3 59.0+4 83+11 50+£05

SF 75+11 315+17 56.8+18 42+1.0

6F 46+1.0 105+1.8 376+4 47.3+5
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measured Xray spectra of samples given 0—3 flashes. It shodd be emphasized that the
S-date digributions caculated from Fit #2 (the sandard Kok modd) are well within the
maximum eror limits shown in Table2-2, indicaiing that, while the induson of
impaired centers improves the fit to the S,-date multiline EPR dgnd oscillation data,
under these conditions, they have a negligible effect on the overdl S-date didributions

and the resulting pure S-state spectra.

XANES

The XANES spectra from samples given 0—3 flashes are shown in the upper
portion of Figure2-4A. The edge shift that is apparent between the OF and 1F spectra
indicates that Mn oxidation occurs during the S; ® S, trandtion. However, it is less
clear that there is a sgnificant shift between the 1F and 2F spectra, suggesting that Mn is
not oxidized as the OEC proceeds from the S, to the S state.  As expected, the edge
postion shifts to lower energy between the 2F and 3F spectra, reflecting mainly the
S® [S] ® S trangtion. However, due to 23 % of the centers being in the S date in

the 3F spectra, the edge posgition is a a higher energy than would be expected for the pure

S state.
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Figure2-4: Mn K-edge XANES spectra of flash-illuminated PSII samples. (A) Pure
S-state spectra (bottom) were obtained from the flash spectra (top) by deconvolution
using the inverse of the Sstate distribution matrix in Table 2, as described in the text.
The pre-edge region (principally a1s ® 3d transition) for the Sp—S; statesis 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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Usng the known S-date didributions shown in Table 2-2 for the flash samples,
the flash spectra can be deconvoluted to obtain the pure Sdate spectra as follows. The
S-date didributions in Table 2-2 describe the flash spectra as a linear combination of
pure S-state spectra, as shownin Eq. 2-2:

®FH &0 0943 0.057 0 0 8,0
CGIF+ ¢ o 0.102 0.847 0.051+ ¢S+
EZFZ_ 80.045 0016 0215 07247 gszj
e3Fg €.652 0.046 0.07 02329 eS,g

Eq. 2-2

M
By inveting the S-date distribution matrix M, pure Sstate spectra can be obtained from

flash spectra according to EqQ. 2-3:

=L Eq. 2-3

Eq. 2-3 was used to deconvolute the XANES spectra given 0— 3 flashes, shown in the
upper portion of Figure2-4A, into the pure Sdate spectra, shown in the lower portion of
Fgure2-4A. It is clear from these pure S-dtate spectra that the edge position shifts to
higher energy during both the SG® S and S ® S, trangtions, confirming previous
conclusions that Mn oxidation occurs during both of these S-state transitions®>8%:%8
However, the Sp- and S-sate XANES spectra show a much smdler edge shift than the
S; ® S, trangtion, as wdl as a change in the shgpe of the edge between the S, and
S dtates. The S-dae difference spectra (Figure2-4B) show these differences
prominently. The fact that the shgpe and pogtion of the Sz - S, difference spectrum is

unlike that of the S-S or § - S difference spectrum indicates that the chemigry of the
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S, ® S trangdtion is not the same as the S® S; and S, ® S, trandtions, where Mn
oxidation is thought to occur on each sep. One possible explanation for this is that a
gpecies other than Mn is oxidized during the S, ® S trangtion.  However, it is difficult
to confirm this hypothesis based soldly on XANES difference spectra (as shown in Visser
et d.'?®) or based on visud comparisons between the spectra as shown in Figure 2-4A.
Instead, an andyss method that has been proven through comparisons to mode
complexes, such as the 2"-derivative method (vide infra), should be used to derive
indght into oxidation-state changes.

Further information about edge shape and position can be obtained by teking the
2" derivative of the XANES spectrum 34555971.93.95.126-131  Hiore 2.5 shows the

2" derivatives of the pure S-state spectra from Figure2-4A compared to the

Table2-3: 2"%-derivative inflection point energy (IPE) values for the , §, S, and
S; states. The numbers were calculated using Fit #4 in Table 2-1. The maximum 1PE
error in Sstate populations is obtained by calculating S-state distributions from fitsto a
‘least-damped’ and a ‘most-damped’ oscillation pattern, and then using those Sstate
distribution matrices to deconvolute the flash spectra in Figure 2-4A into pure Sstate

spectra.

2"_derivative | PE values
S 6550.8 £ 0.1
S 6552.9+ 0.1
S 6554.0£ 0.1
S 6554.3+ 0.1
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2" derivatives for each flash sample. The spectra of the individua flash samples, shown
in Fgure2-5A, demondrate the reproducibility achieved in this experiment. In addition,
the S-state homogenaty of the flash samples (see Table 2-2) is reflected in the smilarity
between the 2" derivatives of the experimentdly obtaned flash-sample spectra
(Figure 2-5A) and the deconvoluted Sstate spectra Fgure 2-5B). The edge postions for
each of the Sdtates 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.
Extensve mode compound studies have shown tha, without exception in the study of
more than 13 sets of compounds, when Mn is oxidized by one dectron in a set of Mn
modd compounds with smilar ligands, the IPE shifts 1-2 eV to higher energy upon Mn
oxidation, regardless of nudearity.3*!?® Thus the shifts in the IPE values of 2.1eV and
11eV during the S® S and S ® S, trandtions, respectively, confirm that Mn
oxidation occurs during each of these trangtions. However, the IPE shift for the S ® S3
trangtion is only 0.3eV, confirming under improved conditions the earlier results of
Rodlofs et d.,*® and providing strong evidence that a Mn-based oxidation does not occur
during this trangtion. It is noteworthy that a comparison of the IPE vadues from the
2" derivatives of the 1% and 2" XANES scans for each flash number shows no change
within experimenta error (< 0.1eV); 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) Samplesgiven 0, 1, 2,
or 3 flashes. Theindividual 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 individual edge spectra from which these
2" derivatives were calculated were used to generate the composite X ANES flash spectra
shown in the upper portion of Figure 2-4A. (B) Deconvoluted Sstate spectra. These
spectra are the 2 derivatives of the Sstate XANES edge spectra shown in the lower
portion of Figure 2-4A. The dashed vertical line is at the inflection point energy for the
S,-state spectrum. Because of the high Sstate purity of the flashed samples, the
deconvoluted Sstate spectra are quite similar to the experimentally obtained flash spectra
shown in part A of thisfigure.

The inset of Fgure 2-4A shows the pre-edge (1s® 3d) trangtions for each of the
Sdgaes S , S, S, and Sz This formdly dipole-forbidden trangtion contans
information about the oxidation state and geometry®® of Mn in the OEC. Anayss of
these features in mononuclesr metdlloproteins with Fe a the active site®®*2%7 and Fe
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modd complexes'® has proven useful in determining the coordination number and
oxidation state of Fe. The pre-edge region in the inst of Fgure2-4A shows changes
with S-date; the most prominent change occurs between the Sp and S; states. It aso
shows the qudity of the XANES spectra from this experiment. The analyss of the pre-
edge region is complicated by the tetranuclear nature of the Mn clugter; the mgority of
such dudies to date have dedt with mononuclear systems, and some studies have been
done on homovaent binuclear complexes. Further investigations of the pre-edge region

from PSIl and Mn mode compounds will ad in interpretation of the 1s® 3d features in

Mn modd compounds and metdloenzymes.

Kb emission spectroscopy

Shown in Figure2-6 are the Kb emisson spectra of Mn(IV)O,, Mmnp(l11)O3, and
Mn(INO, which illudrate the features of Kb emisson spectra and their sengtivity to the
oxidation dates of Mn. Although a more detailed andyss of these spectra requires the
use of ligand-fidd multiplet cdculaions'®” a qualitative understanding of the spectra can
be obtained without these cdculations. The Kb emisson spectra in Figure 2-6 consst of
two main features the Kb' peak at ~6475¢eV and the Kby 3 pesk at ~6490€eV. The
separation of these two features is due to the exchange interaction of the unpaired 3d
electrons with the 3p hole in the find state of the 3p® 1s fluorescence transition, %140
The spin of the unpaired 3d vaence dectrons can be ether pardld (Kb') or antiparale
(Kb1,3) to the hole in the 3p levedl. Furthermore, the Kb features are broadened by the

finite lifetimes for the initid and find Sates as wdl as spin-orbit and multiplet solittings.
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Figure2-6: Kb spectraof Mn oxides. This figure shows the changesin the Kb spectrum

due to Mn oxidation. The inset shows a pictorial representation of the Kb 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 Kb' ling the find-date lifetime is much shorter compared to the Kb 3
line and hence the structure is broader and has a smaller pesk intensity.***

As the oxidation state of Mn increases from Mn(ll) to Mn(l11) to Mn(lV), fewer
unpaired 3d vaence dectrons are avalable to interact with the 3p hole; thus the
magnitude of the 3p—3d exchange interaction becomes smdler, leading to a decrease in
the Kb'—Kbj3 splitting. The consequence is that, if one focuses only on the more
intense Kby 3 emission peak, it shifts to lower energy as Mn is oxidized. Whereas the Kb

emisson spectrum is sendtive to oxidation date through a 3p—3d exchange interaction,

the independent technique of XANES spectroscopy is sendtive to oxidation state through
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a different mechaniam: core-hole shidding effects  This is why, upon Mn oxidation,
Kbi13 emisson spectra shift to lower energy, while XANES spectra shift to higher
energy.

In generd, Kb XES is sendtive to the spin date of the fluorescing atom, and not
its oxidation date, because the magnitude of the 3p—3d exchange interaction is governed
by the number of unpaired 3d eectrons. However, for the Stuations relevant for PSII,
i.e. Mn(ll), Mn(ll1), and Mn(IV) ions in a high-spin configuration, the oxidation date is
directly corrlated to the spin state.

The <hifts in the Kbys emission pesks can be quantitated using a 1%-moment
andysis decribed in Eq. 2-1, which in essence cdculates the ‘center of mass of the
Kbi3s spectrum dong the energy axis within the integration limits used.  As Mn is
oxidized from Mn(ll) to Mn(ll1) in the oxide series, the £ moments (<E>) shift to lower
energy by 0.30eV. The Mn(lll) ® Mn(IV) <E> shift of 0.33€eV is amilar. It should be
emphasized tha these shifts are much larger than those expected for PSII, because each
of the Mn aoms in the oxide samples is changing oxidation sate. However, in PSII
maximaly 1 out of 4 Mn aoms in the OEC is oxidized during each S-date trangtion

(except S ® [S4] ® &)
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Figure2-7: Kb spectra of PSII flash samples. (A) The composite Kb spectrum from
15 individual OF PSI1I samples. This spectrum has been reconstructed from piecewise

scans of the high-energy tail, Kb;3, and Kb' regions on each sample, as explained in
Materials and Methods. (B) Overplots of the Kb, 3 spectra of the OF, 1F, 2F, and
3FPSII samples. The spectra were normalized as described in Materials and Methods.
The sum spectra of the first Kb, 3 scans (6 minute scan time each) at each sample position
are shown. The magnitude of the firstmoment shift for Mny(111)Os ® Mn(1V)O; is
significantly larger than the firstmoment shift for the S ® S, transition, where only

1Mn out of 4 isbeing oxidized.
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The composte Kb emisson spectrum from 15 individud OF samples is shown in
Figure2-7A. This spectrum has been recondructed from piecewise scans of the high-
enagy tal, Kby, and Kb' regions on each sample, as explained in the Materids and
Methods section. Figure 2-7B shows the main Kby 3 emisson pesk for the OF, 1F, 2F,
and 3F samples. Only the first sx-minute Kb1 3 emisson scan of each postion was used
for these spectra, which are the average of 33 — 39 separate scans (3 positions per sample,
11 — 13 separate samples) per flash number. It is evident that the Kb 3 emisson pesk
shifts to lower energy for the 1F sample reaive to the OF sample, reflecting the Mn
oxidation that occurs during the S; ® S, trandtion. However, there is no clear shift
between the 1F and 2F samples, which is again suggestive that Mn is not oxidized during
the S,® S3 trandtion. The large shift in the opposte direction (to higher energy)
between the 2F and 3F spectrum is expected, because Mn is reduced during the
S® [S] ® S trangtion. The flash spectra have been deconvoluted to generate pure
S-state spectra as described earlier, and the calculated Kbi 3 emisson spectra for the S,
S1, &, and S states are shown in Fgure 2-8. The pure S state Kb; 3 emission spectra are
quite smilar to the Kby 3 emisson gpectra from the flash samples shown in Figure 2-7B
due to the high degree of Sstate purity of the flash samples. Based on the spectra shown
in Figure 2-8, the 1%-moment shift observed for the S ® S, trangtion, where 1 Mn out
of 4 is oxidized, is 0.06eV. In contrast, the I*-moment shift for the S, ® S transition is

only 0.02eV.
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Figure2-8: Overplots of the normalized (area under the peak) Kb, 3 spectra of PSII
samplesinthe &, 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 Kby3 emisson spectra can aso be visudized as difference
gpectra.  This was done by smoothing the pure Sstate spectra (shown in Figure 2-8) by
fiting a cubic polynomid of 3eV width around each point, and then peforming the
subtractions to generate the S-dtate difference gpectra shown in Figure2-9.  The
derivaive-shaped S - S and S - S; difference spectra show that the Kb 3 peak shifts to
lower energy during both the S® S; and S ® S, trangtions. This reinforces the earlier
conclusons that Mn oxidation occurs during both of these trangtions. However, the
derivative-shaped feature is noticeably absent in the Sz- S, difference spectrum, thus

confirmingthat the S, ® S trangition proceeds without Mn oxidation.
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Figure2-9: Kb difference spectra of PSIl. The Kb spectra from Figure 2-8 were
smoothed by fitting a cubic polynomia of 3eV 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 3 emisson scans were taken a each sample postion. Figure 2-10 shows the
1¥-moment vaues 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 reative radiation
damage susceptibility for each flash number, as well as an extrapolated ‘zero exposure

time moment for each flash number. Fgure2-10 shows that the radiation damage rate
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for the 2F samples is dgnificantly less than that of the OF, 1F, or 3Fsamples. This
finding excludes the posshility that the extremdy smdl <E> shift between the 1F and 2F

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

S, date.
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Figure2-10: 1% moments of the Kb 3 peaks of the PS|I flash samples as a function of
X-ray exposure time. The ™ 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 Kb
emission spectroscopy

XANES spectroscopy has been widdy used for nearly 25 years to address the
oxidation states of redox-active metas in metaloprotein active sites®®°%%1% |n addition
to XANES, this work applies Kb XES for the fird time to sngle-flash saurable
concentrations (<150 uM  Mn) of PSII, thus providing an important independent
determination of the Mn redox sates in each of the accessible S-gtates of the OEC in

PSII.

By combining the information avalable from the XANES spectra Figure 2-4 and
Figure 2-5) with the Kb emisson spectra (Figure2-8 and Figure 2-9) and literature data,
the presence or absence of Mn oxidation during each Sdate trangtion will be addressed
in more detail, and oxidation states for the four Mn ions in each Sstate, &, S, S, and S5,

will be proposed.

S1® Sytransition
As detailed in the Results section, the Mn K-edge XANES spectra and the Kb 3

emisson spectra confirm the presence of Mn oxidaion during the S ® S, trangtion,
conssent with earlier XANES sudies®® %192 The principd pieces of evidence

supporting this conclusion are the 1.1eV shift in the XANES 2"-derivative IPE vaues,
the shift in the Kby 3 pesk to lower energy by 0.06 €V, and the derivative-shaped Kb 3
difference spectrum.
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es'59,85-90,98 and

This conclusion is corroborated by several other spectroscopic studi
is ds0 confirmed by EPR spectroscopic measurements.  The observation of a multiline
EPR dgnd in the S;dae during a conventiond perpendicular-polarizaetion EPR
expariment™®®! is most consstent with a transition between odd-dectron (Kramers)
dates. The S; state has no perpendicular polarizationdetectable EPR signds, however,
EPR signds ae detectable in pardld-polarization EPR experiments*’ 984 which is
condgent with the S; state being an even-eectron (non-Kramers) state.  Therefore, these
EPR dgnds are conagent with Mn being oxidized from an eveneectron to an odd-
electron gateduringthe S§; ® S, trangtion.

Smulaions of the EPR dgnds from the S, date dso provide indght into the
absolute Mn oxidation dates in the S, state.  Sp-dae EPR multiline sgnd smulations by
Hasegawa eta.”>"® and **Mn ENDOR spectroscopy on the S, state by Britt and co-

workers* 74

ae most consgent with the oxidation dates of Mmy(l11,1V3); however,
smulations by Zheng et d.!*?> are most consstent with Mny(l113,1V) as the oxidation
gsates of Mn in the $ Sate.  The presence of high-vdent Mn aoms in the active OEC is
not surprising, because it was edadlished ealy on that Mn(ll) aoms could be
incorporated into Mn-depleted photosystem 1l centers only via light-induced oxidation of

143195 The reverse reaction, i.e a chemica

Mn in a process caled photoactivation.
reduction of the OEC, has led to the discovery of an Ssstate!*® The sability of the
S gate (hours) has been interpreted’® to favor Mu(ll2,1112) over Mry(lls) for the Mn
redox dates in the Sj;dae assuming tha S dae formation involves only Mn
reduction.’*®  This is consstent with Mm(l11,1V3) as the Mn oxidation staes in the
S, date.
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If the S, state is proposed to be either in the Mmy(l11,1V3) or the Mmny(ll13,1V)
oxidetion detes, then the oxidetion daes of Mn in the S; state must be ether
Mny(I112,1V2) or Mmy(lll4), which are both one-electron reductions from the oxidation
state proposals for the S sate.  Although the oxidation state of Mmy(ll14) for the § 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(lIl)
complexes, when the 2"%-derivative XANES spectrum for the § state is fit usng Mn(lll)
and Mn(lV) modd compounds, it canot be fit wdl usng only Mn(lll) modd
compounds.”***®  Furthermore, inspection of the only avalable set of tetranuclear Mn
complexes with dl O ligaion, four digorted Mny (l113,1V) cubanes, shows XANES IPE
vaues at ~6551 €V for these complexes,” consstent with the So-state XANES IPE of
6550.8 eV and lower than the S;-state XANES IPE of 6552.9¢eV. Thus this indicates
that the oxidation states of Mninthe S; state are Mny(l112,1V2), not Miny(l114).

In addition, a reductant treatment of PSII 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 § state. The XANES spectrum from samples in the
S date is best fit with a Mmy(ll2,1V2) oxidation state!®  An oxidationstate assignment
of Mny(ll12,1V>) is dso consgtent with recent Kb XES experiments on the § state. In
fitting the Kby 3 emission spectrum for the § state, Bergmann et d.*%® found that the best
fit to the experimenta data was obtained usng equa amounts of the Kbis emisson
gpectra from Mn(lll) and Mn(IV) mode compounds, the fit was dgnificantly worse if

only Mn(I11) or only Mn(1V) was used for the fit.}%®
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It is therefore mogt likely that the oxidation states for Mn are Mny(l112,1V>2) in the
S; state and Mmy(111,1V3) in the S state. The oxidation of Mn(lI1) to Mn(1V) during this
trangtion is reflected in the 1.1eV shift in the XANES IPE vdue (Table 2-3) and the
shift of -0.06 eV in he I moment of the Kb emission spectra Figure2-8). The S-S,
difference spectra shown in Fgure2-4B (XANES) and Fgure2-9 (Kb XES) a0

confirm that Mn is oxidized during this trandtion. Thus, these changes in the IPE and

1¥-moment values, as well as ther corresponding difference spectra, provide an internd

gtandard for aMn(l11) ® Mn(lV) oxidation within the OEC.

So® S;transition

The Mn K-edge XANES spectra for these Sdates, displayed in Figure 2-4A, and
the 2"9derivatives (Figure2-5B) show a clear shift of 21eV (as determined by the
2" derivative IPE vaues) in the XANES edge position during the $ ® S; transition. In
addition, the S;- S Kb XES difference spectrum, shown in Figure2-9, is derivative-
shgped, which is indicative of Mn oxidation during this trandgtion. Because the S; state
has Mn oxidation dates of Mmny(ll12,1V7), as detaled above, the changes in the X-ray
gpectroscopic data could be due to ether a Mn(ll) ® Mn(lll) oxidation or a
Mn(l11) ® Mn(1V) oxidetion.

Because the S; - So XANES and Kb XES difference spectra (Figure 2-4B and
Figure 2-9) are somewhat different from the S; - S; difference spectra, this suggests that
the So® S trandgtion mog likey reflects a Mn(ll) ® Mn(lll) oxidation. The $;- S
XANES difference spectrum shown in Fgure2-4B contans podtive fegtures in the

6545 — 6565 eV range, unlike the $ - S; XANES difference spectrum.  This includes the
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pre-edge region, which shows that the So-state XANES spectrum has a lower pre-edge
intengty than the S;-gate XANES spectrum (a0 seen in the inst in Figure2-4A). In
addition, the S - So and S - S; Kb XES difference spectra shown in Figure 2-9 are not
identical; the magnitude of the § - Sy Kb XES difference spectrum is smdler than that of
the S; - S; difference spectrum (as determined by integration of the absolute vaue of the
difference spectrum). The shape of the XANES edge is different for the Sp-state and
Si-state spectra; this is shown in part by the pesk at 6548 eV in the 29 derivative of the
So-state XANES spectrum (Figure 2-5B).  This is suggestive of the presence of Mn(ll),
based on comparison to the 2" derivatives of Mn(l1)-containing model compounds. The
donificantly larger shift in the 2"%-derivative IPE vaues for the SG® S; transtion
compared to the S; ® S, trandtion is dso indicative for a Mn(l) ® Mn(l1l) oxidation.
This is based on the finding that, for homologous sets of model compounds, the shifts in
the IPE vaue for Mn(ll) ® Mn(lll) oxidations are usudly larger than those seen for
Mn(lll) ® Mn(IV) oxidations. ~However, in agreement with Rodofs etd.®® but in
contrast to luzzolino et d.® no ‘Mn(ll) shoulder is observed in the pure So-state
XANES spectrum (Figure 2-4A).

Other spectroscopic studies’®#0:89838590 concyr that Mn oxidation occurs during
the S ® S trangtion. In addition, one possble explanaion of the greater spectra width
of the Sp-sate EPR multiline Sgnad compared to the S,-date EPR multiline sgnd is that
Mn(ll) is present in the S state,***®®3 which suggests a Mn(l1) ® Mn(l11) oxidation for
the $® S; trangtion. The presence of Mn(Il) in the $ state may dso explain why Yp*

canoxidizethe § satetothe 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 conggtent with the assgnment of the Sy ® S; trandtion as a Mn(ll) ® Mn(l11)
oxidation. Therefore, the oxidation states of Mn in the S state are proposed to be

Mnu(11,111,1V2), which change upon Mn oxidation to Mny(I112,1V2) inthe §; state.

S, ® Sjtransition

The mogt controversd S-date trandtion has been the S, ® S; trangdtion (see
Introduction). Most debate has focused on whether this trandtion is a Mn
centered®® 8101103 o Jigand- centered®0:40:66.67.69.70.98  gyidation.  In addition, a redox
isomerism between Mn and Igands has been proposed for the S state®’ If Mn were to
be oxidized during the S, ® S3 trandtion, the oxidation would have to be a
Mn(l1) ® Mn(lV) trangtion. A Mn(lV) ® Mn(V) trandtion is unlikdy to occur with
Mn(lIl) gill present in the complex given the proposed reactivity of the Mn(V) ion,
dthough a Mny(1IV4) ® Mny(IV3,V) trangtion has been proposed for the S3® [S4]
trangtion.’®  Thus, it would be expected that the XANES and Kb XES difference
spectra, as wel as the observed shifts in the XANES IPE vaues and the Kb emisson
spectra 1¥-moment values, would be essentidly identical to the S ® S, transition, where
a Mn(ll)® Mn(lV) oxidation aso occurs.  However, as described below, the
spectroscopic resuts for the S, ® S; trandtion are completely different from those of the
S ® S trangtion.

The XANES reaults from Figure2-4 and Figure 2-5 provide strong support for a

ligand-based oxidation of the OEC occurring during the S ® Sz trangtion, based on the
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smal (0.3eV) shift in the XANES 2"%-derivative IPE vaues. This finding is consstent
with ealier XANES sudies by Rodofs etd.® The fact tha the S3- S, XANES
difference soectrum is dgnificatly differet from the S-S difference  gpectrum
(Figure 2-4B) is inconggent with a Mn(lll) ® Mn(lV) oxidation occurring during the
S;® S trangtion.  Ingtead, the S3- S, XANES difference spectrum shows how the
shape of the XANES edge changes between the S and S dtates, which is consstent with
aligand-based oxidation (vide infra).

Changes in the XANES spectrum smilar to those observed during the S, ® S
trangtion are also observed in a different enzymatic system, gaactose oxidase, as wdl as
in moded compounds that mimic its gstructure and reectivity. Gaactose oxidase, a
metaloenzyme with a mononuclear Cu active dte, is known to catdyze the two-eectron
aerobic oxidation of acohols to adehydes!® The anaerobic and one-electron oxidized
forms of the enzyme contan 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 radicd coordinated to a Cu' aom. When monitored usng 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 dightly different and the edge position was in
fact shifted to dightly lower energy.’®® This trend is dso seen in Cu'—phenoxyl radicd
model complexes, where the Cu'-O" complex has a different XANES edge shape from

55,151 In

that of the corresponding Cu' complex, but essentidly the same edge position.
addition, DFT caculations support the formation of Cu'-O" in both the enzyme and the
model complexes!®?
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The same gtuaion occurs in the OEC during the S, ® S3 trandtion, where the
edge shape changes but the edge postion is minimaly affected. Therefore, based on the
XANES data, it is reasonable to suggest thet, as is formed in gadactose oxidase, a ligand
radicd is formed in the Szdae in lieuw of Mn oxidation; this will be denoted by
Mny(I11,1V3)".

This interpretation of the XANES data is strongly reinforced by the Kb emisson
gpectra and Kb XES difference spectra from Figure 2-8 and Figure 2-9, respectively. The
difference spectra clearly show tha the derivative-shgped difference spectrum that is
expected if Mn is oxidized, as inthe S® S; and S ® S, trangtions, is disent in the
S, ® Sz trandtion. In addition, the <E> value of 6490.157 eV for the S; date argues
agand Mn oxidation during the S, ® Sz trangtion, because it is inconsgent with a
Mnu(1V4) oxidation dtate, which is required for the Sz gate if Mn is oxidized during the
S ® S trandtion. Comparison of the Sz-dtate <E> vaue to the <E> vaues from 18
different monomeric, dimeric, trimeric, and tetrameric Mn(IV) modd compounds with
different ligands, including CI, shows that the Sz-state <E> vadue is higher than the <BE>
vaue for any of the Mn(1VV) compounds studied (average <E> = 6490.00 eV, highest <E>
= 6490.10eV). It is difficult to explain this result unless Mn(lll) is ill present in the
S; dtate, which means that, based on the Mny(l11,1V3) redox states derived for the S state

(vide supra), a Mn-based oxidation cannot occur duringthe S; ® Sz trangtion.

Effects of structural changes on the XANES and Kb XES data

This section will congder in detal whether dructurd changes and/or ligand

rearrangements during the S, ® Sg trangtion could compensate for Mn oxidation in the
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Kb emisson and XANES spectra.  This is of particular interest due to the proposed
sructura changes during the S, ® S transition™>** which were recently confirmed by
direct distance measurements from EXAFS experiments®® The detailed considerations
described below show that it is unlikely that a sructurd change could mask the effects of
Mn oxidation duringthe S, ® S3 trangtion in the OEC.

The work by Visser et d.'*® compares the XANES spectra from two Mny(111,1V)
binucler complexes with different ratios of aromdic to non-aroméic ligands and
different p-oxo bridges. This comparison shows that drastic ligand rearrangements can
affect the observed XANES edge shape and position to a greater degree than changes in
oxidation state.

However, the Kb XES results from the work of Visser et d.'® show that, while
the previoudy mentioned Mn complexes have different XANES 2"-derivaive IPE
vaues for complexes in the same Mn oxidation state, the Kb XES -moment vaues are
essentidly identical for the two different binucler complexes in the same Mn oxidation
date. This shows that, if a large change in ligand environment were to occur without a
change in oxidation state, the Kb emisson spectra 1¥-moment vaues should be largdy
unaffected.

Could ligand rearrangement prevent the observation of a Mn-centered oxidation
in the XANES spectra pertaining to the S, ® S trangtion? Severd lines of evidence
argue againg this proposition. In Mn modd compounds, dramétic ligand effects are seen
125,155

when severd aromatic ligands are subgtituted for diphatic ligands and vice versa

This is because, with aromaic ligands, additiond 1s® & trandtions are present just



below the main 1s® 4p XANES transtion;’*® this shifts the XANES edge position to
lower energy with respect to complexes with diphatic ligands. These 1s® & transtions
are absent with diphatic ligands, because they have occupied, not unoccupied, & ligand
orbitds.  The Mn cuger in PSIl has vey few aomdic ligands, therefore, the
contribution of 1s® & transitions to the PS11 XANES spectra should be negligible. The
posshility of tyrosne ligands to the Mn cluser has been ruled out by Ste-specific
mutagenesis expariments™’ 1 — 2 higtidines, out of ~24 tota ligands to Mn, are ligated to
the Mn cluster in the S state®®1° There is no evidence from EXAFS spectroscopy for
the binding of more hididine ligands in the Sgsate. If additiond higtidine binding
occurred, hididine multiple-scattering festures would appear in the Fourier transform of
the Ss;-state EXAFS daig they are not present in the experimental spectra®®16?
Therefore, the effects of aromatic ligands  not need to be consdered in interpreting the
XANES spectra of the S-states of the OEC.

Another posshble ligand subdtitution or rearrangement is tha CI, an essentid
cofactor for oxygen evolution, %2163 could be bound in the S state and not in the S state.
This is consstent with *°Cl NMR experiments by Preston et d.'®* and UV absorbance
experiments by Wincenqusz etd.'® which show that, in these preparations, CI is
required for the S, ® S3 and S3® [S4] ® S trandtions, but not for the S ® S; and
S ® S, trandtions.  Further evidence comes from EXAFS spectroscopy experiments on
oriented PSIlI membranes in the S; state which show a Fourier pesk at a distance of
~2.2 A from Mn.'®®  Based on comparison to mode compounds, this is consistent with
CI" binding to Mn in the S state.’®” However, some experiments have been interpreted to

suggest that CI binds to the Mn cluster prior to the formation of the S; state. 52168172
55



If CI' were only to bind in the S; date, its effect on the Mn K-edge XANES
gpectrum of PSII can be edimated by examining data from sets of Mn modd compounds
with and without CI' bound. Pizarro et d.*®” have examined sets of dimeric and trimeric
Mn mode complexes which are essentidly identica except for the exchange of CI for
oxygencontaining ligands. In the dimeric complex (two CI' per two Mn), the edge shape
changes somewhat when the CI ligands are replaced by an acetate bridge, but the
2"% derivative IPE vdues are esentidly 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 vaues are again quite smilar. The effect on
PSII is expected to be even less, because, if CI is bound to Mn in the $ Sate, the ratio
would mogt likely be one CI' to four Mn. Thus, it is unlikdy tha CI binding in the
S; state could offsst the effects of a hypotheticd Mn oxidation during the S, ® S3
trangtion.

The mog likdy dructurd change occurring during the S, ® Sz trangtion is the
modification of the di-p-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 3.0A in the S3 state®®®  Although the distance incresse is not enough to jusiify a
converson from a di-p-oxo 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-p-oxo bridges on the Mn K-edge
XANES spectrum is well modeled by a series of Mn complexes in which the di-p-oxo
bridges of a dimeric Mm(1V,IV) complex were successvely 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 shgpe, but dmost no change in edge postion
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(2" derivative |PE values of 6553.5€V, 6553.2 eV, and 6553.3¢eV for 0, 1, or 2 -oxo
bridge protonations, respectively) due to di-p-oxo bridge protonation. It is therefore
unlikely that a hypothetica oxidation-state change during the S, ® Sg trangtion could be
masked by the lengthening of the Mn-Mn distances in the S dtate, or any other plausible
ligand subgtitutions or rearrangements.

Furthermore, the Kb XES results from the work of Visser et d.'* show that, if a
large change in ligand environment were to occur without a change in oxidaion Sate, the
Kb emisson spectra 1%-moment vaues should be largdy unaffected. Thus, it is even
more unlikely that a hypotheticd oxidation-state change could be masked in the spectra
from two independent X-ray spectroscopic techniques, XANES and Kb emisson

Spectroscopy.

Comparison to other XANES studies

Much of the controversy surrounding the S, ® S trangtion is due to the
conflicting results among earlier XANES dudies of the S-dates generated usng single-
flash turnover. The current XANES sudy represents a sgnificant improvement in three
important areas. @ a high sample concentration was used, which resulted in a large
improvement of the sgnd-to-noise retio relative to earlier data, b) due in pat to laser
flash illumination, a degp S, EPR multiline oscillation with no double hits was achieved;
this largely removes ambiguities in the deconvolution of the measured XANES spectra
into the pure Sstate XANES spectra, and g the monitoring and minimization of radigtion
damage. Another difference between the dudies is the way in which the data are

andyzed; this is discussed in detail in the Appendix. The 2% derivative method has been

57



used for determination of XANES edge energy positions based on the following criteria
a) it is insengtive to linear background subtraction and normdization, b) it has been used
successfully by severa groups for 25 years to determine the oxidation state of metd ions
in metdloproteins and model complexes (see the Results section) and ¢€) in addition to the
edge position, detailed information on the edge shape is provided.

For the following comparison of various XANES dudies, it is very important to
keep in mind that without an accurate determination of the S-state compostion of the
flash samples, no meaningful conclusons can be drawn about the Mn oxidationstate
changes during the various S-date trangtions. To achieve an accurae S-dtate
deconvolution, the S;-date EPR multiline sgnal must be measured for dl the samples
used for the XANES experiments and a degp S,-dae EPR multiline Sgnd oscillation
must be obtained. Otherwise, severd different dephasng mechanisms can be invoked,
eech of which yidds different S-state compositions for the flashed samples and different

‘pure’ S-state spectra

Ono et al. study*®*

This was the pioneering XANES sudy on flashed samples unfortunately, no
independent data on the S-state composition of the PSI1lI samples were provided, which
precludes a unique determingtion of the S-state XANES edge energies (vide supra).
Among the four exising XANES dudies it is the only one in which the flash-sample
XANES gspectra (i.e. before deconvolution into pure S-dtates) 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 composition of their samples, this behavior can be explained if the actud miss
parameter is sgnificantly larger than the reported miss parameter of 9%. A high miss
factor in this sudy could be caused by: a) the low energy per pulse of the laser, i.e. non
saurating illumination, b) the absence of exogenous dectron acceptors, such as PPBQ,
and ¢) a dgnificantly higher Yp content in the samples than the 25 % that was assumed
(up to 75% Yp has been observed'>17®).  Furthermore, the pure Sstate edge energies
were determined by fitting the oscillation pattern of the haf-height energies, not by
deconvolution (or fitting) of the flash spectra This is problematic, because the edge

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

Roelofs et d. observed IPE shifts between Sdates smilar to those reported here.
As is the case in the present dudy, the S,-gate multiline EPR sgnd oscillaion pattern
from Rodofs et d. showed a deep period four oscillation, which greetly reduced the error

introduced by deconvolution. A possible concern about the data from Rodofs et d. is
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Figure2-11: Comparison of Mn K-edge XANES difference spectra of PSII samplesin
the &, S, S, and S; states from the present study (also shown in Figure 2-4B) and from
the work of Roelofs eta.®® 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 gpectra have been vertically offset for

clarity.
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that the reported IPE vadues are condgently lower than those shown in Table 2-3 by
goproximatey 0.5—-0.7 eV for the Sy, S, and S states and by 1.2 eV for the S state.
One hypotheticd explanation of this discrepancy, as suggested by luzzolino etd.,'%? is
that the samples in the Rodofs et d. sudy had some free Mn(ll) present. This possibility
was tesed by adding in fractiond amounts of a Mn(ll)a) XANES spectrum or a
gpectrum from a Mn(ll)-containing model compound to the XANES spectra obtained in
the present study. Neither of these scenarios reproduced the XANES spectra shown in
Rodlofs etd.; as expected, the 2 derivatives of the smulated spectra showed an intense
feature at 6545€eV which is asent in the Rodofs etal. data Therefore, the lower
XANES IPE vdues for the Roelofs etd. data cannot be attributed to the presence of
Mn(ll) in the samples. It is possble that ether of two factors, differing cryoprotectant
concentrations (50 % glyceral in the Rodofs eta. data, 30% glycerdl in the present
sudy) or a samdl (<5 % of the totd sgnd) feature in the Iy oectrum of the Rodofs et d.
data, contributed to the observed difference in the XANES IPE values. However, as
shown in Fgure2-11, the XANES dfference spectra from the work of Rodofs et a. are,
adde from a lower sgnd-to-noise retio, dmost identical to the difference spectra from
the present study for each of the Sdate trandtions. Therefore, the study by Roelofs et d.

provides strong support to the XANES spectra from the present study.

luzzolino et al. study®

In contrast to the data from Ono etd.'®* the raw data from luzzolino e 4.
quditatively agree wel with the data from the present sudy and the data from Roelofs

etd.® In dl three studies a dear Mn K-edge shift is seen between the OF and 1F
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gpectra, while very little change in edge postion is observed between the 1F and the 2F
samples. In addition, the IPE of the OF (S;) sample from luzzolino et d. is essentidly
identical to the IPE measured in the present study. However, after deconvolution,
luzzolino et d. find that the shift between $- and S-dtate spectra is of the same size or
even larger (depending on analysis method) than the shift between the S; and S, States,
the oppodte is true in the current study. A reasonable explanation for this ‘after
deconvolution’ discrepancy is that luzzolino et d. have used a double-hit parameter, 11—
15%, that is too large typicd vdues of 2—5% ae found with dmilar Xe flash

| ampsl46'177

The edge postion of the Sz dae is egpecidly sengtive to the double-hit
parameter, because this factor determines what percentage of the S, state is subtracted
from the 2F spectrum. Because the Sy state has a far lower edge postion than the
S; date, even a smdl eror in the S-date population of the 2F sample has a sgnificant
effect on the cdculated Sz-date edge podtion. 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 multiple turnovers. In addition, the Sp-gate multiline EPR dgnd osaillation
patterns achieved by luzzolino etd. are quite damped; therefore, many different fits to
the S,-sate multiline EPR dgnd oscillation paterns can be invoked, creating
condderable uncertainty in the subsequently deconvoluted S-state spectra As detailed in
the Appendix, it can be shown that, if a different deconvolution is used, a Sgnificantly
gndler edge shift for the S, ® Sz trandtion compared to the S ® S, trandtion is
obtained for the luzzolino etd. data. Therefore, the differences between the conclusons
from luzzolino etd. and those from the current study are largely due to an incorrect

deconvolution by luzzolino etd. of ther farly damped Sy-gate multiline EPR sgnd
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oxcillation pattern and, to a smdler extent, the use of the integrd method for edge energy

determination (see Appendix for details).

Summary of Mn oxidation states in PS Il

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, indicating that Kb emisson and
XANES spectroscopies confirm the presence of Mn oxidation during the S ® S
trangtion. The smal change between the 2F and 3F samples in both spectroscopies
provides strong support for the S, ® S trangtion proceeding without a Mn-based
oxidation. On the next trandtion, S3® [S4] ® S, dioxygen is rdeased, shifting the
postion of the 3F spectra to lower energy for XANES spectroscopy and higher energy

for Kb XES. These flash patterns are explained by the proposed oxidation states of the
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Figure2-12: (A) Oscillation of XANES inflection point energies (I.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

exposuretime from Figure 2-10 are shown.
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Figure2-13: S-state scheme for oxygen evolution based on the proposal by Kok et a.?’
The proposed oxidation states of Mn in each of the Sstates $—S; based on the results

from Kb emission and XANES spectroscopy are shown. For the S; state, it is proposed
that the oxidizing equivalent is stored mainly on a direct ligand to Mn, most likely a
p-oxo bridge, and little of this spin density is present on Mn. The oxidation of atermina
ligand is less likely because of the observed lengthening of the Mn—Mn distancesin the
S; state.®

Mn duger in the S, S, S, and Sg states, as shown in Fgure2-13. Conggtent with
earlier proposals®®98178 these oxidation states are: S: Mu(I1111,1V2), Si: My(l112,1V2),

So: Mny(I11,1V3), Sa: My(111,1V3)".

Implications for the mechanism of photosynthetic water oxidation

Recent EXAFS data on the S dtate show a lengthening of the Mn-Mn distances
rdaive 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 proxo bridges must be drasticadly 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-oxo Mn-Mn distance from 2.7 A to ~2.9 A" 1tis
however, very unlikdy (and inconsdget with the externd proton release pattern of
PS11%8179) that protonation occurs when the complex becomes oxidized. Oxidation of
one of the proxo bridges is an even more drastic way to reduce the strength of the proxo
bridge than protonation, and would explain the experimentaly determined 3.0A Mn-Mn
distance in the S state.  Consistent with previous proposals>®® it is condluded that a
J-0xo bridge becomes oxidized inthe S; state.

Because the XANES and Kb XES experiments are performed a 10 K to
minimize photoreduction, the posshility should be consdered of a temperature-
dependent eqilibrium® whereby the S; state is trapped in @ Mn(lI1)-L" configuration at
low temperatures, but a room temperature a Mn(IV)-L configuration exists'®® Thus,
neither a sructurd change occurring between the S, and S states nor the presence of a
radicd in the Szystae would be seen in expeiments peformed a physologica
temperatures.  However, both phenomena have indeed been seen in expeiments
peformed a room temperaiure. NMR-PRE experiments peformed a 17° C do not
support a Mn-based oxidation for the S ® Sz trangtion (see Introduction). The S ® S3
trangtion has been shown to have a high reorganization energy based on 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 reductants;>*

both experiments support a
sructural change occurring & room temperature.  Furthermore, the presence of a radica
in the S; state a physiologica temperatures is supported by recent studies by loannidis
et d.1%2 comparing the reactivity of NO» towards the S, and S states at 18° C. These
sudies showed that the S; state is reduced by NOe to the § date five times fagter than
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the S, date is reduced. This rae increase is especidly dSgnificant given the 10— 20x
restricted access of substrate molecues to the OEC in the S; dtate, as shown by the
above-mentioned experiments'®* with exogenous reductants.  This is consistent with NOe
acting asaradica trapping agent and the S; state containing some radica character.

DFT caculations by Per Siegbahn provide additional support for the presence of a
radicd in the S; state.””  These calculations show that it is energeticaly unfavorable to
oxidize Mn during the S, ® S; trangtion relative to the formation of a ligand radicd in
the Sz date.  Furthermore, this energetic preference only exigts if the ligand radicd is
present as a 1-oxo bridge radical.

The data in this study are therefore best interpreted to show that a ligand-centered
rather than a Mn-centered oxidation takes place during the S ® S trandtion. Based on
this result, the mechanidic proposads invoking a Mn oxidation during the S;® S

trangtion that were mentioned in the Introduction can be excluded.
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Figure 2-14: Summary of changesin Mn oxidation states and Mn—Mn distances during

photosynthetic water oxidation. During the $® S; transition, a Mn(Il) ® Mn(lIl)
oxidation causes the decrease of the Mn—Mn distance. In the § ® S, transition, one
Mn(l11) is oxidized to Mn(IV), and the Mn—Mn distances do not change. During the
S, ® S transition, a proxo bridge is oxidized, which triggers the increase in Mn—-Mn
distances. Inthe S® [S4] ® & 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 Q, and two water molecules bind to
regenerate the § state. For clarity, Yz, the cofactors ca®* and CI', and terminal Mn
ligands are not shown. Mn—Mn distances were determined by EXAFS
spectroscopy 381161 Asmentioned in DeRose et d.,”* Cinco et d.,”® and Robblee et &, *°
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 p-oxo bridge radicd in the S; state can be rationdized in the
context of any of severa possble modes for the OEC. It is important to emphasize that
the soatid arangement of the Mn aoms in the OEC is not definitivdly known. It has
been stated for some time’? that severa topologica modes (shown as A, E, F, and G in
Figure4 from DeRose etd.’?) are considered equaly possible based on EXAFS data
Although one of the possble topologicd modds is shown in Fgure2-14, smilar
mechanisms can be proposed using the other topologicd modds, and should al be
considered equally visble Although Ca®* and CI' are not induded in Figure2-14 for
clarity, it should be emphaszed that these essentid cofactors of oxygen evolution are
nonethdess involved in the mechanism of oxygen evolution. Three different posshilities
for the O—O bond formation in the S, state are shown in Fgure2-14A-C: A) Upon the
S ® S, trandtion, the neighboring p-oxo bridge aso becomes oxidized and the O-O
bond is formed between the two proxo radicals (Figure 2-14A).354%%°  B) The 0O-O bond
is formed between the p-oxo bridge radica and either an unbound water molecule®®®®
(Figure 2-14B) or a termind water ligand. C) In the S, dtate, the p-oxo bridge radical
migrates to a terminad hydroxo group and forms the O—O bond with a second termind
MnO° that is formed by oxidation through Yz (Figure2-14C).”° All three options for
the S, state generate O, which is derived from inequivalent oxygen atoms in the S state,
as shown by °0/*80 water-exchange measurements on the S state 183184 |n addition, a
recent H,%0/H,%0 FTIR experiment has shown the presence of an exchangesble
di-p-oxo-bridge in the S; and S, states™®® and another recent H,°0O/H,'80 FTIR
experiment has detected the presence of an asymmetricdly 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 Figure2-14 and the latter result is consstent 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 evolution.

The formation of a p-oxo bridge radicd in the Sz date in lieu of Mn oxidation
could be viewed as the onset of water oxidation. Storing this radical on the proxo bridge
prevents premature O—-O bond formation and possible release of reactive intermediates,

which could damage the polypeptides of PSII.
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Appendix

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

et al. study using an extended Kok model

luzzolino et d.!%? fit thdr S,-state multiline EPR signd ostillation patterns using
the origind Kok modd (see the Results section) with only miss and double-hit
parameters as variables, vaues of 22 % and 11 % (or 14 % and 15 % in samples not used
for the XANES experiments) are obtaned for the miss and double-hit parameters,
respectively. The vaue of 11% (or 15 %) is exceedingly large for double hits induced
by Xe flashlamps with 3—5pus full width a& haf maximum; typicd vdues ae in the
range of 2—5%, depending on conditions*®1’”  This indicates that the smple Kok fit
approach s not sufficient and that an extended Kok mode needs to be invoked that takes
into account &) impaired centers and b) high double hits on every second flash.

As described in the Results section, it has been shown that a fraction of impaired

centers can exis in PSII centers 1?3124

Under the assumption of 5% impaired centers
and an initid S-state population of 2% after dark-adaptation (estimated from the S-state
EPR multiline oscillaion pattern presented in Figurel of luzzolino etd.), the Sy-state
multiline EPR ggnd osallation pattern of luzzolino etd. can be fit usng a 20% miss
parameter and a 6—9 % double-hit parameter. This leads to a reduction of the caculated
So-date populaion in the 2F sample from 154 % to 9—13 %. The large €effect on the
cdculated edge podtion shifts of this gpparently smal reduction in the cdculaed S
population can be roughly etimated usng data from the luzzolino etd. study. One

‘extreme fit presented in Table 2 from luzzolino et d. assumes smilar miss (18.7 %) and
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double hit (7.3 %) parameters to those found above. Using these parameters, an initid
S,-date population of 2%, and no impaired centers, an S-state population of 10.8 % is
cdculated for the 2F sample; this is within the range of the fit described above. As
shown in luzzolino et d., deconvolution usng their ‘extreme fit results in the edge shifts
between the S-state XANES specira, as determined using the ‘integrd’ method for edge
position determination, being comparable to the data in this study, i.e. a larger shift is
observed for the S; ® S, trangtion than for the S, ® Sg trangtion.

In addition to impaired centers, the possibility of high double hits on every second
flash should be consdered for the Iuzzolino et d. data It is well documented (and has
aso been observed in this study (data not shown)) that, in the presence of PPBQ, a
reductant-induced oxidation of the non-heme iron occurs on every other flash.'87188
Because of the fast Qa ® Fe** dectron trandfer, this results in a larger double-hit
parameter in every second flash if Xe flashlamps (us) are used. As mentioned ealier,
double hits are not a concern with Nd-YAG lasers™®  This effect was dso induded in the
extended Kok modd, and fits were obtained with bi13s = 9% and b6 = 3% (other
parameters as dove). However, this did not sgnificantly improve the fits nor did the
caculated percentage of the Sy date in the 2F sample change Sgnificantly. Nonetheless,
this shows that 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 dl of the fts, which indicates non
saturating illumination conditions.

It should be emphasized that, for the Sp-gtate multiline EPR dgnd osaillation

pattern of luzzolino et d., neither the presence of impaired centers nor the occurrence of
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higher double hits on every second flash can be unambiguoudy proven through fits to
ther Sp-date multiline EPR dgnd oscillation pattern. The incluson of these parameters
in the above fits is soldy guided by independent data from the literature and the fact that,
without these additiond parameters, unredidicaly high vaues for the double-hit
parameter are obtained. The uncertainty present in the luzzolino et d. data would have
been largdy avoided if a degp S,-date multiline EPR sgnd oscillation pattern had been

obtained in that study.

Comparison of different methods for XANES edge energy determination

Previous sudies have used three different methods to caculate XANES edge
energy positions for each Sstate of the OEC. Ono et d.1%* used the energy a which the
X-ray absorption is hdf its maxima vadue, known as the ‘hdf-height method, in ther
dudy. To interpret changes in oxidation dates with this method, the shgpe of the
XANES spectrum should be unchanged during a comparison, which is not true for the
S-date spectra (see Fgure2-4A). This method is dso highly sengtive to noise in the
data, because it is a measurement a a single point and is affected by uncertainty due to
noise a the top of the edge. In addition, the spectral information present in the
2" derivative spectrais absent with the half- height method.

Rodofs etd.® cdculated the zero-crossing veue of the 2" derivative of the
XANES spectrum (‘2" derivativeé method) in their study.  Although this method is
sendtive to the width of the polynomia used for caculation of the 2" derivative, severa
important advantages exis with this method: @) it is insendtive to linear background

subtraction and normadization, b) it has been used successfully by several groups for 25
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years to determine the oxidation dsate of metd ions in metdloproteins and modd
complexes (see the Results section) and c) in addition to the edge postion, detailed
information on the edge shape is dso provided. However, the width of the polynomid
used for calculaion of the 2" derivative must be properly chosen to find an appropriate
baance between the reduction of noise in the spectrum (at higher polynomia widths) and
retention of spectra Sructure (at lower polynomid widths); the IPE vaue and shape of
the spectrum are dependent on this choice, which is largely guided by andyss of modd
compound data. Roelofs etd. (and the current study) used a 6€V width for the
polynomid, which has successfully been used to andyze mode compound data®*1%
Extensve modd compound studies have shown that, without exception in the study of
more than 13 sets of compounds, when Mn is oxidized by one dectron in a set of Mn
model compounds with smilar ligands, the IPE shifts 1-2 eV to higher energy upon Mn
oxidation, regardiess of nuclearity. When the polynomid width is decreased to 3—4 eV,
the noise envelope on the 2" derivatives becomes significant, especidly for the PSII
data, making the IPE vaues unrdiable.

luzzolino et d.’®? used an ‘integrd’ method in which the 1% moment is caculated
on the absorption axis between a chosen st of limits, and the X-ray energy vaue
corresponding to the calculated 1%-moment absorption vaue is reported.  Although this
method is superior to the haf-height method in that the value reported attempts to take
into account the shape of the edge the cdculated vaue is highly dependent on the
arbitrary choice of limits, paticulaly if the shgpe of the XANES spectrum changes
during the comparison (vide infra). In addition, errors in normalization and background

remova affect the reported vadues, and the spectra information present in the
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2"% derivative spectra is absent with the integra method. In most cases, use of the
integrd method with homologous sets of Mn modd compounds in different Mn oxidation
states shows trends which are similar to those seen when the 2"-derivative method is
used (6 eV polynomid width). However, when Mn oxidation occurs in these complexes,
the edge shape is essentialy unchanged.

The 2"derivative method has been used in the current study and by Roelofs
etd.*® and the conclusions from the current study are unaffected if the polynomia width
for the 2" derivative is atered between 5eV and 8eV. In paticular, the IPE shift for
S, ® S3 trangtion is dways <40 % of the IPE shift for the § ® S, trandtion. However,
a lower polynomiad widths, noise prevents a reliable determination of the edge energies,
and & higher polynomid widths, too many 2"% derivative features are lost. This rativey
lage insenditivity of the 2"%-derivative method towards the choice of the polynomia
width lends support to the conclusons about the Mn oxidation states in PSII based on
this procedure.

However, when the integrd method is used, the changes in the shgpe of the
XANES edge that occur during the S ® S; and S ® Sg trangtions are of concern.  This
is because the conclusons about oxidationstate changes, or lack thereof, are strongly
dependent on a subjective choice of limits for the F-moment caculation for the XANES
spectra of the OEC. Use of the same integration limits as luzzolino et d.,'%? | = 0.15 to 1,
gives the falowing resllts S; - Sp: 04eV, S-S 08¢eV, S3- S 05€eV. However,
integration limits of | = 0.15 to 0.7 give different results § - S: 05eV, S-S 0.7V,
S-S0 0.7eV, and continuing the integration to the top of the edge (I = 0.15-T.O.E))
again produces different resullts. S - Sp: 0.3eV, S, - $: 096V, S3- S,: 0.36€V.
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A more intuitive underganding of why these trends change so drardicdly is
provided by the XANES difference spectra in Figure2-4A. The choice of different
integration limits sdects for different regions of the spectra; this can leave out sgnificant
differences between S-states that are shown in the difference spectra.  Furthermore, it is
difficult to identify criteia to use that would recommend a particular choice of
integration limits, because the use of any of the three integration limits above seems to
show reasonable trends when gpplied to sets of Mn modd complexes in which Mn is
oxidized. Thus, because the conclusons from gpplying the integrd method on XANES
gpectra in the current study are criticaly dependent on the choice of limits, this method
cannot be usad in this study to provide reliable conclusons about oxidation states of Mn

in the OEC.
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Chapter 3: The S, stateof photosystem |1 Isthereheter ogeneity in the

Mn-Mn distances? Deter mination by EXAFS spectr oscopy.

Introduction

The biologica generation of oxygen by the oxygenevolving complex (OEC) in
photosystem 1 (PS1I) is arguably one of nature's most important biosynthetic reactions.
To perform the 4eectron oxidation of water to dioxygen, the Mn-containing OEC cycles
through 5 intermediate Sstates, $ through §, as shown in Fgure2-1 in Chapter 2. This
proposal by Kok et d.?” in 1970 has led to intense study to identify the nature of each of
the quas-stable Sstates §, S, &, and S to derive indght about the mechanism of water
oxidation in the OEC. Because the S; dtate is the dark-stable state?’ this S-date is
relativdly eadly sudied in the form of concentrated, dark-adapted samples. The
discovery that the S, dae could be prepared essentidly quantitativdy by low-
temperaiure (190 K) illumination'®® dlowed similar studies to be performed on the
S, state as had been done on the S state.  However, the remaining Sstates, the $ state
and the S; date, required single-flash saturation techniques. Because this was possible
only with dilute samples ( 05mg Chl/mL, prior to the experiments detailled in Chapter 2),
the experimentd horizons for these S-daes were not very promisng, especidly for
X-ray spectroscopic experiments.  This has severdly limited experimental studies, hence,
much lessis known about the S and Sz states than is known about the S; and S, states.

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

from eectron 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, date is paramagnetic, exhibiting
dther a multiline EPR signad®®®! or a broad signa centered & g=4.1.5%® |n addition,
the S, state has a pardld-polaization EPR signd.*’*°8  These sgnds have been
interpreted as arising from a Mn duster with a nudearity of four,” %2421 gthough other
interpretations exist. 19119

Two forms of X-ray spectroscopy, X-ray dorption near-edge structure (XANES)
spectroscopy and extended X-ray absorption fine structure (EXAFS) spectroscopy, have
provided a wedth of information about the oxidation states of Mn in the OEC and the
gructure of the OEC, respectively, in the S; and S, dates. This is largely due to the
inherent dement specificity of X-ray spectroscopy. XANES spectroscopy mainly
monitors the 1s® 4p transition in Mn,>® which is sendtive to Mn oxidation-state changes
through core-hole shidding effects®®  Consistent with the EPR spectroscopic data,
XANES experiments have indicsted that Mn is oxidized during the SS® S
trangtion,>981011021n ddition, the results from Chapter 2 show that this conclusion is
confirmed by another X-ray spectroscopic technique, Kb X-ray emission spectroscopy.

EXAFS spectroscopy has been widdy gpplied in the studies of metaloprotein
active dtes to provide detalled dructurd information about the coordination environment
aound the active-site meta(s).>"191%  Unlike X-ray crystalography, this technique does
not require long-range order; EXAFS experiments can be performed on frozen solutions.
EXAFS oscillations exist a energies above the absorption edge of Mn and are due to a
find-sate interference effect from photodectrons that are backscattered off neighboring
aoms®”  These odllations contain information about the number of backscatterers

present and the identity of the backscattering atoms; they aso contain extremely accurate
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information about the absorber-backscatterer distances (O 002 A error) in the frequency
of the oscillations. Fourier trandformation of the EXAFS ostillations generates a radid
distribution function of backscattering aloms*®® this provides a pictorid representation of
the environment surrounding the absorbing atom. The EXAFS ostillations can be quite
accurately described theoreticaly™®”'1%8 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 d.8 shortly
after the advent of user fadllities desgned to exploit synchrotron radiation. This study
showed that there was a remarkable smilarity between the EXAFS spectrum of the PSII-
containing chloroplasts and the EXAFS spectrum of a di-p-oxo-bridged Mn complex
Mp(111,1V)02(2,2 -bipyridine).  Specificaly, the Fourier pesk corresponding to the 2.7 A
Mn-Mn digance in the di-p-oxo Mmp(ll1L1V) complex was dso seen in the chloroplast
gpectra, which led to the suggedtion that a di-j1-oxo-bridged M, moiety dso exigts in the
OEC. This was confirmed by several subsequent EXAFS studies of PS|17172199-203 thgt
dso detected a short 1.8A Mn-O distance characteristic of p-oxo-bridged meta
dusters®® 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 anounts of adventitious Mn(11).14:34148

These findings firmly established that the OEC in PSII is comprised of di-p-oxo-
bridged Mn, clusers.  Technicd improvements in insdrumentation led to the detection of
an additional scatterer a 3.3A from Mn./17279202205  This interaction has been
interpreted as containing contributions from both MN-Mn and Mn-Ca interactions &

3.3-3.4A2%6297 These findings were incorporated into a structura mode for the OEC
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proposed by Yachandra & d.3*"* shown in Figure3-1 which contains two di-p-oxo Mn—
Mn moieties connected by a mono-p-oxo Mn-Mn moiety. The dructurd building blocks
derived from EXAFS spectroscopy have since been prerequdte gsructurd dements in
virtualy any proposed modl36:37:40.65.66.70.103 - Lig\vaver, these modds have suffered from
the rdaive paucity of dructurad information about the S and Sp States, because these
S-daes ae rdativey difficult to generate with the homogeneity and concentration that
arerequired for many XAS experiments.

Ealy XAS experiments by Guiles et d.8%?%® with the Sy and S; states used
chemicd treatments to get around the problem of low concentrations. However, the
S-states generated in this manner were designated as $ and S to emphasize that they
are generated through chemical trestment and are thus not native Sstates. The S state

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

Mambrana
Mormal

Figure3-1: A proposed topological model shown in Cinco et a.2% for the structure of
the OEC in PSIl. This model incorporates the distance constraints from EXAFS

spectroscopy as described in the text.
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heme Fe* on the acceptor side to Fe**. This dlowed a 2-dectron turnover during
continuous illumination in the presence of the Qg inhibitor DCMU (3-(34-
dichlorophenyl)-1,1-dimethyl ures). The S, State was prepared by adding the chemical
reductant NH,OH to a concentration of 40 uM in S-state samples, producing a reduced
state called the § state.  Although they were hampered by low signa-to-noise ratios and
the uncertainty about the relationship between the chemicaly generated S -states and the
naive S-dates, these experiments provided the firsd suggestions from XAS tha
heterogendity may exist in the 27 A Mn-Mn distances in the $ and S staes in the form
of a reduced amplitude of Fourier pesk 1l in the $ and S Staes relaive to that in the
S; date; this heterogeneity is not seeninthe S;- or Sp-state EXAFS spectra

Further XAS dudies on single-flash saturable samples have extended the work of
Guiles e d.?® on the Szsate, and have provided additiona information about the
dructure around and oxidation states of the Mn atoms in the OEC immediaedy before the
rdease of dioxygen. The XANES experiments by Roelofs etd.”® and the experiments
shown in Chapter 2 demondrate that Mn is most likely not oxidized during the S ® S3
trandtion. Furthermore, EXAFS experiments by Liang et d.®® showed that the Mn-Mn
distances of 2.7A in the S; and S, states increase to ~2.85 and 3.0A in the S; state,
indicating that a ggnificant Sructurd change is occurring during the S, ® Sz trangtion.
These dudies have been reinforced by recent experiments by Fernandez and co-
workers'®® on oriented samples in the S; state, where these two Mn-Mn distances were
aso seen and were found to be dichroic. In addition, it was caculated thet the 2.85 A

and 3.0A Mn-Mn vectors have digtinctly different projections onto the membrane
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normd, implying that they are oriented a different angles within the membrane-bound
OEC.

The S state has been studied even less than the S; Sate, especidly in terms of
X-ray spectroscopy. The study by Guiles et d. usng chemica reductants to generate the
S stae®® was repested in smilar experiments on reduced S-states by Riggs-Gelasco
etd.?® who aso observed a decrease in the amplitude of the 27 A Mn-Mn Fourier
peek. This was interpreted by Riggs-Gelasco et a. as a reduction in the number of Mn-
Mn vectors ingead of the gppearance of distance heterogeneity. However, the native
S date prepared using sngle-flash turnover has not been extensvey examined using
EXAFS spectroscopy due to the difficulties in collecting EXAFS spectra from single-
flash saturable samples, dthough a preliminary report has appeared 8!

The ggnd-to-noise requirement for XANES spectroscopy is lower than that
required for EXAFS spectroscopy; this has enabled three different research groups to
collect and andyze XANES spectra of samples in the Sy date.  Single-flash turnover
experiments similar to those described in Chapter 2 have been performed by Ono et d.,***
Rodlofs etd.,® and luzzolino et d.'® All three groups, as well as the conclusions from
Chapter 2, are in agreement tha Mn is oxidized during the So® S; trandtion. As
described in Chapter 2, the XANES difference spectra (Figure2-4B) support the
assgnment of this trandtion to a Mn(ll) ® Mn(lll) oxidation. This is manly due to the
fact that the shape of the S; - S difference spectrum is different from the shape of the
S - S difference spectrum, where a Mn(l1l) ® Mn(IV) oxidation is known to occur (see

Chapter 2).

82



The discovery of a multiline 9gnd in the Sy state provides further evidence for
Mn oxidetion during the So® S trangtion. This dgnd was fird discovered by
Messinger etd.®® in the Sy” state produced by chemica reduction with NH,OH, and an
essentidly identicdl signd was subsequently discovered by Messinger etd.*® (see
Chapter 4) and by Ahrling etd.*® in the naive S state generated by single-turnover
flashes. A later sudy showed that this sgnd can dso be generated in PSII isolated from
the cyanobacterium Synechococcus elongatus?®  Unlike the Ahrling etd. sudy, the
later Messinger etd. sudy™ incorporated a protocol to incresse the sample
concentration and avoid EPR gpectrd contamination from the Sy-state EPR  multiline
ggnd. This protocol conssed of generating the Sp dae under single-flash saturable
conditions, adding the reagent FCCP (cabonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone) to the samples, and subsequently concentrating through centrifugation.
Addition of FCCP had two mgor benefits. First, the S; and S; states were rapidly
deactivated by FCCP to the S; state,®!° diminating EPR signds from dither of those two
S-sates.  Second, FCCP accelerated the reduction of the redox-active tyrosine Yp%, 21!
which decreased decay of the S state into the S; state through oxidation by Yp2*.12°

In this chapter, this method of preparing samples in the naive S, state has been
extended to perform EXAFS spectroscopic experiments on the § state of PSI1 generated
through single-flash turnover. These experiments show that distance heterogenety in the
2.7 A Mn-Mn distances most likely exists in the $ state, which can be explained through
a combination of the presence of Mn(ll) and the protonation of a di-pi-oxo-bridged Mn-
Mn moiety. Furthermore, curve fitting of the EXAFS data from the $ date leads to the
intriguing possbility thet three di-p-oxo-bridged Mn-Mn moieties may exis in the OEC
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indead of the two di-p-oxo-bridged Mn-Mn moieties that are widdly used in proposed

dructural modds for the OEC 3#36:65.66.71,74.77



Materials and Methods

PS 1l membranes were prepared from fresh spinach leaves by a 2 min incubation
of the isolated thylakoids with the detergent Triton %100.1%'!  The samples were then
resuspended to a chlorophyll (Chl) concentration of 6.5 mg Chl/mL in sucrose buffer (pH
6.5, 400 mM sucrose, 50 mM MES, 15 mM NaCl, 5 mM MgChk, 5 mM CaCl,) and
stored as diquots at -80° C until used. Chl concentrations were caculated as described in
Porraet d.'*?

To prepare samples enriched in the S state, a frequency-doubled Nd-YAG laser
system (Spectra-Physics PRO 230-10, 800 mJpulse a 532 nm, 9 ns pulse width) was
used to illuminate the PSII samples. The laser was operated continuoudy at 10 Hz, and
flashes were sdected usng an externd shutter (model LSTX-Y3, nm Laser Products,
Inc.).

Before flash illumination, the PSII membranes were diluted to a concentration of
1 mg Chl/mL in sucrose buffer, and 3 mL of this solution was tranferred in darkness into
each of 20 tissue culture flasks (Falcon 3014, 50 mL, 25 cnf growth area) that were kept
on ice. The Nd-YAG beam was redirected and diffused such that the laser beam could
illuminate the entire growth area of the flask from bdow. Sample illuminaion under
these conditions was proven to be saturating by separate experiments in which the Chl
concentration was reduced to 0.5 and 0.25 ng Chl/mL, and no increase in the yidd of the
So sate 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

minuteson ice.
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After dark-adaptation, PPBQ (phenyl-1,4-benzoquinone; 50 mM in MeOH) was
added to each flask to a final concentration of 25 uM, and 3 flashes were applied a 1 Hz
frequency to each flask. Immediatdy &fter the flashes, FCCP (carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone; 5 mM in MeOH) was added to each flask to a find
concentration of 1uM. This accelerated the deactivation of the $ and S states of PSI
to the S; state’’® and reduced Yp®, the stable tyrosine radica of PSI1.2'! The latter
reection essentidly diminates the main path for the decay of the Sy date, which is the
oxidation of the S state to the S; state by Yp2*.*?°  This reaction has a hdf-life of 30
minutes & 5° C.*"" In addition to FCCP, MeOH was added to each flask to a fina
concentration of 3 % viv, which enabled the detection of the So EPR multiline sgnd in
these samples®>%%8%  The samples were then collected and centrifuged at 4° C for 30 min
a 48000xg. The concentrated PSII membranes were then put into Lexan sample
holders (22 x 3.2 x 0.8 mm inner dimensons) and were frozen a 77 K for EPR and X-ray
experiments. It took a totd of 50 minutes to complete the protocol from the point of
applying three flashes to the sample and freezing the samples a 77 K. Control samples
in the S; state were prepared in an identical fashion except that the gpplication of 3 laser
flashes to each tissue culture flask was not performed.

EPR gpectra were collected on a Vaian E-109 spectrometer with an E-102
microwave bridge and dored using Labview running on a Macintosh G3 computer.
Samples were maintained & cryogenic temperatures using an Air Products Héli-tran
liqguid hdlium cryostat.  Spectrometer conditions were as follows S, EPR multiline
ggna: 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, 025 sec time condant, 9.26 GHz microwave frequency. MLS
anplitudes were determined from the low-fidd and high-fidd peek-to-trough
measurements for each designated pesk in Fgure3-2. PSII centers in the § state were
advanced to the S, date by continuous illuminations performed a low temperaiure. The
illuminations were performed with a 600 W lamp, and a 5% w/v CuSO, solution was
used as an IR filter. Samples were placed in a tal test tube which was suspended in a
200K dry icelethanol bath. An unslvered dewar contained the 200 K bath and enabled
the low-temperature illuminations.

XANES and EXAFS spectra were recorded on beamline 73 a SSRL (Stanford
Synchrotron Rediation Laboratory). The synchrotron ring SPEAR was operated at 3.0
GeV a 50—100 mA beam current. Energy resolution of the unfocused incoming X-rays
was achieved usng a S(220) double-crystal monochromator, which was detuned to 50 %
of maximd flux to atenuate harmonic X-rays. A Np-filled ion chamber (lp) was mounted
in front of the sample to monitor incident beam intengty. An incident X-ray beam of
1.4mm x 11 mm dimendons (1 mm x 11 mm for XANES) with a flux of gpproximatey
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 sample.  The samples were placed a an angle
of 45° reative to the X-ray beam and were kept a 10 £ 1 K in a He aimosphere at
ambient pressure usng an Oxford CF-1208 continuous-flow liquid He cryodat. The
X-ray absorption spectra were collected as fluorescence excitation spectrat™® usng a
13-dement energy-resolving detector from Canberra Electronics'® and were referenced

by lpo. Typicd counts in the Mn fluorescence window for the centra channd were 200
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counts/sec at 6500 eV (below the Mn K-edge) and 1300 counts/sec at 6600 eV (above the
Mn K-edge).

XANES spectra were collected at 0.2 eéV/point from 6520 to 6580 eV with a
collection time of 3 sec per point, and a 10 eV/point from 6580 eV to 7100 eV with a
collection time of 1 sec per point. The EXAFS spectra were collected at 3eV/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 collection time of 1 sec per point, and a 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 2.05A™ to 12 A, with Ey assigned
as 6563 eV. The time of collection was weghted using a cubic function from a minimum
of 1 sec per point at low k vaues to amaximum of 10 sec per point at high k vaues.

Two sample regions of 1.4 mm heght 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 1mm
height which included the sample region used for the EXAFS stans. The samples were
protected with a shutter from the beam at dl times unless a measurement was in progress.
Collection of an energy-reference spectrum was achieved by placing a KMnO4 sample
between two N-filled ion chambers 11 and |2, which were postioned behind the PSII
sanple, and collecting a KMnO, absorption spectrum concurrently  with PS |l data
collection. The narrow pre-edge line (FWHM [0 1.7 eV) at 6543.3 eV was subsequently
used for energy cdibration.!'® For the EXAFS spectra, 16 scans (8 scans per region, 2
regions per sample) were averaged per sample for each of sx 3F samples and sx control

sanplesinthe §; date.
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After remova of a linear background, the XANES spectra were normalized by
fitting a quadratic polynomid to the EXAFS region (6570— 7100 eV) and adjusing the
vaue of the extrgpolated polynomid to 1.0 a 6563€V. Second derivatives were
caculated between 6535 and 6575 eV for each point of the XANES spectra by fitting a
cubic polynomia to a range of +3 eV around that point and computing the 2% derivative
of the polynomid.

Data reduction of the EXAFS spectra was performed by remova of a linear pre-
edge background, followed by normdization of the edge jump by fitting a quedratic
polynomid to the EXAFS region (6570—7100€V) and assgning the intensty of the
extrapolated polynomia to 1.0 a 6563 €eV. The resulting spectra were then divided by
the tabulated free-atom absorption values from McMaster et d.?'? Residuad background
remova was obtained by fitting a quadratic polynomid to the region between 6750 eV
and 7100eV and subtracting the resulting polynomid from the entire EXAFS spectrum.

Conversion of EXAFS spectrainto k-space was performed using the formulain Eq. 3-1:

(K= 2R E- ) Eq. 31

where k is the photoelectron momentum (A™?), adso referred to as the photodectron

wavevector; me is the eectron mass, 7 = h/29, where h is Planck’s congtant, and Ej is the
threshold energy for photodectron production. Although the vaue of Eyp was fixed a
6563 eV for the k-space conversion, subsequent curve-fitting using the EXAFS equation
(EQ. 3-2) treated Ep as a varidble parameter. The k-space pectra were then multiplied by
k® to generate k3-weighted EXAFS spectra, this largdly offsets the damping of the

EXAFS oillations seen in the nonk®-weighted k-space spectra  As shown below in
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Eq.3-2, this is mainly due to the 1/(kRf) amplitude dependence of the EXAFS
oxcillations and the fact that the ab initio amplitude function feffj (P,k,R) is dependent
roughly on 1/k®'®® Because low-frequency background contributions were apparent in
the Fourier transforms of the uncorrected spectra as pesks a R <1 A, further background
remova of a5-domain plinein k3-space was necessary.

To amplify the curve-fitting procedure, the individua Fourier pesks I, Il, and 11l
were isolated and fit separately by goplying a Hamming window to the firgt and last 15 %
of the chosen range, leaving the middle 70 % untouched. In addition, the Fourier peaks
were isolaed and fit in pairs (I + Il, Il + [ll) to minimize possble digortions from
isolating closely spaced Fourier pesks separately. However, as mentioned by Latimer
et d.%, there is a tradeoff in doing this, because the fits to pairs of Fourier pesks are
dominated by the contribution from the larger pesk, making it difficult to reliddly extract
information from the smaler Fourier peek. This is paticularly rdevant for fits to pesks
[l and I11.

Curve fitting was performed using ab initio-caculated phases and amplitudes
from the program FEFF5.05 from the University of Washington.'9"?*® These ab initio

phases and amplitudes were used in the EXAFS equation, 4%’ shown as Eq. 3-2;

o fur, 0.k, R)e™ e 8 1 dn(2kR +£ (K)) Eq. 3-2

J
J

(k=84

S? is an amplitude reduction factor due to shake-up/shake-off processes at the central
aom(s). This factor was set to 0.85 for dl fits based on fits to model compounds.”® The
neighboring aoms to the certrd atom(s) are then divided into j shdls, with al atoms with

the same aomic number and disance from the centrd aom grouped into a single shell.
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Within each shell, the coordination number N; denotes the number of neighboring atoms

inshdl j at a dstance of R from the centrd atom. feffj (p.k,R) isthe ab initio amplitude

function for shell j, and the Debye-Waller tem € *1™  apcounts for damping due to
gatic and thermd disorder in absorber-backscatterer distances. A larger Debye-Wadler
factor s; reflects increased disorder, and leads to an exponentid damping of the EXAFS

osdillations. The meen free path term ¢ 2%/'1®

, which depends on Kk, reflects losses due
to indladtic losses in the scattering process, where | (K) is the eectron mean free peth.?!’
Ij(k) wes cdculated by ab initio methods with FEFF5.05. The osdllaions in the
EXAFS spectrum are reflected in the sinusoida term Sn( 2kF\7 +f, (k)), where fij(k) is

the ab initio phase function for shdl j. This snusoidd term shows the direct relationship
between the frequency of the EXAFS osllations in k-space and the absorber-
backscatterer distance.

Eq. 3-2 was used to fit the experimental Fourier isolates using N, R and s? as
vaiable paameters. No firm theoreticd basis exists to guide the choice of Eg for Mn
K-edges, thus uncertainty in Ep trandaes into uncertainty in k-space values, as shown in
Eq. 3-1. Therefore, Ep was dso treated as a variable parameter.  To reduce the number of
free parameters in the fits, the vaue of Ep was condrained to be equa for al shdls in the
fit. This was shown by O'Day et d.?'® to be a vaid constraint when using FEFF phases
and amplitudes.

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

N = total number of Mn  — backscatterer vectors
N number of Mn atoms per OEC

Eq. 3-3
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Hence, coordination numbers are evaluated on a per Mn bass and are dependent on the

goichiometry of Mn aoms in the OEC. It is wel established that an active OEC contains

200,219-230 |231

four Mn aoms, a report of gx Mn per PSI was mog likely due to an
uncorrected high residuad Mn content in inactive centers present in the samples’* On a
4 Mn/PS I basis, N vaues 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 vaue of 2 in a Mn-O
shdl isinterpreted as two O neighborsto each Mn atom.

Fit qudity was evauaed using two different fit parameters F and €. F is

described in Eq. 3-4:

L [CeXpt(lﬁ ) Ccatlc(kI )] Eq 34

ST
| 1o,

&

F=a¥%

1

where N is the tota number of data points collected, c®™ (k) is the experimentd EXAFS
amplitude a point i, and c™°(k) is the theoreticd EXAFS amplitude a point i. The

normdization factor s isgiven by Eq. 3-5:

1_ k®

"7 Eq. 3-5
S a Cexpt (k )|
i

The & error takes into account the number of varidble parameters p in the fit and the
number of independent data points Ning, a shown in Eq. 3-6:3%233

2 -1
e —_— ind

F _
gde pH Eq 3 6

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

Ning IS esimated from the Nyquist sampling theorem, as shown in Eq. 3-7:
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20kDR
Nind = D Eq 3-7

Ok is the k-range of the data (3.5—11.5A?) and OR is the width of the Fourier-filtered
pesk in A. € provides a gauge of whether the addition of another shel to the fit is
judtified. If, upon addition of a second shell, the normdized fit error F does not decrease
sufficiently to statistically justify theindusion of the additiona shell, € will increase.

The mog rdisble parameter from the fit is definitdy the Mn-backscatterer
digance R Typicd erors for R values are in the range of 2%, while errorsin N vaues
are sgnificantly higher, often up to 30%.2%* Therefore, when examining the results of
the fits to the EXAFS oscillations, more emphasis should be placed on the more accurate

R vaues than the less accurate N vaues.
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Results

EPR

It is criticd that an independent determination of the S-date didribution of the
3F samples is performed using EPR spectroscopy; the deconvolution of the 3F XANES
and EXAFS spectra to obtain the spectra of the ‘pure $ State is dependent on a proper
EPR characterization. Because FCCP was added to the samples immediately after the
flashes, any centers that remain in the S or S dates after the flash trestment are rapidly
deactivated to the S; state?'® as explained in the Materids and Methods section.
Therefore, the caculated S-date digribution will contain PSI1I centers in only the $ and
S; sates. In separate experiments, it was discovered that increasng the FCCP
concentration 10-fold (to 10 uM) caused a ~25 % reduction of the § date in the dark to
the Sy date and posshly the S; state (data not shown). To confirm that the FCCP
concentration used in this sudy (1uM) was not of sufficient concentration to cause
reduction of the S; state, the Sy-state EPR multiline sgnd was measured from pardld
S;-gate samples with and without FCCP that had been continuoudy illuminated a 200 K.
The fact that identicd normdized S,-gate EPR multiline sgnd amplitudes were obtained
from both types of samples provides further confidence in the EPR characterization of the
S-date digribution.

During the preparation of the XAS samples, eight identicd 3F samples and eight
identical S;-state samples were prepared. From these 16 samples, two S-state samples
and two 3F samples were st asde for EPR characterization. Because the samples that

were set asde for EPR characterization are identical to the respective samples used in the
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XAS experiments, the S-date didribution that was determined for the samples
characterized by EPR can dso be used to deconvolute the XANES and EXAFS spectra
for the XAS samples.

The S,-date multiline EPR sgnd generated by continuous illumination (Cl) a
190 K of the 3F and S;-dae samples is shown in Figure3-2. At 190 K, dl S-sate
transtions aside from the $; ® S, transtion are kineticaly blocked.*?! This means that,
in the 3Fsample, the Sy state cannot advance to the S dae during this illuminaion
procedure; thus the 3F Cl samples will have a smdler normdized S,-date multiline EPR
dgnd then will the S;-state Cl samples.  In addition, because the spectra shown in
Figure3-2 are difference spectra (after CI - before Cl), the presence of the Sp-state
multiline EPR sgnd,*>%%8% which was visble in the 3F samples before Cl (data not
shown), will not affect the quantitations of the S,-gate multiline EPR sgnd. To correct
for differences in sample volume, the measured Sp-date multiline EPR dgnds for esch
sample were normdized by the magnitude of their respective non-heme Fe?* signd.

The results of the EPR characterization study are shown in Table 3-1. Because
one of the S;-dtate samples generated noisy EPR spectra, it was not used for the
cdculaions shown in Table3-1. The raio of the induced Sp-date multiline EPR sgnd
in the 3F sample reative to that induced in the control S-stae sample (50 %) corresponds
to the percentage of centers origindly in the S; date in the 3F sample. Therefore, the
S-date didribution assgned to the samples in the current study is 50 % S, 50% S;. This
S-date digribution will be used in subsequent deconvolutions of the XANES and EXAFS

spectra of 3F samples.
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Figure3-2: Use of the S$-state multiline EPR signal to quantitate the $:S; ratio in
3Fsamples. A 3F sample and a control §-state sample were continuously illuminated
(Cl) & 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 § ® S transition was cryogenically blocked. The amplitude of the S, multiline EPR
signal was then measured using the marked peaks. The central region corresponding to
Yp%* has been deleted for clarity. The ratio of the induced S,-state multiline EPR signal
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 Sstates in the 3F sample are the S state and the S state;
therefore, the remaining 50 % of the centers are poised in the $ state. This Sstate
distribution is used when deconvol uting the EXAFS spectra of the 3F samples.
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Table3-1: Sstate distribution results from measurements of the induced $-state
multiline EPR signal in 3F samples and control S;-state samples. The spectra used in the
calculation of the valuesfor Sample S, #2 are shown in Figure 3-2.

Sample | 3FCI /S Cl So-state population

S#l 0.487 51.3%

So#2 0.498 50.2 %

Usng samples with 9.5 mg Chl/mL, a greater 9-state percentage (65 % according
to Table 2-2) was obtained in the 3F samples in the experiments described in Chapter 2
than the So-date percentage reported in the current chapter. The smaler Sp-dtate
percentage is most likely due to the oxidation of some of the centers in the Sy State by
externd oxidants during the 30 min centrifugation and subsequent sample handling or
through oxidation by Yp® residues which have not yet been reduced. However, the
dightly lower percentage of centers in the S state for the S-state EXAFS experiments is

necessary to obtain highly concentrated PS |1 samples for EXAFS studies.

XANES

The primary purpose of the XANES spectra was to monitor the progress of
photoreduction during the EXAFS experiments. This was performed by collecting two
XANES scans before and after eight EXAFS scans and monitoring the shift in the
2" derivative IPE vaue between the sets of XANES scans.  For the 3F samples and the
Si-state samples, the effects of photoreduction were quite small.  The 2-derivative IPE

vaues for the S;-state samples and the 3F samples shifted to lower energy by 0.2-—
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0.4¢eV. Although thee shifts are dightly larger than those seen in the flash dudies
detailled in Chapter 2, the effects on the EXAFS data are expected to be far less than the
effects on the XANES data Figure3-17 in the Appendix shows that there is very little
difference in the k3-space spectra if the & set of four EXAFS scans from each region of
the sample are compared to the 2" sat of four EXAFS scans from each region of the
sample. In addition, there was no discernible difference in the fits to the EXAFS data for
the two spectra shown in Figure 3-17 (data not shown).

The XANES spectra collected during the S-state EXAFS experiments are shown
in Figure 3-3A, and the 2" derivatives of the XANES spectra are shown in Figure 3-3B.
The hift in the 2"%-derivative IPE vadues is 25eV, which is dightly larger than the
2.1eV ift for the flash sudies shown in Chapter 2. However, the shapes of the
XANES 2"derivative spectra shown in this chapter are similar to those shown in

Chapter 2 aswell asto those reported in Roelofs et d.%®
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Figure3-3: XANES spectra of samples in the § 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 $-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 $- and
Si-states. A polynomial of 6eV width fit around each point was used for the analytical
calculation of the 2%-derivative spectra. The IPE value for the $-state spectrum is
6550.2 eV, and the | PE value for the S;-state spectrum is 6552.7 eV.
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EXAFS

k3-space spectra and Fourier transforms

Figure 3-4 shows the average Mn K-edge EXAFS spectra from sx 3F samples
and dx samples in the S; state.  Deconvolution of the 3F spectrum usng the S-state
digtribution caculated from Figure3-2 (shown in Table3-1 as 50 % Sy, 50 % S;) yidds
the EXAFS spectrum of the pure So state, which is adso shown in Figure3-4. The

deconvolution was peformed usng normdized E-space spectra before conversion into

8.0

S, state
Average of 3F samples (50% 5, 50% 5}

deconvoluted S, state spectrum

3.5 5.5 T.E 9.5 11.5
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 3Fsamples and six $-state samples were
averaged for each spectrum. The deconvoluted S-state spectrum shown above in red
was calculated from the 3F spectrum and the §-state spectrum using the quantitations
from Figure 3-2 and Table 3-1 (50% S, 50% S,).
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k3-space. If the deconvolution was performed after both the 3F spectrum and the S state
were converted into k-space, the results were virtudly identical (see Figure3-15 and
Figure3-16 in the Appendix). The most noticesble change between the Sp-state and
S;-date spectra is that the resolution of EXAFS ostillations in the § state between k =
85 and 11 At is decreased in the § state. This loss of resolution can be explained by an
increese in digance heterogenety in the S, date relative to the S; state, which leads to
destructive interference a higher k vadues of EXAFS osdllaions of dightly different
frequencies.  This phenomenon has dso been seen in other S-dates that have
heterogendity in the Mn-Mn distances, such as the § state® the S—g = 4.1 state,®® the
NHs-treated S state®*® the F-treated S state?®” and the S state®'®!  Each of the six
3F samples that were used to generate the average spectrum shown in Figure 3-4 was
deconvoluted separately usng the average S;-state EXAFS spectrum to generate SiX
independent So-dtate EXAFS spectra; the results are shown in Figure3-5.  This figure
shows that the loss of resolution of the EXAFS oscillaions that is seen in the average

gpectrum is aso seen in the pectra from the six individua samples.
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Figure3-5: 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 S-state spectra shown above. The S-state spectrum from Figure 3-4 is

shown asared line for comparison.

By peforming a Fourier trandform on the k3-space spectra, a graphicd
representation of the environment surrounding the Mn aoms in PSII is obtained as a
redid distribution function.!®®  Figure3-6 shows the Fourier transforms from the 3F,
So-state, and Si-state k3-space spectra shown in Figure3-4.  Three prominent pesks,
labeled as Peaks I, Il, and Il in Fgure3-6, exig in the Fourier transforms. Peak |
corresponds to fird-shdl Mn-O interactions arisng from p-oxo-bridging and termind
ligands. Peak Il arises from Mn-Mn backscattering in di-p-oxo-bridged Mn, moieties.
Pesk Il contains contributions from both mono-p-oxo-bridged Mn-Mn  and

MoNo- - 0xo- bridged Mn—-Camoieties.
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Figure3-6: 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 Sy state is shown in red.

Although Pesgk I11 is rdatively invariant between the $ and S states, Peaks | and
Il show dggnificat differences between the Sy and S; States. Peak | is a a longer
goparent distance and has a dightly lower pesk amplitude in the S, Sate reldive to the
S; sate.  This implies some sort of increase in disance and/or distance heterogeneity in
the Mn-O digances in the S Sate relative to the S; state.  In the S state, Peak 11 is
goproximately 30% lower in amplitude than in the S; ate.  This consequence of the
aforementioned loss in resolution of EXAFS oscillations in the k-space spectrum of the
S date was dso seen in the previoudy mentioned sudies of other S-sates that have

69,80,161,235-237

heterogeneity in the Mn-Mn distances. This provides compelling evidence
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that structurd changes ae occurring during the So® S; trangtion that reduce the

heterogeneity of the 2.7 A Mn-Mn distances.

Curve fitting of EXAFS spectra

Although the Fourier trandforms shown in Fgure3-6 provide the basis for
drawing compelling quditative conclusons about sructurd changes during the SG® S
trangtion, reliable quantitative results can be obtained by fitting the experimentd daa

usng the EXAFS eguation (Eq. 3-2), as described in the Materids and Methods section.

The Fourier isolates of Pegks I, I, and Il are shown in Figure3-7, Fgure3-8, and
4.0
2.0 1
e
= 0-
=
20 4
5, state
S, state
-4.0 T T T
2.5 5.5 75 2.5 11.5

Photoelectron wavevector k (A%

Figure3-7: Fourier isolates from Peak | of the Fourier transforms shown in Figure 3-6.
The § state is shown in red and the § state is shown in black. The difference in the
frequency of the EXAFS oscillations between the two S-statesis evident.
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Figure 3-9, respectively; these isolates show the k3-space contributions to the Fourier
peek of interest. The increase in the gpparent distance of Peak | in the Fourier transforms
of the § state relative to the § date is evident in the increase in frequency of the EXAFS
oscillations in the $-state Fourier isolate relative to that of the S-state Fourier isolate, as
sown in Fgure3-7. For Peak Il, the Fourier isolates in Figure3-8 show that the
amplitude of the Sp-date Fourier isolate is Sgnificantly smaler than the amplitude of the
corresponding S;-state Fourier isolate.  Because the amplitude envelope for the So-state
Fourier isolate is ggnificantly different from tha of the S date it is unlikdy that the
decrease in Peak [I amplitude can be explained by a decrease in the number of Mn-Mn
interactions in the S, Sate relative to the S; state, which should not change the amplitude
envdope. A more likdy explanation, which was explaned eaflier, is that this could
indicate the presence of distance heterogenety in the Mn-Mn distances in the $ dtate. If
thed R vaue is smdler than the theoretica resolution limit of 0.14 A (see Appendix for
detalls), the observed damping of the amplitude function would occur, athough the fit
results shown in the Curve Fitting section show that the cdculated distance separaion
from the fits is close to the theoreticd resolution limit (vide infra). In order to see a beat
in the Fourier isolates a the proposed distance separation in the Sy dtate, the EXAFS
goectrum would have to be collected to higher k vadues. Unfortunaey, the K-edge
absorption of Fe occurs at a k vaue of approximatdy 12 A, Because there are three Fe

)>*8 and extra Fe

atoms per OEC (two copies of cytochrome bssg and one non-heme Fe?*
can be present in the preparation depending on isolation conditions®2® this diminates the

possihility of collecting dataat higher k values.
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Figure 3-8: Fourier isolates from Peak 11 of the Fourier transforms shown in Figure 3-6.
The § state is shown in red and the § state is shown in black. The difference in the
amplitude envelope of the EXAFS oscillations between the two Sstates 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 Pesk | and Peak Il from each individud $-state data set
are shown in Fgure3-10 and Fgure 3-11, respectively. These Fourier isolates show that
the trends seen in the Fourier isolates generated from the Fourier trandform of the average
So-date goectrum are dso seen the Fourier isolates generated from each individud
sample.  Specificdly, the differences in the amplitude envelope and frequency of the S
and S;-state Peak | Fourier isolates shown in Figure3-7 are dso seen in the individua
sample spectra shown in Fgure3-10. In addition, the differences in the amplitude

envelope of the S and S;-state Peak 1| Fourier isolates shown in Figure 3-8 that was
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Figure 3-9: Fourier isolates from Peak |11 of the Fourier transforms shown in Figure 3-6
The S, stateisshown inred and the S; state is shown in black.

interpreted as possble distance heterogeneity are aso seen in the individud sample

gpectra shown in Figure3-11. Even before the curve-fitting procedures are applied, the

consstency mentioned above greetly increases confidence in the conclusions.
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Figure 3-10: Fourier isolates from Peak | 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-statesis evident.
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Figure3-11: Fourier isolates from Peak Il 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-statesis evident, and can be explained by the presence of two different

Mn-Mn distancesin the Sy state with asmall (< 0.2 A) separation in distance.

Peak |

Fits to Pesk | are known to be dominated by the short 1.8 A bridging Mn-O
distances,”* dthough more termind Mn-O distances exist than bridging Mn-O distances.
Usng one MO shdl, it is not surprisng that Fits#1 —8 in Table 3-2 show that the
So state is best fit by a 1.86A Mn-O distance. This is a longer distance then the
corresponding fit to the S;-state spectrum (Fit#9 in Table 3-2), which is 1.83A.
Furthermore, the Debye-Wadler disorder parameter is larger in the $ 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 S state relative to the § state, which could be due to either an increase in overdl
disorder in Mn-O digtlances or the presence of longer terminad Mn-O distances in the
S state.  The latter hypothesis would be congstent with the presence of a Mn(ll) atom in
the Sy state, which would be expected to have longer Mn—O bridging and termind
distances 239-241

To account for the two different types of Mn-O distances (bridging and termind),
two-shell fits to Pesk | were attempted, athough some previous 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 2shdl fit to Pesk | for the § state and the § Sate. A Sgnificant

improvement in fit eror F is seen for the two shdl fit. However, these two-dhdl fit

Table3-2: One- and two-shell simulations of Fourier peak | of the S-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 shell R(A) N | s2RY) | OE° | F (x10%) | € (x109)
1 SA Mn-O | 185 | 25 | 0003 -20 0.89 081
2 S B Mn-O | 18 | 25 | 0005 -19 053 045
3 SC Mn-O | 187 | 25 | 0003 -18 064 054
4 S D Mn-O | 187 | 25 | 0006 -17 041 031
5 SE Mn-O | 188 | 25 | 0004 -14 0.74 0.70
6 SF Mn-O | 18 | 25 | 0004 -20 0.65 053
7 Average Mn-O | 1.86 25° 0.004 -18 0.64 0.56
8 S GrandAdd | Mn-O | 18 | 25° | 0005 -18 0.62 041
9 S Mn-O | 183 | 25 | oo -20 141 154

10 S GrandAdd | Mn-O | 18 | 25 | 0005 -20 0.35 058
Mn-O | 224 35° | 0025°

1 S Mn-O | 183 | 25 | 0004 -20 113 5.92
Mn-O | 206 | 35 0024

*it parameters and quality-of-fit parameters are described in Materials and Methods; :’D Eo was constrained
to be equal for all shellswithin afit; “parameter fixed in fit; dupper limit for parameter; seetext for details
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minima are quite shdlow; essentidly identica fit error vaues were obtained if the N and
Debye-Wadler vaues for the termind Mn-O shell were both much smaler (0.5-1.0 and
~0.002 A2, respectively), or were both a an intermediate value. Irrespective of the N and
s? vaues, however, the R vaues for the termind Mn-O distances in the $ and S states
were much more precise. The termind Mn-O shell for the $ State required a long 2.2 —
2.3 A distance for an acceptable fit, compared to the 2.0—2.1 A distance that was
required for the S state. A logicd extenson of this fit, if Mn(ll) is present in the S State,
is to attempt a three-shdl fit that separates the bridging Mn-O distances, the Mn(ll)
termind Mn-O distances, and the termind Mn-O distances from the other three Mn
aoms into separate shells  However, this resulted in an under-determined fit as
caculated by Eg. 3-6 because of the limited width of the Fourier peak (see Eq. 3-7).

A reassonable concluson from the fits to Pesk | is that there is an increase in the
Mn-O digtances in the S date relative to the S; state, which is aso seen in the Fourier
isolates shown in Fgure3-7 and Fgure3-10, and the Fourier trandforms shown in
Figure3-6. This can be accounted for by a 0.03 A increase in the average bridging Mn-
O digance in the S date relative to the S; state and the presence of some longer 2.2 —
2.3 A termind Mn-O digtances in the Sy state.  Both of these conclusions are consistent

with the presence of aMn(ll) atominthe § State.
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Peak 11

Relative to Peaks| and Ill, fits to Peak Il are wel-known to have deep fit minima

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

Table3-3: One- and two-shell simulations of Fourier peak 11 from the S-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 Sy-state spectrum.

Fit # sample shell | R(A)| N |s*A) | OE” | F (x10%) | € (x109)
1 SA Mn-Mn| 271 | 094 | 0003 | -20 0,60 0.84
2 SB Mn-Mn| 272 | 130 | 0005 | -20 038 050
3 SC Mn-Mn | 273 | 137 | 0004 | -19 019 0.29
4 SD Mn-Mn | 274 | 155 | 0005 | -16 025 0.37
5 SE Mn-Mn| 273 | 125 | 0005 | -17 025 040
6 SF Mn-Mn | 274 | 137 | 0004 | -16 023 042
7 Average | Mn-Mn | 273 | 130 | 0004 | -18 032 047
8 SGrandAdd | Mn-Mn | 272 | 130 | 0005 | -19 027 041
9 S Mn-Mn| 272 | 125 | 0002 | -19 058 064
10 SA Mn-Mn | 270 | 098 | 000 | -20 0.36 092
Mn-Mn | 285 | 031 | 000

1 B Mn-Mn | 271 | 105 | 0002 | -17 025 056
Mn-Mn | 285 | 046 | 0002

12 SC Mn-Mn | 273 | 116 | 000 | -15 012 037
Mn-Mn | 28 | 042 | 0002

13 SD Mn-Mn | 274 | 120 | 000 | -13 015 046
Mn-Mn | 287 | 053 | 0002

14 SE Mn-Mn | 273 | 102 | 0002 | -13 013 050
Mn-Mn | 287 | 044 | 0002

15 SF Mn-Mn | 274 | 119 | 0002 | -12 013 070
Mn-Mn | 28 | 046 | 0002

16 Average | Mn-Mn | 2725 | 110 | 0002 | -15 019 058
Mn-Mn | 286 | 044 | 000%

17 | SGrandAdd | Mn-Mn | 272 | 108 | 000 | -15 017 053
Mn-Mn | 286 | 044 | 000%

18 S Mn-Mn | 274 | 154 | 000 | -13 049 0.76
Mn-Mn | 290 | 051 | 000

%it parameters and quality-of-fit parameters are described in Materials and Methods; [ E, was constrained
to be equal for all shellswithin afit; “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 Pesk Il in both
the § and § states. Both the § state and the § state can be fit with a Mn-Mn distance
of 2.72 A and a coordination number N between 1.25 and 1.5. The reduced amplitude of
Peak Il in the Sy Sate that is seen in Figure3-6 is manifested in the one-shel fits as an
increased Debye-Waller disorder parameter of 0.004—0.005A% This is over twice as
large as the Debye-Wadler parameter for the S; state and may indicate that two different
Mn-Mn digances exig in the Sy date which are fit by only one shdl in these fits In
addition, other systems with heterogeneity in the 2.7 A Mn-Mn distances, such as the
S state®® the S—g=4.1 state>® the NHs-treated S state,*° the F-treated S state*’
and the S state®® %! al show increased Debye-Waller parameters when one Mn-Mn
shdl is fit to two Mn-Mn distances. Therefore, it is reasonable to split Peak |1 into two
separate Mn—-Mn distances.

Fits#10—-18 in Table 3-3 show improvements in the fits for the § Sate if Peak |1
is treated as two separate Mn-Mn distances. Attempts to fit the second shell as a Mn-C
shel and the firg shedl as a Mn-Mn shdl produced sgnificantly higher fit error vaues
than the one-shdl Mn-Mn fits thus this scenario is conddered unlikdy. With two
separate Mn-Mn distances, the fit error F decreased by 40 % for the two-shdl fit in the
S date relative to the one-shel fit, indicating that splitting the Mn-Mn digtances is a
vaid agpproach. However, the improvement in F for the $; date is only 15 % for the
same approach; thus a two-shel fit is questionable for the § state. When separated into
two shdls, the S sate is fit well by Mn-Mn distances of 2.72 and 2.86 A, a dstance
heterogeneity CR of 0.14 A.  However, the coordinaion numbers from the two-shel fits
for the S Sate are quite surprisng. Virtudly al of the proposed modds for the structure
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of the OEC3%30:6566.7L7477 induding the one shown in Figure3-1, incorporate two
di-p-oxo Mn=Mn digances; if Eq. 3-3 is used to cdculate the predicted N vdue, the
result is an N value of 1. Furthermore, if one of these distances were b incresse in the
Sy state, one would expect that the N vaues for the two shdls in the two-shdl fit would
be equad. However, the results from Table 3-3 show that this is not the case. The Ni:N»
ratio for the 2-shell fits is approximatdy 21, and the totd N vaue Ni+ N is
agoproximately 1.5. Thus, usng Eq. 3-3, these results predict that three di-p-oxo Mn-Mn
digances exis, and that one of them is lager in the S Sate reaive to the S; state.
However, because the € vaue increases when going from a one-shdl to a two-shell fit, it
is possble that these fits are underdetermined, which can be remedied by reducing the

number of free parameters.
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Table3-4: One- and two-shell simulations of Fourier peak Il from the S-state samples
in which N; and N, for the 2 shells were 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 Sy-state spectrum.

Fit # sample shell | RA| N |s?R) | OE° | F (x10%) | € (x109

1 SHA Mn-Mn | 267 | 047 | 0002 | -20 0.60 083
Mn—-Mn 2.74 0.002°

2 S B Mn-Mn 2.67 0.64° 0.002° -20 0.36 047
Mn-Mn | 277 0.002°

3 $C Mn-Mn 2.68 0.68" 0.002° -19 0.18 0.28
Mn-Mn | 277 0.002°

4 SD Mn-Mn 2.70 0.76 0.002° -16 0.23 0.34
Mn-Mn 2.80 0.002°

5 SSE Mn-Mn 2.68 0.61¢ 0.002° -17 0.23 0.38
Mn—-Mn 2.78 0.002°

6 SF Mn-Mn 2.69 0.68¢ 0.002° -16 0.22 0.40
Mn—-Mn 2.79 0.002°

7 Average Mn-Mn 2.68 059 0.002° -18 0.30 045
Mn-Mn | 277 0.002°

8 S Grand Add Mn—-Mn 2.68 0.64° 0.002° -19 0.26 0.39
Mn-Mn | 277 0.002°

9 S Mn—-Mn 2.71 0.63" 0.002° -19 0.58 0.63
Mn-Mn | 273 0.002°

10 SA Mn-Mn 2.68 0.89° 0.002° -20 048 0.67
Mn-Mn | 281 044° | 0.002°

11 S$B Mn-Mn 2.71 1.02° 0.002° -17 0.26 0.34
Mn-Mn 2.84 051° 0.002°

12 SC Mn-Mn 2.71 1.01° 0.002° -17 0.14 0.21
Mn—-Mn 2.82 0.50° 0.002°

13 SD Mn-Mn 2.73 116° 0.002° -14 0.16 0.24
Mn-Mn | 286 058 | 0.002°

14 SE Mn—-Mn 2.72 0.98° 0.002° -13 0.15 0.24
Mn—-Mn 2.86 0.49° 0.002°

15 SF Mn—-Mn 2.72 1.06° 0.002° -14 0.16 0.29
Mn-Mn 2.84 053 0.002°

16 Average Mn-Mn | 271 1.02° | 0002 -16 022 0.33
Mn-Mn | 284 051° | 0.002°

17 S GrandAdd | Mn-Mn | 271 1.00° | 0.002° -16 0.19 0.29
Mn-Mn | 284 050° | 0.002°

18 S Mn-Mn 2.70 0.89° 0.002° -19 0.58 0.63
Mn-Mn 2.75 0.44° 0.002°

%it parameters and quality-of-fit parameters are described in Materials and Methods; PE, was constrained
to be equal for all shellswithin afit; “parameter fixed in fit; dthe Ny:N, ratio was fixed to 1:1 for thisfit; ¢the
N1:N, ratio was fixed to 2:1 for thisfit
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The reaults from Table 3-4 address the concerns about the € vaues and expand
on the possble inequality between N; and N,. The fits presented in Table 3-4 fix the
Ni:N» ratio to either 1.1 (Fits#1—-9) or 2.1 (Fits#10—18). Those in which the N1:N;
raio for the Sy state was fixed to 1.1 do not compare favorably to the sngle-dhdl fits
from Table 3-3. This is because the fit error vdues F for the two-shdl fits are virtudly
identica to those for the one-shell fits, despite the addition of a second Mn—-Mn shdl. In
addition, the R vaues for the firgt shel of the two-shell fits are quite low (bdow 2.7 A).
However, Fits#10—17 from Table 3-4 show a dgnificant improvement if, as suggested
from the fits from Table 3-3 in which the N values were dlowed to vary, the Ni:N; ratio
is fixed to 21. The improvement in both F and € is significant, approximatdy 30 %
relaive to the one-shdl fit. Furthermore, the N; and N2 vaues for dl of the $-date fits
ae dmogt exactly 1 and 0.5, respectively, which are exactly the predicted vaues for a
sysdem with three Mn-Mn p-oxo-bridged motifs. The Mn-Mn disances for these
So-state fits are quite smilar to those from Table 3-3, with Ry =2.71 A and R, =2.84 A
(OR=0.13A). It is important to note thet, regardiess of which N1:N, ratio was applied,
there was no improvement in F or € for the S-state two-shdll fits reldive to the single-
shdll fits, indicating thet, if three Mn-Mn 2.7 A distances exist in the S state, there is no
resolvable distance heterogeneity in these experiments.

Because the proposed distance heterogeneity in the Sp state (0.13-0.14 A) is s0
cdose to the theoretica resolution limit of 0.14 A, it is not possible to unequivocaly prove
that there are two different Mn-Mn distances present in the  state.  This resolution limit
is defined as the ability to see a k>-space beat in the Pesk I Fourier isolate, and can be

improved if data can be collected to higher kvaues (see Appendix for a detaled
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discusson of the cdculation of theoreticd resolution limits).  Thus, it is theoreticaly
possble to explain the EXAFS data from the S date in terms of an overdl increase in
ste inhomogeneity for the 2.7 A distances. This is a different disorder scenario from the
presence of two different Mn-Mn distances, which would be expected to have very little
dte inhomogenety. However, it is difficult to rationdize a proposed increese in dte

inhomogeneity in the § state without increasing the Mn-Mn distances.

Peak 11

Curve-fitting results for Pesk Il are shown in Table 3-5. The fit results for the
individud So-state samples were essentidly identical to those shown in Table 3-5 for the
So Grand Add fit (data not shown). Although the fit minima are much more shdlow than
those for fits to Peak I, it is Hill possble to address some relevant questions about

Peak 111, specificdly the chemicd nature of the backscatterers that contribute to this

Table3-5: One- and two-shell simulations of Fourier peak 111 from the Sy-state samples.

Fit # sample shell | R(A) N | s?R?) | OE° | F (x10%) | € (x109)
1 S GrandAdd | Mn-Mn | 333 | 05° | 004 | -12 0.28 075
2 S GrandAdd | Mn-Ca | 339 | 05° | 0002 | -13 035 0.94
3 S GrandAdd | Mn-Mn | 336 | 05° | 000 -7 013 035
Mn—Ca | 358 | 025° | 0002
4 S Mn-Mn | 336 | 05 | 0003 -6 017 0.24
5 S Mn—Ca | 341 | 05 | 0002 -7 0.28 040
6 S Mn-Mn | 337 | 05 | 000 -2 0.08 012
Mn-Ca | 357 | 025° | 0002

%it parameters and quality-of-fit parameters are described in Materials and Methods; "[E, was constrained
to be equal for all shellswithin afit; “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 dgnificantly better if Pegk 11l is fit with a Mn-Mn rather than a Mn—Ca distance.
This provides convincing evidence for the presence of a 3.3A mono-p-oxo Mn-Mn
distance. Fits#3 and #6 show that the fit error parameters F and € drop by a sizeable
amount, approximately 509%, if an additiond Mn-Ca interaction is added to the
mono-p-oxo Mn=Mn interaction.  Attempts to fit Peak Il with a combination of a Mn-
Mn shdl 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 shdl
and a Mn-Ca shell (data not shown). A dmilar increase in error was observed if the N
vaue for Fit #1 or Fit #4 in Table 3-5 was fixed to 1.0 to assess the possibility of two or
more 3.3A Mn-Mn interactions or if Pesk Il was fit with only a Mn-C shell (data not
shown). In addition, attempts to fit Pesk IIl with one Mn-Mn shel (N =0.5) and two
Mn-Ca shells (N = 0.5) resulted in fit errors that were 20 — 50 % higher than those shown
for Fits#3 and #6 in Table3-5. As shown in the Fourier transforms from Figure 3-6,
Peak 11l is essentidly invariant between the S state and the S; state. Thus, it is not
aurprigng tha the fits are quite smilar between the § and S sates. The Fourier isolate
from Figure 3-9 shows a very smal frequency shift between the $ and § dtates which is
manifested in dightly smaler (0.02—0.03A) distances in the S state rldive to the
S; sae. However, these changes may be too small to be significant.

All of the previous fits to Pesk |, Peak I, and Peak |1l were adso applied to the
average 3F EXAFS spectrum (50 % S, 50 % S;) to examine the effects of the subtraction
procedure. Because of the high sgnd-to-noise ratio achieved in this experiment, it is

unlikely that the fit results presented in Table 3-2, Table 3-3, Table 3-4, and Table 3-5 are
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the result of noise introduced into the data during the subtraction procedure. The fits to
the 3F EXAFS spectra confirmed this, as the fit results were hadfway between those
reported above for the S state and those reported above for the S; state (data not shown).

As mentioned in the Materids and Methods section, the possibility was examined
that the Fourier isolation technique is generating artifacts in the data, dthough most of
the Fourier pesks in Figure3-6 ae wedl-separated, which minimizes any digtortion
atifacts from the isolation procedure. This was done by isolating the Fourier pesks as
pars (Peaksl+Il and Pesaksli+lll) and comparing the obtained curve-fitting results to
those obtained when the pesks were isolated individudly. As shown in Table 3-6 and
Table 3-7 in the Appendix, no mgor changes in the fit results are obtained by fitting the
Fourier pesks as pairs reative to the fits to the individud Fourier pesks; 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 artifects.
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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 d.>® showed that a mgor structura moatif in the OEC is the di-p-oxo-
bridged binucleer M, cluster. This was confirmed by severa subsequent EXAFS
studies."!7279:199-202205 | Her gudies with improved instrumentation were able to detect
the additional presence of mono-p-oxo Mn-Mn and mono-p-oxo Mn-Ca motifs a a
Ionga, di Stmce71'72'79'202'205’207

EXAFS dudies of the S; and S, dates reveded that al of the di-p-oxo-bridged
Mn-Mn moieties have essentidly the same Mn-Mn distance of ~2.7 A, This distance is
condgent with those found in numerous dudies of di-p-oxo-bridged Mmy(111,1V) and
Mm(IV,IV) complexes®®®42%2  This provides strong evidence that the 2.7 A distance
detectable in the EXAFS spectra of the § and S dates originates from di-i-oxo-bridged
Mrp(I11,1V) and/or Mnp(IV,1V) moieties.

However, other dates of the OEC, including those generated by trestments with
oxygen-evolution inhibitors or those generated by Ca*-depletion, show that many, but
not dl, of these states contain Mn-Mn distance heterogenaty which affects the amplitude
and, in some cases, the podtion of PeakIl in the Fourier tranforms It is wel-
established that the native S, state can exigt in two forms the multiline state®®>* and the
g=41 stae’*> Recently, it was established that 820 nm photons could convert the
multiline date into the g=4.1 date, and it was proposed that this occurs by a valence-

Swvapping mechanism whereby an dectron is transferred from a Mn(l11) ion to a Mn(1V)
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ion.24324 A comparative EXAFS study by Liang et d.2*° of the S state in both of these
megnetic configurations showed thet, 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 2.85A. It is difficult, however, to rationdize the observed
distance increase, because the Mmnp(lll1,1V) and Mnp(IV,IV) di-pu-oxo motifs both have
Mn-Mn distances of ~2.7 A 36:173.204

Inhibitors of oxygen evolution such as F and NH3; can dso lead to Mn-Mn
digance heterogenety in the OEC. PSII centers treated with F cannot advance past the
S, state and, when poised in the S State, exist dmost exdusively in the g = 4.1 state®>17°
EXAFS spectroscopy on the F-treated S, state shows that, as in the ndive S,—g=4.1
date, 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
explain the observed lengthening of the Mn-Mn distance in F -treated samples.

Treatment of PSII centers with NH; aso inhibits oxygen evolution, and an
‘NHs-dtered  multiline is observed for these centers when poised in the S, state®*®
Pulsed EPR spin echo measurements with °NHs/**NH; have eucidated that NHs is
bound to Mn in the S, state?*® and the asymmetry parameter h derived from these
ESEEM measurements is more condgent with the binding of NHz in a bridging
position.?*®  Thus, it was proposed that NHs replaces one of the proxo bridges in one of
the di-p-oxo Mn-Mn cores. In addition, a Mn mode complex [Mp(O)(NH2)(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-p-amido Mnp
complex.

121



EXAFS studies of the NHs-treated S state by Dau et d.2%° are consistent with this
hypothesis, because these NHs-treated samples show that one of the di-p-oxo Mn-Mn
bridges increases in length in the S, state to 2.87 A, Furthermore, the X-ray dichroism
for this vector is different from the dichroism of the remaining Mn-Mn vectors?*® This
behavior can be rationdized by the fact that an & bridge is expected to have a shorter
Mnligand bond than NH," based on the dectrogtatic argument of a difference in charge
of the ligand. For the NHy  case, the longer Mntligand bond is expected to cause the
observed increase in the Mn-Mn distance.

Another method of inhibiting oxygen evolution is to deplete PSII samples of the
essentid cofactor Ca?*.  Ca?*-depleted samples are often referred to as S-states, and can
be poised in the §' or S' daes Adde from exhibiting an dtered multiline sgnd reative
to Ca’*-recondtituted samples®*®24° these S-dates are essentiadly structuraly identical to
the naive S-dtates as determined by EXAFS spectroscopy and show no detectable Mn-
Mn distance heterogeneity in Pesk 11.2°° In addition, an S3' state can be prepared from
Ca’*-depleted samples by continuous illumination a 4° C?*824% which, based on ESEEM
and ENDOR spectroscopic data,®*>>® is more accurately described as an S,Y7" state.
The conclusions from EXAFS spectroscopic studies of the S,Y7" ate show that this
S-sate not structuraly different from the other S-states or the native § and S states.®°
Thus unlike other inhibited S-states, the S-states do not exhibit measurable Mn-Mn
distance heterogenaty.

Although the dectron on Yz" in the SY" state cannot ke transferred to Mn or Mn
ligands in Caf*-depleted samples, this can occur in naive samples to generate the

S; gate, which is quite different from dther the S, state or the S,Y; state.  The first
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EXAFS sudy of an Ss-like state was the study by Guiles etd.?® of the S5 state
generated by reductant-induced oxidation of the nonrheme Fe?*. The results from this
study showed that the amplitude of Pesk Il 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
snge-turnover flashes®® %! In these subsequent studies, the Mn-Mn distances were
observed to increase from 2.7A to 28A and 3.0A In light of XANES and Kb
gpectroscopic studies which were best explained by the oxidizing equivdent not being
locdized on Mn in the S; state (see Chapter 2),°81%! the observed changes in distance
were best explained by the presence of a p-oxo-bridged oxyl radicd in the S state36:%°
The decrease in bond order from converting a p-oxo (O%) bridge into an oxyl radica
(O") can explan the observed lengthening of the Mn-Mn distance in the S; state.
Furthermore, the presence of an oxyl radicad provides a mechanism for doring an

oxidizing equivdent on the OEC in the S state without contradicting the XANES and Kb

gpoectroscopic  results that are inconsstent with M oxidation during the S, ® S

trangition (see Chapter 2).%8:16

As described above, the §, &, and S States, as well as severd inhibited S states,
have dl been dructurdly characterized usng EXAFS. However, the results from the
current chapter represent the firs EXAFS charecterization of the naive S state. A
previous study by Guiles etd.®® characterized a chemicdly reduced S-date cdled the
Sy state, and provided evidence for Mn-Mn distance heterogeneity in that Sstate in the
form of a lower Pesk || amplitude in the § state.  Although the EPR spectra from these
S-daes are essntidly identicd (see Chapter 4),*° it has not been proven that the
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chemicaly generated S state and the native Sp state produced by three single-turnover
flashes are indeed the same species.

The results from the current chepter show that the Sy state has a noticesble
reduction in the amplitude of Pegk Il in the Fourier transform relaive to the S; state, as
Sseen in Fgure3-6. This is dso evident in the reduced amplitude of the Fourier isolates
from Peak Il shown in Figure3-8 and Fgure3-11. Curve-fitting anadyses of the Peak |1
Fourier isolates (shown in Table 3-3 and Table 3-4) show that the differences in Peak 1
between the Sy and S; dates can be explaned by the existence of Mn-Mn distance
heterogendity in the S state in the form of Mn-Mn distances at ~2.7 A and ~2.85A.
These results provide the first evidence that structura changes occur during the S ® S
trangtion in the OEC, which can be rationdized by a combinaion of two effects. roxo
bridge protonation and the presence of Mn(l1)

The evidence for the involvement of p-oxo bridge protonation in the S state
comes from an EXAFS spectroscopic study by Baldwin et d.™ of a series of Mny(1V,1V)
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
2.8A to 29A with 0, 1, or 2 p-oxo bridge protonations, 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 unlikey for the S state because of the high redox states of the Mn ions and the fact
that the bound water has aready been partialy deprotonated,®® protonation of a p-oxo
bridge could easly occur in the Sy Sate, especidly if substrate water is incorporated into
abridging position asan OH bridging ligand.
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Recent experimentd results from Geijer et d.>>* 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 intendty of the Sp-sate EPR multiline dgnd (see
Chapter 4)*4%83 and observed a parabolic dependence of the So-state EPR multiline
signd intengty with pH whereby the intendty was maxima a pH6.0 but was lower by
up to 75% a acidic and akdine pHvadues. Furthermore, this effect was essentidly
revesble  One possble explanation provided by Geijer etd.® ad origindly
suggested by Badwin etd.!™ to explain the results from their study of mode complexes,
is that the protonation state of a p-oxo bridge is changing the Mn-Mn distance and
thereby changing the meagnitude of the antiferromagnetic exchange coupling in the
binucleer M, moiety; this would explain the disappearance of the $-dae EPR multiline
ggnd at acidic or dkaline pH vaues.

Another effect that could increase the Mn-Mn distance is the presence of Mn(l1).
It is wdl-known that the MnHigand distances are longer for Mn(ll) complexes than they
are for Mn(l11) and Mn(1V) complexes?3%2** and the XANES and Kb spectroscopic data
from Chapter 2 are conastent with the presence of Mn(Il) in the $ state. However, no
Mn modd complexes have been reported which contain a di-pu-oxo-bridged Mn(I1) atom.
The closest andogs which have been dructurdly characterized are Mmp(ll,11) and
Mrp(I1,111)  di-p-phenoxyl-bridged complexes which have Mn-Mn distances of 3.2-—
34A %52 |n addition, a di-p-hydroxo-bridged Mmy(l1,11) complex with a Mn-Mn
disance of 3.31A has been characterized?®®® The long Mn-Mn distance in these
complexes is mogt likely due to a combinaion of the nature of the bridging ligands and

the oxidation dtates of the Mn ions, a di-p-oxo-bridged moiety that incorporates Mn(ll)
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would be expected to have a shorter Mn-Mn distance due to the presence of the proxo
bridges.

It is possble that both of these scenarios, the presence of Mn(I1) and -oxo bridge
protonation, occur in the Sy dtate.  However, the conclusons from the Badwin etd.
study'™* show that protonation of one di-p-oxo bridge done may be enough to explain the
observed Mn-Mn distance increase in the § state, and protonation of a di-p-oxo bridge is
conggent with the conclusons from the Sp-state EPR multiline sgnd pH  dependence
sudy by Gejer etd.®* It is dso possible that the presence of Mn(ll) in lieu of proxo
bridge protonation is enough to explain the experimentd data for the Sy 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 surprisng conclusion: it is
possible that three, not two, di-pu-oxo Mn-Mn moieties are present in the OEC. The fits
to Fourier Peak Il in the S state shown in Table 3-3 do not distribute the coordination
numbers N; and N, equaly between the 2.7 A and the 2.85 A shdlls, an equa didtribution
would be consgent with the presence of two di-p-oxo Mn-Mn moieties. Indteed, the
digribution of N vaues from the fits is in a 2:1 raio with Nyt ~1.5, and, as shown in
Table 3-4, a head-to-head comparison of a 2:1 ratio and a 1:1 ratio for N;:N2 shows that
2.1 is clearly better than 1:1. In a dgnificant portion of the avallable literature, however,
there has been the assumption that two di-p-oxo Mn-Mn moieties are present in the

OEC.
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Because the posshility that three di-p-oxo Mn-Mn moieties exist in the OEC has
not been serioudy consdered until now, it would be productive to re-examine the data
aready in the literature under the premise of three di-p-oxo Mn-Mn moieties.  This is
most convincingly done for S-dates in which Mn-Mn digance heterogeneity exidts,
because the N1:N, ratio for these S-dtates can be examined, which is more reliable than
the totd Nvaue Thee S-saes indude the S state®® the S,—g=4.1 state,®®® the
NHs-treated S, state,”*® the F-treated S, state,*” and the S; state.® "

The ealiet EXAFS sudy that reveded Mn-Mn distance heterogeneity was the
study of the § state by Guiles et d.®® The best fit to Pesk Il in the S state, shown in
Table 1l from Guiles etd.* is one Mn-Mn shell & 269 A withan N vaue of 1.0, and
another Mn-Mn shell a 2.87 A with an N vaue of 05. Although these fits were done
using an early fitting method called ‘fine adjusment based on modes ! instead of using
ab initio FEFF caculations'®"?*® the N1:N, ratio and the magnitude of the N vaues are
both consistent with three di- - oxo- bridged Mn-Mn moieties.

Severd  dtenative forms of the S, date have been sudied usng EXAFS
gpectroscopy, and al of them show the expected inequivdence in Np and N for three
di-p-oxo bridges. Liang et d.® sudied the S,—g=4.1sate, and the results from
Table 4B of Liang et d.%° are that the best fit to the S—g = 4.1 Sate is with two Mn-Mn
shells at 272 A and 2.85A. The N vaue for the first shel is 0.76, dmost twice as high
as the N vaue for the second shell of 044. This is agan conggtent with three di-p-oxo-
bridged Mn-Mn moieties and, as before, if three di-p-oxo-bridged Mn-Mn moieties

exist, only one of the Mn-Mn distances changes rdlaive to the S; state.
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Dau et d.?®® and DeRose et d.?®’ used EXAFS spectroscopy to investigate the
S, state under conditions of F inhibition and NHs inhibition, respectively. The best fit to
Peak Il from the NHs-trested samples is shown in Table 1 from Dau et d.2%° as two Mn-
Mn shells, one a 2.71 A and another at 286 A. The N; and N, vaues from this fit are
inequivdent a 0.75 and 0.5, respectively, which is more congstent with three di-p-oxo
bridges than two. F-inhibited $-state samples studied by DeRose et d.237 dso behave in
a gdmila fashion. The best fit to Pesk Il in F-inhibited S,-gtate samples, shown in
Table 2 from DeRose et d.?*’ is with two Mn-Mn shells & 271 A and 2.85A. The N
vaues from this fit are dso inequivdent, with N; =0.8 and N, =0.4. The re-evduation
of the results from the inhibited S States is best explained by one of three d-p-oxo Mn-
Mn bridgesincreasing in disgance in the inhibited S, states.

Recent sudies of the Szstate by Liang et d.®® ae dso conssent with the
presence of three di-pu-oxo Mn-Mn moieties.  In the native S; state produced by two
sngle-turnover flashes, the Mn-Mn distances increase from 2.7 A to 2.82 A and 2.95A
in a two-shdl fit (Table 1B from Liang et d.%°). The N vaues for the two-shell fit are 0.7
and 0.4 for N; and N, respectively, demondrating that the data from the § ate, like the
other S-dates detailed above, is quite consstent with the presence of three di-p-oxo-
bridged Mn, moietiess As seen aove, none of the S-dates which exhibit disance
heterogeneity are best fit by an equa N vaue for both Mn—Mn shdls, the fit results from
these Sdates are in fact more consgtent with a 221 Ni: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 curent chapter and a reinterpretation of data dready in the
literature raise the posshility that the OEC contains three di-p-oxo bridges. This has
serious consequences for the vast mgority of the proposed structura modes of the OEC
thet are in the literature,3436:6>06.69.7L74.77.78 hargy e dmogt dl of these structura models
contain only two di-y-oxo Mn-Mn motifs  However, as origindly pointed out in 1994
by DeRose etd.’? and subsequently by Cinco etd.” and Robblee etd.*® severd
possble dructurd models can be condructed from the condraints avalable from
EXAFS. These possbiliies are shown as dructuresA through K in FHgure3-12,
adthough most of these have only two 2.7 A Mn-Mn distances.

Severd mechanisms for oxygen evolution have been proposed based on the
topologica structure from structure A in Figure3-12.3%%%%°  The only reason for this
preference is that structure A is one of the Smplest possble modes. In fact, Smulations
of EPR gpectra from the S, dae ae improved usng a different topology which
rationalizes the drong exchange coupling between two di-p-oxo Mn-Mn moieties.
Pelogquin etd.” prefer structuresE or F in Figure3-12, while Hasegawa et d.”®"® prefer

amodd smilar to but not identical to structure G in Figure 3-12.
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Figure3-12: Possible structural models for the active site of the OEC in PS11. Adapted

from DeRoseet a.,”? Cinco et d.,”® and Robblee et a.*°

Some of the dructures in Figure3-12 are less likely usng criteria other than the
number of 2.7 A di-p-oxo Mn-Mn moatifs.  Structure B in Figure 3-12 contains two 3.3 A

Mn-Mn digances, this is unlikely based on the fits to Pesk Ill described in the Results
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section, which are more consstent with one such distance.  StructureC and variations
thereof conggting of two isolated di-p-oxo Mn-Mn moieties are preferred by Pace and
co-workers based on their EPR smulations'%%%%22%3 put sructureC is not widely
accepted on the basis of EPR smulations by other groups*’#%%* and EXAFS data®°
The fits to Peak Ill shown in Table 3-5 aso disagree with sructure C, because fits to
Peak Il that do not incdude Mn are condgtently and significantly worse than those that
include Mn. StructureD is difavored for the same reason that was set forth for
dructure B, i.e. two 3.3A Mn-Mn distances are consdered unlikdy. Structure H, with
three 3.3 A Mn-Mn distances is even more unlikdly than structuresB and D, as shown by

the EXAFS spectra from asimilar set of complexes, a series of distorted cubanes.”
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Figure3-13: Modified structural models for the active site of the OEC in PSII.
Structures L and M are modifications of structure | from Figure 3-12, and structure N isa

modification of structure Jfrom Figure 3-12.

Structures| and J, with two and zero 3.3 A Mn-Mn distances, respectively, are
not condstent 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 dightly, as shown in
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Figure 3-13, to make them condgent with the EXAFS daa By dightly changing the
arangement of the Mn and oxygen aoms in sructurel (Figure 3-12), structuresL and M
in Figure3-13 can be created. These topologicd dructures are quite smilar to the one
proposed by Siegbahn based on density functiona theory cdculations,’’ dthough Ca is
not included in sructuresL and M and is an integra part of the Segbahn modd. By
adding a mono-p-oxo Mn-Mn bridge to dructureJ (Figure3-12), sructureN in
Figure 3-13 can be created. Thus, structure G from Figure3-12 and structuresL, M, and
N from Figure 3-13 are the favored structures for a topologicad mode of the OEC based

on the insights developed from the EXAFS spectroscopic resultsin this chapter.
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Figure3-14: 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-0xo moiety giving rise
to the 2.85A Mn-Mn distance in each model contains a proxo or prhydroxo bridge
colored in blue; the two remaining di-p-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 topologicd modeds presented in Figure 3-13 plus gructure G from

Figure 3-12 as a framework, four posshilities for the sructure and oxidation states of Mn
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in the Sy sate are shown in Fgure3-14. Each modd incorporates the conclusons from
the EXAFS experiments detailed in this chapter and the conclusons about oxidation
dates presented in Chapter 2. The detailed description of each modd and how each
mode accounts for the experimental data from the OEC is presented below.

Of the four proposed models in Fgure3-14, structureG provides the best
explanation of the results from EXAFS experiments on the S state, which are that al of
the 2.7 A Mn-Mn distances in the $ state incresse in distance in the S state.®® This was
explained by Yachandra et d.*® and Liang eta.?® usng structure A in Figure3-12 as a
gructurd framework and incorporating an oxyl radica in a proxo bridging postion in the
S date.  This provided an explanation for an increase in digance of one di-p-oxo-
bridged Mn-Mn moiety from 2.7 A in the S, state to 3.0A in the S; Sate, and it aso
rationdized the condusion from XANES experiments® (which has since been reinforced
by the XANES and Kb XES experiments presented in Chapter 2) that no Mn-centered
oxidation occurs during the S, ® Sz trandtion. However, it was difficult to understand
why, in dructure A, the other di-p-oxo Mn-Mn moiety aso increased in disance in the
S; sate even though it was farly isolated from the proposed oxyl radicad. Thus, it would
be more logicd if the structure of the OEC was in fact more ‘tied together’ than is shown
in dructure A, which would more eesly explain the lengthening of al di-p-oxo Mn-Mn
matifs in the Sz state.  If the topologicd mode shown as dructure G in Figure 3-14 is
used, formation of an oxyl radicd a the oxygen denoted in red in Fgure3-14 would
cause al three di-p-oxo Mn-Mn moieties to increase in distance, as seen in the S state.
O-0O bond formation in the trangent S, state could then occur between the oxyl radicd
and the oxygen denoted in blue in Figure 3-14.
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In the Sy state, the presence of Mn(ll) and/or protonation of a proxo bridge can
account for the incresse of one 2.7 A Mn-Mn distance to 2.85 A, as explained above.
However, with sructure G, the presence of Mn(ll) in the $ 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 necesstates assgning the
oxidation states of Mn in the S state as Mny(Il13,1V) and protonating one of the proxo
bridges in the S date (shown in blue in Figure3-14). Although the XANES and
Kb XES spectra presented in Chapter 2 are easer to explain if Mn(ll) is present in the
S sate, Mn(l1) is definitey not required, and Mny(1113,1V) is an acceptable aternative.

The remaning dructures in Fgure3-14, dructuresL, M, and N, can al
incorporate Mn(ll) in the Sy sate and increase only one of the Mn-Mn distances.
Because it is uncler from mode chemidry if protonation of a p-oxo bridge would be
required, the proton is denoted in blue in Figure3-14 as optiond for al three modes.
The oxygen which becomes the oxyl radicd in the Sg state is shown in red for each
dructure.  Because this oxygen is tri-p-oxo-bridged in sructuresL and M, these two
dructures can more eesly rationdize the increase in dl Mn-Mn distances in the S State
than structure N, in which the oxyl-radical oxygen is part of only one di-1-oxo bridge.

In each of the four Structures shown in Fgure 3-14, the O—O bond formation in
the trandent S, date is proposed to occur between the oxyl radica and the oxygen atom
denoted in blue in Figure 3-14. An dterndive for each dructure is to form the O-O bond
between the oxyl radicd and ether exogenous or termindly bound water or hydroxide, as

shown for structure B in Figure 2-14 from Chapter 2.
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In addition to the congdraints 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 crystalographic data from PS11.°0%%° These data are most consistent with an OEC
which is asymmetric ad shaped somewhat like a pear. However, as confirmed by Mn
and S EXAFS sudies?®?%’ the OEC is most accuratdly described as a Mn/Ca
heteronuclear clugter; therefore, Ca should be incorporated into each of the proposed
dructures in Figure3-14 before they ae compared with the results from X-ray
crysalographic sudies. If Ca were not included, sructureN in Fgure 3-14 would be
consdered unlikely because of its high symmetry. However, after induding 1 -2 Mn-
Ca distances at ~3.4 A, as required from the EXAFS experiments?°®2%7 dl four structures
in Figure 3-14 can be made compatible with the ‘pear’ congtraint.

StructuresL and M are of paticular interest if Ca is included, because this
generates a pseudo Mn-Ca cubane as suggested by Segbahn in his DFT-based
mechanistic proposd.””  However, one of the predictions from the Siegbahn mechanism
is that the Mn-Ca distances should decrease by ~0.1 A during esch Sdtate trangition. As
shown by the curve-fitting results in Table 3-5, this is not borne out by the fits to the
EXAFS data pertaning to the So® S; trangtion; however, the Mn-Ca distance is

significantly longer than detected in previous experiments.®®’

Neverthdess, many other
predictions derived from this mechanism, such as the energetic preference for oxyl
radicd formation in lieu of Mn oxidation during the S ® Sz trandtion, are supported by
experimenta data.

The finding from the current sudy that it is likdy tha three di-p-oxo Mn-Mn
moatifs exig in the OEC has profound effects on the structura and mechanigic questions
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that exig about the mechanism of water oxidation in the OEC. The new topologica
modds shown in Fgure3-13 and Figure3-14 evolved from consderation of the results
presented in this chapter and represent new sructurd possibilities for the OEC that have
not been widdy consdered in previous dudies. It is expected that dgnificant insghts
will come from condderation of experimenta data in terms of these new models. This
will be paticulaly reveding for the interpretations of EXAFS data from oriented PSII
membranes in various Sstates'®129229523¢ gnq the interpretation of the ENDOR, ESEEM,

and continuous-wave EPR spectrafrom the S, and S states.** "
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Appendix

Calculation of theoretical resolution limit in EXAFS

The &bility of the EXAFS technique to resolve the presence of amilar
backscatterers at two closaly separated distances is well known to be dependent on OR,
the difference in absorber-backscatterer distances (&), and [k, the width of the k-space
EXAFS data set (A1). When EXAFS oillations from two backscatterers at closaly
separated distances are superimposed, the addition of the snusoida terms from Eqg. 3-2
(9n[2kRy] and SN[2kR], if the phase shifts are neglected) generates a loca amplitude
minmum in the k-gpace spectrum from the addition of 2 sne waves with different
frequencies, this is commonly known as a beat. The magnitude of R; - R, determines a
what vaue of k the beat will gopear. This is shown by the trigonometric identity in
Eg. 3-8:

. o aa- by . amtbg
gn a+dn b—2cosé—2 zsné—z & Eq. 3-8

Eq. 3-9 showsthe application of Eq. 3-8 to the current problem:
sn2kR +sn2kR = 2cos(k[R - R])sn(k[R +R]) Eq.3-9
The beet in the k-space spectrum arises from the cos(k[R- Rz]) teem in Eq. 3-9. When

the operand of the cosine function,k[R - R)], equals zero, the first beet will appeer. This

occurswhen Eq. 3-10 istrue

K[R- R] :g Eq. 3-10
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Thus, the minimum [0 R necessary to see a besat in the k-space spectrum is most accurately
depicted by Eq. 3-11, assuming that the k-space window is wide enough to see the best:

__p
2K

However, Eq.3-11 is rady®®®?%" if ever quoted in recent literature?®®2® when the

DR Eqg. 3-11

theoretica resolution limit is caculated; two other formulas are commonly seen instead.

Eq. 3-12°"?Y and Eq. 3-132"12"3

DRDK » 1 Eq. 3-12
DROK = £
=5 Eg. 3-13

A necessry assumption for Eq. 3-12 to be vadid is that, for the k-range used in the
experiments reported in this chepter, the minimum k vaue is 42 A, while a necessary
assumption for Eq. 3-13 to be valid is that the minimum k value is 0A™. Because neither
of these assumptions is valid for the data shown in this chapter, it is not surprisng that
three formulas, Eq. 3-11, Eq. 3-12, and EQ. 3-13, predict different minimum resolution
limts Eq. 3-11 predicts the correct resolution limit of 0.14 A with data collected to
k=115 A"*; however, for a k-range of 35-11.5 A, Eq. 3-12 predicts a resolution limit
of 0.125A, and Eq. 3-13 predicts a resolution limit of 0.2 A, With the predicted Mn-Mn
Peak Il distance heterogeneity in the Spstate of 0.1—0.15A based on curve-fiting
results, it is important to relate this to the correct theoreticd limit shown in Eq. 3-11 and
avoid using the more commonplace but ingppropriate formulas in Eq. 3-12 and Eg. 3-13.
This is paticulaly important concerning EQ. 3-13, because kmax is Sgnificantly larger

than Ok when EXAFS dataandysisbeginsa k = 3.5 AL,
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Comparison of deconvolution methods for Syp-state EXAFS spectra

Deconvolution of the 3F EXAFS spectra into pure $-state EXAFS spectra can be
performed in two ways. The S;-state spectrum can be subtracted from the 3F spectrum
after normdization in E-space and before conversion into k3-space.  Alternatively, the
S;-date spectrum can be subtracted from the 3F spectrum after both spectra have been
converted into k3-space using the methods detailed in the Materials and Methods section.
Although the former method is preferred because only one round of background remova
is performed to the $-state spectrum, the latter method is often used because the sgna-

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

&0
4.0 4
e
& 01
=
-4.10 4
5, state generated by E-space subtraction
5, state generated by k-space subtraction
'E':I T T I
2.5 5.5 7.5 8.5 11.5

Photoelectron wavevector k (A%

Figure3-15: Mn K-edge EXAFS spectra of the & state generated by deconvolution in
E-space (red) and in k-space (blue). The data analysis of the & state reported in this
chapter is based on the deconvolution in E-space.
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results presented in  this chapter, the high dgnd-to-noise raio permitted the
deconvolutions to be performed before conversion into k3-space. However, to ensure that
this was not affecting the data andyds, the deconvolution was performed after the
converson into k3-space.  Figure 3-15 and Figure 3-16 show that the resulting spectra are
virtudly identical. Furthermore, the curve-fitting results to the Fourier isolates generated
from both of the So-state spectra shown in Fgure 3-16 show virtudly identica results for
the two deconvolution methods (data not shown); thus, the choice of deconvolution

method did not affect the data andyss.
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Figure3-16: 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.

Consideration of possible radiation damage effects
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As described in the Materids and Methods section, the experimental protocol of
the Sp-state EXAFS experiments was dedgned to minimize and monitor radiation
damage by callecting only 8 EXAFS scans on each separate region of the sample. To
evauate the effects of possble radiation damage on the EXAFS spectra, the average
k3-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,

each of ~20 min duration. Fgure3-17 shows that there is very little change between the

8.0

Average 3F spectrum from 1 set of EXAFS scans
Average 3F spectrum from 2" set of EXAFS scans

-8.0

3.5 5.5 T.E 9.5 11.5
Photoelectron wavevector k (A%

Figure3-17: 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.

142



two k3-space spectra from the 3F samples.  Furthermore, the curve-fitting results from
both of the gspectra shown in Figure3-17 are virtudly identicd (data not shown).
Therefore, radiation damage effects are assumed to be minima for the EXAFS spectra

presented in this chapter.

Curve-fitting results from Peaks I+l and I+l

As mentioned in the Results section, the effects of possble Fourier isolation
atifacts to the curve-fitting results was examined by isolaing and fitting the Fourier

peaks as pairs (Peaks |+l and Peaksll+l1l). As shownin Table 3-6 and Table 3-7, these

Table3-6: Two- and three-shell simulations of Fourier peaks | and Il from the S&-state
and S;-state samples.

Fit # sample shell | R(A) N | s?(R?) | OE° | F (x10%) | € (x10%)
1 S GrandAdd | Mn-O | 185 | 25 | 0005 -20 067 0.66
Mn-Mn | 272 | 119 | o00m4
2 S GrandAdd | Mn-O | 185 | 25° | 0005 -20 0.65 0.64
Mn-Mn | 267 | 061 | 000
Mn-Mn | 277 0.002°
3 S GrandAdd | Mn-O | 186 | 25 | 0005 -17 059 058

Mn-Mn | 271 105° | 0.002°
Mn-Mn 2.84 053° 0.002°

4 S Mn-O | 183 25° | 0002 -20 123 1.20
Mn-Mn | 272 | 119 | oom

5 S Mn-O | 183 25° | 0005 -20 123 1.205
Mn-Mn | 271 | 060" | 0002
Mn-Mn | 271 0.002°

6 S Mn-O | 186 25° | 0005 -20 123 1.20

Mn-Mn | 271 0.80° | 0.00°
Mn-Mn | 272 0.40° 0.002°

%it parameters and quality-of-fit parameters are described in Materials and Methods; "[E, was constrained
to be equal for all shellswithin afit; “parameter fixed in fit; dthe Mn—Mn Ny:N, ratio was fixed to 1:1 for
this fit; the Mn—Mn N;:N, ratio was fixed to 2:1 for thisfit
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results are essentidly identica to those shown in Table 3-2, Table 3-3, Table 3-4, and
Table 3-5 for the S-state and $ Grand Add samples. This was dso true for pairwise fits
for each of the individud $-state spectra SA through SF (data not shown). Thus, the

effects of the Fourier isolation procedure are found to be negligible for the fits presented

inTable 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 |l and I11.

Fit # sample shell | R(A) N | s2R?) | OE° | F (x10%) | € (x109)
1 S Grand Add Mn—Mn 273 114 0.004 -18 0.25 0.33
Mn-Mn | 328 05° 0.005
2 S Grand Add Mn-Mn 2.69 057 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 0.94° 0.002° -15 0.22 0.29

Mn—-Mn 2.83 0:47e 0.002°
Mn-Mn | 331 05° 0.004

4 S GrandAdd | Mn—Mn | 273 110 0.003 -16 0.23 0.30
Mn-Mn | 326 05° 0.002°
Mn-Ca | 345 025° | 000

5 S GrandAdd | Mn—Mn | 270 | 056° | 0002 -16 023 0.30
Mn-Mn | 277 0.002°
Mn-Mn | 327 05 | 0002°
Mn-Ca | 345 | 024° | 0002

6 S Grand Add Mn—-Mn 2.71 0.83%¢ 0.002° -15 0.21 0.28
Mn-Mn | 281 041° | 0.002°
Mn-Mn 3.28 05° 0.002°
Mn—-Ca 347 0.25° 0.002°

7 S Mn-Mn | 272 105 | 0001 -18 048 047
Mn-Mn | 323 05° 0.005

8 S Mn-Mn | 273 | 063 | 0002 -17 050 049
Mn-Mn | 273 0.002°
Mn-Mn | 326 05° | 0002°

9 S Mn-Mn | 273 | 084° | 000 -17 0.50 049

Mn-Mn | 273 042° | 0002
Mn-Mn | 326 05° 0.002

10 S Mn-Mn | 273 126 0.002 -16 0.46 0.39
Mn-Mn | 324 05° 0.002
Mn-Ca | 342 025° | 000

11 S Mn-Mn | 273 | 063° | 0002 | -16 046 046
Mn-Mn | 273 0.002°
Mn-Mn | 324 | 05 | 0002
Mn-Ca | 343 | 025° | 000

12 S Mn-Mn | 273 0.84° | 000 -16 0.46 0.46
Mn-Mn | 273 042° | 000
Mn-Mn | 324 05° 0.002°
Mn-Ca | 342 025° | 000

%it parameters and quality-of-fit parameters are described in Materials and Methods; "0E, was constrained
to be equal for all shellswithin afit; “parameter fixed in fit; d%the Mn-Mn N:i:N, ratio wasfixed to 1:1 for

this fit; the Mn—Mn N;:N, ratio was fixed to 2:1 for this fit; fif the Debye-Waller parameter for thisfit was
not fixed, it went to a chemically unreasonable value of 0 A?
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Chapter 4: Discovery of the Sy-state EPR multiline signal in native

samples

Introduction

The photosynthetic oxidation of water to molecular oxygen is energeticaly driven
by light-induced charge separations in the reaction center of photosystem Il (PSI1I). The
reaction is catayzed by a tetranucler manganese cluser contained in the oxygen
evolving complex (OEC). The OEC cycles through five different redox dates termed 9
to Sy, with S; being the dark-gable dtate.  Oxygen is rdeased during the 4 ® S
transition.3®  The remova of one dectron from the OEC on each Sdtate transition leads
to the idea that dternate S-states should be paramagnetic because of their odd-electron
number. The multiline EPR ggnd, which is the hdlmak of the S, dtate, establishes the
odd-dectron character of the Mn duster in $,.°%°* The S, state, one-electron reduced
from S, is paramagnetic but of even dectron number, and a non-Kramers EPR dgnd is
observed in pardld-polarized EPR.4"*° Because the S state is reduced by one further
electron, it is expected to be an odd-dectron or Kramers date observable with
conventiond EPR. Hence, it was somewhat surprisng tha no EPR sgnd had been
reported for this gtate. This problem was recently resolved by Messnger etd. who
obsaved a new EPR multiline sgnd in an S state, an Sp-like state produced by
reduction of the S, state by hydroxylamine or hydrazine®® The essentid ingredient was
the addition of 1.5% methanol. In addition, Ahrling et d.° discovered an identicd EPR
multiline ggnd for the physologicd Sy stae usang more dilute samples which were
turned over by saurating laser-flash excitation in the pressnce of 3% methanal.
Goussias et d.2* found a different EPR multiline signd by incubation of S samples with
NOe at -30°C in the aisence of methanol. This sgnd may originae from a different kind
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of § state or from NOe bound to the S state. This chapter describes the observation of
an EPR ggnd in a physologicd Sy state produced by three-flash illumination of dark-
adapted PSII membranes. This EPR sgnd is aufficently smilar to that produced by
NH,OH treatment that, from the perspective of EPR, one need no longer disinguish the
states prepared by the two methods. Furthermore, this chapter describes a broad EPR
sgnd for the § Sate in absence of methanal.

Materials and Methods

Dark-adapted spinach PS11 membranest*®*'! were enriched in the $ state by the
folowing flash procedure diquots of 3 mL volume were illuminated a a chlorophyll
concentration of 1mg/mL in ice-cold pH 6.5 buffer (5mM CaChk, 5mM MgCh, 15 mM
NaCl, 50 mM MES, 400 mM sucrose) with one pre-flash (Xe flashlamp, 13 ps FWHM,
5J pe pulse pathlength ~ 2 mm), further dark-adapted on ice for 90—120 min and
illuminated with three Xeflashes (0.5Hz). Before centrifugation (30 min, 40,000x g,
4°C) 15% methanol (viv), 20uM phenyl-para-benzoquinone (PPBQ; 50 mM in
methanol or DMSO) andlor 25uM cabonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP; 2.5 mM in ethanol) were added as indicated in Figure4-1. The
pellets (~30 mg Chl/mL) were trandferred in the dark into specid EPR Lucite holders of
120 L volume and frozen in liquid N,. PPBQ was added to oxidize the acceptor-side
quinones of PSII, which otherwise produce ironquinone EPR dgnds & g=1.9 and
1.8.%"> FCCP was used to accelerate the deactivation of the S and S states of PS|I to
the S; stae?’® and the reduction of the stable tyrosine radica of PSI1,2*! Yp®, which
prevents the reaction § + o™ ® S; + Yp'™ (ty2 = 30 min, 5°C)."" All measurements
were recorded usng a Varian E-109 X-band spectrometer with an E-102 microwave

bridge and an Air Products heium flow cryodat. Instrument conditions. microwave
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power, 30 mW; modulation frequency, 100kHz modulation amplitude, 20G; time

constant, 0.5 sec; scan time, 4 min.

Results and Discussion

Figure4-1A shows the EPR difference spectrum from the Sp-dtate sample (minus
S1) prepared with FCCP, PPBQ, and methanol. A multiline sgnd clearly different from
the wdl-known S,-date EPR multiline sgnd (Figure4-1B, same additions) is observed.
Most of the peaks are out-of-phase between the two signads (for examples, see dashed
lines in FHgure4-1). The average Slitting of the hyperfine lines is very smilar, about
85-90G, but the vaues for the So-state signd occur over a wider range (70— 110 G)
than those for the Sy-date EPR multiline sgnd (80—100 G). Although it is difficult a
the current sgnd-to-noise ratio to clearly identify the last pesk a the high fidd sde of
the So-gate EPR multiline sgnd, a caeful dudy of the outer wings (see inset in
Figure4-1A) and a comparison of gpectra obtained from several independent samples
(data not shown) show that the tota spectrd breadth is 2200-2400 G and the totd
number of pesks is 24 — 26, compared to 18 — 20 reported for the S-state!*>° Therefore,
the So-date EPR multiline sgnd is about 300—500 G wider than the Sy-state EPR
multiline sgnd. This extra width is exclusvedly on the high fidd sde of the $-date EPR
multiline sgnd, which gives rise to an asymmetry of this EPR dgnd, indicative of an
average g vaue below g = 2.0. In the absence of FCCP, mixtures of $-state and S-state
EPR multiline dgnds were obsarved, which disdlayed in ther outer low-fidd wings
peaks of the § multiline (data not shown). This indicates that the $-date EPR multiline
sgna can be generated in the absence of FCCP. The fraction of centers in the § Satein
sample A (Figure4-1) is about 50%. This was determined by converting the residud
S;-dtate population into the S, state by 200K illumination and comparison of the
resulting Sp-date EPR multiline dgnd amplitude with that of sample B (Figure4-1).
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FCCP does not affect the amplitude of the S,-date EPR multiline dgnal generated by
200 K illumination a the concentration used in this sudy (data not shown). The $-dtate
minus S;-dae difference spectrum obtained in the absence of methanol is shown in
Figure4-1C. A broad ~2400 G wide sgnd with only poorly resolved hyperfine structure
is observed, showing i) that methanol is important for observing the hyperfine lines and
i) that the Sy state dso has an EPR dgnd in the adbosence of methanol. The effect of
methanol, a water andlog, on the amplitude of the hyperfine pesks may be explained by
binding a 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(lll, IV) compled’ and that
methanol binds to the S, state?’’  Alternaivdy, methanol may smply reduce the
hyperfine linewidth through a reduction of inhomogenety aound the Mn cluder.
Figure4-1D displays a Sy -state EPR multiline signd from a sample prepared using
NH,OH as a reductant.®® Only minor differences (if any) can be seen between the %-
and Sy -gate multiline signals. Based on this finding, the two states are proposed to be
identical.
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Figure4-1: X-band EPR difference spectra from PSII membranes a 7 K: (A)
physiological $ state minus § 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 spline 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 200K continuous illumination (6 min), average of 25 scans each; (C)
S state minus Sy, both without methanol, 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 1 mM EDTA minus S; with the same additions, average of 15 scans
each. For clarity, spectrum D is amplified by afactor 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 bsse™ in the S -state sample compared to the §
control. The g=2 regions containing the Yp°* radical signal were deleted for clarity. In
FCCP-treated samples, the amplitude of the Yp®* signal was 15— 30 % of the value from
untreated samples.
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The S, state has under certain conditions a second EPR signd a g = 4.1.14°253
Difference spectra in the fiedd range of 400—2400 G were therefore taken for the
different S-gate samples (£ methanol). No indications for ag = 4.1 sgnd were found in
any of the samples, but dl displayed smal reproducible changes a higher g vaues.
These require further study to clarify their origin.

Mn K-edge XANES (X-ray absorption near edge structure) has been shown to
directly reflect the oxidation dtae of the Mn, and the edge shifts exhibited upon S-state
changes lend strong support to the modd of one-dectron oxidations of the Mn cluster for
the SS® S; and S; ® S, trangtions. Based on comparison with Xray absorption edge
postions and shapes for mode complexes, the following Mn redox dates have been
proposed for the different Sstates of the OEC: S (11, 11, 1V2) or (I3, 1V), S (I, 1V2),
S, (111, 1V3), Ss (11, 1V3).98:101148.201 1t has heen observed for binuclear Mn complexes®”®
and in Mn catdase?®?8! that the spectrd width of the EPR multiline signdls is greater for
the (11, 111) than for the (Ill, IV) forms. The larger spectra width of the $-state EPR
multiline dgnd compared to the Sp-dae EPR multiline sgnd may therefore be
indicetive of a Mnl! center in he S state®  To test this idea, smulations of the $ EPR

multiline sgnd usng previoudy employed vdues of the proected Mn hypefine

'":"”i
|"u"|f'|m:,

Figure4-2: Schematic drawing of the presumed structure of the Mn cluster in PS11 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;3 and S,4 in the vector-

coupling approach.

152



constants (Mn'!: A'=85-100G, Mn!l: A'=80-95G and Mn'V: A' = 70 — 85 G)?80:281
were peformed using second-order perturbation theory.®®?’®  The results for both
binucdear and a C,-symmetric tetranucler species (see Fgure4-2) with various
combinations of oxidation dates are presented in Table4-1. Asuming a tetranuclear
origin for the Sp-sate EPR multiline signd, it was possble to smulate the main features
of the So-date EPR multiline signd, i.e. the number of lines the spectra width and the
relatively weak hyperfine structure on top of a broad sgnd, within this smple mode by
usng the average of any set of the cdculated parameters (Table 4-1). The current leve
of amulaion does not adlow a further digtinction between the (11, 1lI3), (11, I, 1V3) and
(11, 1V3) oxidation dates. In contrast, satisfactory smulations, especidly of the broad
‘underlying’ feature, have not been achieved assuming isotropic (see Table4-1) or
axidly symmetric g and A vaues for the (Il, 111) or (Il1, 1V) binuclear clusters. However,
in rhombic smulaions with largdy anisotropic g and A vaues, these features could be
largely reproduced (see Table4-2 and Figure4-3 for examples of EPR smulaions).
Therefore, it is concluded tha higher level Imulations and measurements a  other
microwave frequencies are necessary to reved the degree of anisotropy in the So EPR

multiline sgnd and to resolve the nature of the Mn clugter.
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Table4-1: 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(), Mne), Mn),
Mns 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(Si°Sii/Si;%)(Sij*SIS?) 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
calculated according to 5(JA 1| + |A2|) for the binuclear systems and 5(JA 1| + |Ao| + |As| +

|A4|) for tetranuclear clusters.

Binuclear cluster

parameter (11,111 (11,1V)
|A1] (G) 7/13A,' =198 233 2A ;' =160— 190
|A2] (G) 4/3A,' = 107 - 127 A, =70—85
width (G) 1525 — 1800 1150 1375

Tetranuclear cluster

parameter (11,1113) (1L,H1,1V2) (113,1V)
|A1] (G) B5/27A1' = 173 — 204 25/12A1'=177-208  5/3A;'=133-158
|A2] (G) 4/3A,' = 107 — 127 4/3A,'=107-127  5/3A,'=133-158
|Az| (G) 4427 A5'=130— 155 5/4 Az =87—106 4/3A 5 =107 - 127
A4l (G) 4/3A ' =107 - 127 A, =70-85 A,/ =70-85
width (G) 2585 — 3065 2205 2630 2215 — 2640
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Table4-2: Simulation parameters for EPR spectral simulation of the $-state EPR
multiline signal. These values were used to generate the simulated EPR spectra shown in
Figure 4-3.

Tetranuclear cluster

parameter (I1,1113) (1,111,1V2) (N3,1V)

g 1.9 1.9 1.9

|A1] (G) 188.5 192.5 145.5

A2 (G) 117 117 145.5

|As] (G) 142.5 96.5 117

|A4] (G) 117 775 775
linewidth (G) 40 40 40

spectrd width (G) 3080 2640 2650
Figure 4-3 label A B C

Binuclear cluster

Axial Rhombic
parameter (NI (11,1V) (1,110 (11,1V)
O 1.9 1.9 1.7 1.7
Oy 1.9 1.9 1.8 1.85
0z 2.0 2.0 2.0 2.0
|A1x] (G) 198 160 198 160
Ay | (G) 198 160 214 1735
|A1z| (G) 233 190 233 190
|A2x| (G) 107 70 107 70
IAzy| (G) 107 70 114.5 77
|A2| (G) 127 85 127 85
linewicth (G) 30 30 30 30
spectral width (G) 1950 1470 2390 1960
Figure 4-3 label D E F G
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Figure4-3: 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 value of 0.2 for presentation purposes. Brief descriptions of the simulations are
as follows: (A) Mny(lllll3) tetranuclear cluster simulation; (B) Mng(I1,H1,1V2)
tetranuclear cluster simulation; (C) Mny(lll3,1V) tetranuclear cluster simulation; (D)
Mny(ILI) binuclear cluster axial simulation; (E) Mny(l11,1V) binuclear cluster axia
simulation; (F) Mny(I1,111) binuclear cluster rhombic simulation; (G) Mny(Il1,IV)

binuclear cluster rhombic simulation.
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Chapter 5: XANESand EXAFS studies of single-crystal Mn complexes

Introduction

Ever snce the semind EXAFS expeiments by Kirby etd.®® and XANES
experiments by Goodin et d.>® of Mn in the OEC, X-ray spectroscopic methods have
been perhaps the most informative techniques that have been used to derive detaled
information about the oxidation states of and the environment surrounding Mn in the
OEC.*%384% |nformation obtained using these techniques has been an integral component
of proposed topologicd modes of the OEC.36%%7L7477  However, most of the X-ray
spectroscopic studies were performed on randomly oriented PSI1I membranes, thus, no
angle dependence of XANES or EXAFS features was observed.

One of the characteristic features about synchrotron radiation is tha, when
electrons or pogtrons travelling a relativistic speeds are directed into circular orbits by
the magnetic fidd from bending magnets, beams of X-rays are emitted tangentidly which

216282283 T exploit the plane-polarized

are highly polarized in the plane of the orbit.
nature of synchrotron radiation, PS11 membranes can be oriented on a substrate such that
the membrane planes are roughly pardlel to the substrate surface. This imparts a one-
dimensona order to these samples; while the zaxis for each membrane (collinear with
the membrane normd) is roughly pardld to the substrate norma, the x and y axes remain
disordered. By collecting spectra at different angles between the substrate normal and the
X-ray E vector, the dichroism of the absorber-backscatterer pair present in the oriented

samplesisreflected in and can be extracted from the resulting X-ray absorption spectra.
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Severd XAS dudies on oriented PSII membranes have provided additiona
dructural condraints that were not avalable from the dudies on isotropic samples,
modly in terms of the orientation dependence of the Mn-Mn vectors in the di-p-oxo-
bridged My motifs 61202205236 Hawever, because the samples were ordered only in one
dimengon, the dichroism informetion was avalable only in the form of an angle with
repect to the membrane norma. For EXAFS measurements, this means tha 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-dimensiona order, i.e.
gngle crysds ae examined indead of oriented membranes  Single-crystd X-ray
spectroscopy has been performed on single crystds of Cr=0O porphyrin complexes®*
dithiomolybdate single crystds®® and a sgies of sngle-crysad Cu(ll) mode
complexes?®®  These studies, which focused on the XANES region of the spectrum,
showed pronounced dichroism in the XANES region. The Cr=0 complexes were
paticularly interesting because the dichroism measurements showed that the intense
1s® 3d pre-edge transition was amost completely polarized adong the Cr=O bond.?®
This was interpreted by Templeton et d.?®”?%® in dmilar sysems to be a transtion

between the 1s core level and an antibonding molecular orbitd with metd d , and

oxygen p, character.

Protein crystas have aso been examined usng single-crysta X-ray spectroscopy.
Scott et d.2%° examined the Cu active ste in a plastocyanin single crystd with the am of
sectivdy probing the long (290A from X-ray crystdlography®®®) Cu-S(Met) bond.

This is possble because the EXAFS amplitude is proportiona to cos’q where qis the
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angle between the X-ray E vector and the absorber-backscatterer vector,?82287.289.291,292
This study was adle to confirm the results from an earlier EXAFS sudy using isotropic
samples®™®® that the S(Met) ligand is not detectable by EXAFS, possbly due to
uncorrelated vibrational motion of Cu and S; this reflects a weakly bonded sStuation. The
contributions  from the remaning ligands two hididine ligands and a cyseine ligand,
were shown to be dichroic, and the experimentdly determined dichroism in the EXAFS
goectra was consgent with the dichroism patern cdculated from the X-ray crysd
structure.

This type of andyss can dso be useful for sysems where a high-resolution X-ray
cyda dructure is not avalable, such as PSIl.  These crystals have only become
available recently,®>?%° and a preliminary X-ray crysta structure has been solved to 3.8 A
resolution.®  Performing single-crystd EXAFS experiments can help to refine this low-
resolution gructure of the OEC by reveding 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
avalable from the EXAFS experiments on oriented PSII membranes because of the
‘cone’ ambiguity mentioned above.

To prepare for subsequent experiments with PSII sngle crydds, three sngle-
cystd Mn complexes were examined in the experiments detailed in this chapter. These
conssted of two Mn(V) complexes, a Mn(V)-nitrido complex and a Mn(V)-oxo
complex, as wdl as a di-pu-oxo-bridged binuclear Mmp(I11,1V) complex. All of these
complexes exhibited noticesble dichroism in the EXAFS gpectra, and the XANES

features originating from the Mn(V)-nitrido and Mn(V)-oxo bonds were dramaticdly
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dichroic in the XANES spectra The dichroism in the EXAFS spectra of the Mn(V)—
nitrido complex was fit for three orientations of the sngle crysd usng sngle- and
multiple- scattering EXAFS theory.

In addition to the sngle-crystd data from the above-mentioned Mn modd
compounds, it is dedrable to examine the dichroism properties of a homologous set of
Mn model complexes, such as the sets studied by Visser et d.'* and Pizarro et d.2%7 This
would more closdly replicate the scenario in PSII, where the OEC in the §, S, S, and
S; dates can be conddered as a set of Mn complexes. Single crystas of a homologous
st of Mn model complexes have been obtained from Prof. R. Mukherjee and co-workers
which have been isolated in the Mm(I1LIT), Mmrp(lIl,1V), and Mmp(1V,IV) oxidation
states®¥2%  The di-p-oxo Mnp(111,1V) and Mnx(1V,1V) complexes have identicd ligands
in both oxidation dates, while the Mmp(lI1,111) complex is mono-p-oxo-bridged with an
additiond acetate bridge completing the ligation sphere; othewise, the ligation is
identical to the Mnp(111,1V) and Mrp(1V,IV) complexes.

Before the dngle crydds can be examined usng X-ray absorption spectroscopy,
characterization of the isotropic XAS spectra from these samples should be performed.
The characterization of these complexes in ther isotropic form usng XANES and
EXAFS and the dmilarities in the X-ray absorption spectra between compounds with

different Mn oxidation states is reported.
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Materials and Methods

The Mn mode complexes were obtained from collaborators Dr. Jesper Bendix,
Prof. Terrence Callins, and Prof. JeantJacques Girerd, who provided single crystds of
[Rh(en)s] [MNn(N)(CN)s]- H,O (1) (en = 1,2-diaminoethane),?®” the macrocyclic Mn(V)—
oxo complex (2),*® and [Mn(l11,IV)O, phery][(CIO4)s] (3) (phen = 1,10-
phenanthroline), respectively.  The dructures of these compounds are shown in
FHgure5-1. The homologous series of Mn complexes in different oxidation dtates was
obtained from Prof. R. N. Mukherjee. These complexes have been dSructurdly
characterized @  [Mmp(I111TD(-O)(U-OAC)2(MeLo)][ClO4]2: HoO  (4),  [Mnp(l11,1V)

(U-O)2(u-OAc)(MeLr)][BF4]3- 2MeCN (5), and  [Mp(IV,IV)(u-0)2(u-OAc)(MeLo)]
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Figure5-1: Structures of the [Mn(N)(CN)s]*> anion (1),%°7 the macrocyclic Mn(V)—oxo
complex (2),2%8 and [Mn,(111,1V)O,phen,][ClO4] (3) (phen = 1,10-phenanthroline).
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[CIO4]3- H20 (6), where MeL = (2-pyridylmethyl)(2- pyridylethyl)methylamine,

The crystals were mounted on a Lucite® two-circle goniometer which was used in
the work of Scott etd.?®® This two-cirde goniometer permitted rotation around two
perpendicular rotation axes f and c. These axes were defined as follows. The incoming
X-ray beam is polarized in the laboratory x-y plane, as shown in the top view from
Fgure5-2. The laboratory zaxis is defined as an axis perpendicular to the plane of

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

Side view Top view

X-ray E vector

G‘g

13-element
Ge detector

€3

Figure5-2: Schematic diagram of the two-circle goniometer illustrating the two angles
of rotation f and c. The X-ray Evector is plane-polarized. For clarity, the 13-element
Ge detector is omitted from the side view. The crystal in this diagram is at f =0° and

c=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 yaxis is defined as the direction of
propagation of the X-rays. The cysds were mounted in the center of an Al sample
holder usng double-sided adhesve tape such tha the long axis of the crysta was
callinear with the long axis of the sample holder. The Al sample holder was then
mounted onto the goniometer head such that the long axis of the crystd was paradld with
the X-ray E vector and the |aboratory x axis, thiswas defined asf = 0°.

It was not possible to collect spectra a an angle of f =90° because the Al sample
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 crysta perpendicular to the X-ray
E vector. The goniometer arm could not lie adong the laboratory x axis without blocking

the Ge detector; thus, it was placed a a 45° angle to the x and y laboratory axes as shown
in the dde view of Figure5-2. The second rotation axis c lies a a 45° angle from the
X-ray E vector in the plane of polarization of the X-rays. ¢ = 0° was defined as the angle
that digns the long axis of the crystd in the plane of polarization of the X-rays, the angle
crystd shown inthe 9de view of Figure 5-2 isoriented at ¢ = 0°.

A gmplified explanation of the rotation axes f and c is tha rotation by an
arbitrary angle around f rotates the crysd in the x-y plane, and rotation by an arbitrary
angle around c rotates the crystal out of the x-y plane.  Alignment of the crystd and the
X-ray beam was accomplished by moving the entire goniometer verticdly and
horizontally.  Isotropic powder spectra were obtained by lightly grinding a single crysta

inamorta 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
a SSRL (Stanford Synchrotron Radiation Laboratory). The synchrotron ring SPEAR
was operated at 3.0 GeV a 50—-100 mA beam current. Energy resolution of the
unfocused incoming X-rays was achieved usng a Si(220) double-crysta monochromator,
which was detuned to 50 % of maximd flux to attenuate harmonic X-rays. A No-filled
ion chamber (lp) was mounted in front of the sample to monitor incident beam intengty.
An incident X-ray beam of 1mm x 2mm (for 1) or 1mm x 3 mm (for 2, 3) dimensions
was used for the XANES and EXAFS experiments. The single-crystal X-ray absorption
spectra were collected as fluorescence excitation spectrat* using a 13-dement energy-
resolving detector from Canberra Electronics™™® and were referenced by lo.  Typicd
counts in the Mn fluorescence window for the central channd 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 isotropic powder spectra were collected in a Smilar manner except that the
count rate was too high to use an energy-resolving detector; thus, 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 collection time of 1 sec per point, 0.2 éV/point from 6535 to 6576 eV
with a collection time of 1 sec per point, and a 1eV/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 0.05A™ in k-space from 2.05A™ to 12 A, with Eo assigned as 6563 eV.
The time of collection was weighted using a cubic function from a minimum of 1 sec per

point a low k valuesto amaximum of 15 sec per point at high k values.
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Collection of an energy reference spectrum was achieved by placing a KMnOg4
sample between two No-filled ion chambers, I; and b, which were postioned behind the
PS1l sample, and collecting a KMnO,4 absorption spectrum concurrently with PSII data
collection. The narrow pre-edge line (FWHM [0 1.7 €V) at 6543.3 eV was subsequently
used for energy calibration.'’® 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 gpectra from sngle caydds of [Rh(en)s]
[MN(N)(CN)s]- H20 (1) was performed for the orientations f =0° ¢ =0°, f =45° ¢ =0°,
and f =45° ¢ =90° usng the procedure described in Chapter 3 to isolate dl of the
Fourier pesks together (OR ~0-5A). These isolates were then fit using ab initio-
cdculated phases and amplitudes from the program FEFF 7.02 from the Universty of
Washington.*®"2133%  These ab initio phases and amplitudes were cdculated from the
molecular structure of (1) described in Bendix et d.?°” and were used with the EXAFS
equation (Eg. 3-2)21*%Y7 to cdculate a theoreticd EXAFS spectrum as explained in
Chapter 3.

Ty T Ty S STy
Mn—C=HN Mn—C=N
w N N

1 2

Figure5-3: Possible multiple-scattering paths in the Mn(V)—nitrido complex (1).
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Because the five cyano groups in (1) provide linear Mn—-X—X scattering paths, it
was important to take into account multiple-scatering effects in both the caculation of
ab initio phases and amplitudes and the fitting methodology.?*83%1302  The possble
multiple-scattering  paths are shown in Fgure5-3.  Multiple-scattering  effects are
included in cdculations performed by FEFF 7.02 in the form of an additional phase-and-
amplitude file for each multiple scattering path. Because each additiona path represents
an additiona shdl in the fits, the number of free parameters must be kept to a reasonable
number.  This was peformed by condraning the fits in a fashion damilar to that
performed by Laplaza etd.*? such that each multiple-scatering shell had the same
vdues for the fit parameters N, R and s? as the respective single-scattering path; as

mentioned in Chapter 3, Ep was condrained to be equd for dl shdlsin agiven fit.
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Results

Mn(V)-nitrido single crystal (1)

The dngle crydds of the Mn(V)-nitrido complex have been wdl-characterized
by Bendix e d.>°” and have crystdlographic parameters that are particularly suited for
this experiment. This complex crystdlizes in the space group P63, with 6 molecules per
unit cdl.  As shown in Figure 5-4, the Mnnitrido bond for each molecule in the unit cdl

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

[ 3
AL A Ed . kg
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F N 1 L oa -1

Figure5-4: Diagram of the orientation of the [Mn(N)(CN)s]* anions (1) in the unit cell.
(A) View aong the caxis of the unit cell. (B) View perpendicular to the caxis of the
unit cell.. Each Mn-nitrido vector makes a common angle of 9.4° with respect to the

caxisof the unit cell. Thisfigure was reproduced from Bendix et a 2%’
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and the crystdlographic c-axis is only 9.4°).%°7 In addition, the long axis of the crystd
was found to coincide with the crystalographic c-axis?®” This meens that the Mn-N
bond vector is essentidly pointing dong the long axis of the crydd; thus, the changes
observed in the X-ray spectra can be corrdated with the known orientation of the
individua molecules within the macroscopic crysd.

It should be emphasized that not dl crystds are optimd for single-crystal XAS.
Severd factors can result in crystds which are dmost devoid of macroscopic dichroism.
Asde from the case of molecules with high symmetry like T4 or Oy, which lack dchroic
properties on a sngle-molecule bads, dichroic molecules in certan crydd-packing
arangements in the unit cel can produce a crystd without dichroic properties.  For
example, the [Mn(N)(CN)s]>* anions could be arranged in a three-molecule unit cdl such
that the firg molecule in the unit cel has the MnHnitrido bond oriented dong the unit cell
a-axis, the second molecule has the Mnnitrido bond oriented dong the unit-cdl b-axis,
and the third molecule has the Mnnitrido bond oriented aong the unit-cdl c-axis This
scenario would make it impossible to choose two different orientations of the crysd to
observe dichroism in any of the Mn-backscatterer vectors. It is dso possible to envison
gmilar scenaios in which the maximum possble dichroism observable from the sngle
caydd is ggnificantly less than is seen for the Mn(V)—nitrido complex. Furthermore, the
relation between the crysalogrephic a-, b-, and c-axes and the macroscopic axes of the
crystal needs to be determined from a diffraction pettern to pecify the orientation of the
unit cdl in the X-ray beam. Fortunately, this relation was determined by Bendix et d.,%%’
because the equipment necessary to collect and andyze a diffraction pattern was not

available on the beamline used for these experiments.
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XANES

Fgure5-5 shows the dichroism exhibited in the XANES spectra of the Mn(V)—
nitrido single crystd (1) as the rotation angles f and ¢ are changed. The intense pre-edge
festure, which corresponds to bound 1s® 3d transitions®® is strongly dichroic, with the
maximum intensty gppearing when the Mn—=N bond is collinear with the X-ray E vector.

This is not surprisng, because the normdly dipole-forbidden 1s® 3d trangtion can gan
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Figure5-5: Mn K-edge XANES spectra of the Mn(V)-nitrido single crystal (1) as a
function of the rotation angles f and c. The arrows show the direction that the spectral
features change as f isincreased from 0° to 70°, thereby decreasing the overlap between
the Mn—N bond and the X-ray Evector. The spectrum shown in red was collected at
f=0°and c=0° (Mn—N bond aligned with the Xray Evector), while the spectrum

shown in green was collected at f =45° and ¢ =90° (Mn—N bond aligned perpendicular
the X-ray Evector),. The isotropic spectrum shown in blue was obtained from a
polycrystalline sample. The specific orientation angles are as follows. A:f=0° c=0°
(red), B: f=30° c=0° C: f=45° ¢ =0° D: polycrystalline sample (blue), E f =70°,
c =0° F: f =45°, ¢ =90° (green).
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ggnificant intendty through mixing of the med 3dorbitas with ligand 2p orbitds, a
trangtion from the 1s levd to an unoccupied molecular orbita with 2p character is then
no longer dipole forbidden. This intense pre-edge transtion was shown to occur in
gmilar high-vaent metd complexes, and was assgned to a trangtion between the 1s core
level and an antibonding molecular orbital with metal d_, and ligand p, character.?®”:2%
The intengty of this trangtion is minimized a the f =45°, ¢ =90° orientation, where the
long axis of the cydd, and hence the Mn-N vectors, is oriented verticdly and is
orthogonal to the Xray E vector. The non-zero amplitude of the pre-edge features is due
to contributions from the other dipole-forbidden 1s® 3d transtions and the fact that a
94° angle exigs between the Mn-N vectors and the crystdlographic c-axis. The
goparent shift in the pre-edge peak in spectrum B (f =30° ¢ =0° is an atifact of
photoreduction (vide infra).

Spectrum D fom Figure5-5 (shown in blue) is from an isotropic sample, and was
collected from a powdered single crysta. The pre-edge pesk from this sample is much
less intense (35.6 % less areq) than the spectrum collected at f = 0° and ¢ = 0° (shown in
red in Figure5-5), 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 dl possible orientations. The amplitude of these features is weighted by cos’q,
where q is the angle between the Mn-backscatterer vector and the X-ray E vector. Thus,
the cos’q term must be averaged over dl orientations in the sphere, which produces a

1 282289

weighting factor of 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’q
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Keegping in mind that, a& f =0° and ¢ =0°, he angle between the Mn-N bond and the
X-ray Evector is 94°, the cdculated ratio of intendties (34.2%) compares quite
favorably to the experimentd result of 35.6 %.

The man edge region, which contains the 1s® 4p trangtion, is dso srongly
dichroic, presumably from multiple-scattering contributions from the five cyanide ligands
to the Mn aom. This type of behavior has been seen in other compounds with many

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

the main edge region.

EXAFS

Figure5-6 shows the k3-space EXAFS spectra of the Mn(V)—nitrido single crystd
(1) for two combinations of the rotation angles f and c. Because of the favorable crysta
habits and the anisotropic nature of the Mn(V)-nitrido single crystd (1), these spectra are
vey drongly dichroic. The spectrum shown in green in Fgure5-6 was collected at
f =45° and ¢ =90°, which digns the plane containing the equatorid cyano ligands with
the plane of polarization of the X-rays and places the Mn-N bond and the axid cyano
group orthogond to the X-ray Evector. This orientation is thus dominated by
C backscettering from the equatorid cyano groups and a strong multiple-scattering

contribution from the collinear MN-CN moietiesin the equatoria plane.
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Figure5-6: Mn k3-space EXAFS spectra of the Mn(V)—nitrido single crystal (1) for two

combinations of the rotation angles f and c. The spectrum shown in red was collected at

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

X-ray Evector. The spectrum shown in green was collected at f =45° and ¢ =90°,

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

At the other extreme orientation, f =0° and ¢ =0°, the contributions from the
equatorid cyano ligands is minimized and the dominating contribution to the k3-space
EXAFS spectrum is the short Mn(V)-nitrido bond. This is $iown as the red spectrum in
Figure5-6, which is dominated by low-frequency EXAFS oscillations arisng from Mn-
N backscattering.  An additional contributor to the EXAFS in this orientation is the axid

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

Mn-C bonds and there are four equatoria cyano groups and only one axia group, the
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contributions of the cyano groups in this orientation to the EXAFS spectrum is much less
than areseenat f =45° and c = 90°.

Figure5-7 shows the Fourier transforms of the k3-space EXAFS spectra of the
Mn(V)—nitrido sngle crystd (1) as a function of the rotation angles f and c. The intense
pesk at an apparent distance R of 1.18A in the f =0°, ¢ =0° spectrum is due to

backscattering from the nitrido atom, while the pesk at an apparent distance R of 1.53 A
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Figure5-7: Fourier transforms of the k3-space EXAFS spectra of the Mn(V)-nitrido
single crystal (1) for three combinations of the rotation angles f and c. The spectrum

shown in red was collected at f =0° and ¢ =0°, which provides maximum overlap

between the Mn—N bonds and the X-ray Evector. The spectrum shown in green was
collected at f =45° and ¢ =90°, which orients the Mn—N bonds nearly orthogonal to the
X-ray Evector. The spectrum from an intermediate position, f=45° and ¢ =0° is

shown in black.
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in the f =45°, ¢ =90° spectrum is due to backscattering from the four equatorid
Caoms. The pesk a R =258A aises from the N aoms in the equatorialy bound
cyano groups, and is drongly enhanced by multiple scattering mediated by the
intervening collinear C aoms (see Fgure5-3). A rough estimate of the actud absorber-

backscatterer distance can be obtained by adding ~0.5 A to the apparent distances R from

the Fourier transform.

Curve-fitting analysis

A quantitative andyds of the angle dependence of the EXAFS spectra was
achieved usng the curve-fitting methodology described in the Maerids and Methods

section.  Curve-fitting andyss was goplied to the two extreme orientations of the
Mn(V)—nitrido single crystd (): f =0°, ¢ =0° (shown in red in Figure5-7) and f = 45°,
c=90° (shown in green in Fgure5-7). In addition, curve-fitting andyss was adso
goplied to the intermediate orientation of f =45° and ¢ =0°. As expected, these results

(which are detailed in the Appendix) were a convolution of those obtained at the extreme

orientations.
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Table 5-1 shows the curve-fitting results for the f =0°, ¢ = 0° orientation. At this
orientation, the mgor contributor to the EXAFS spectrum is the short Mn-N bond; thus,
an acceptable fit is obtained with only a one-shel Mn-N fit (Fit #1 in Table 5-1). Further
refinement can be obtained by incrementaly including backscattering contributions from
the axid Mn-C vector (Fit#2 in Table5-1) and the nitrogen a@om in the axid cyano
group (Fit #3 in Table 5-1), as shown in Fgure5-8 and judged by the error parameters F
and € in Table5-1. Interestingly, the cyano nitrogen atom can contribute significantly to
the EXAFS only by amplitude enhancement from a multiple-scattering path; of the two
multiple-scattering paths in Fgure5-3, only path 1 contributed to the EXAFS in this
orientation. Because N, a low-Z aom, is a a long distance from the absorbing atom for
this scattering path, single-scattering paths provide amost no contribution to the EXAFS
spectrum in this situation; as described in Chapter 3, there is a 1/(kR?) dependence of the

amplitude of the EXAFS ostillations. Because these spectra ae from dngle crysds, the

Table5-1: Simulations of the EXAFS spectra from the Mn(V)—nitrido single crystal (1)

at an orientation of f =0°, ¢ =0°. This orientation maximizes the contribution from the
short (~1.5 A) Mn—N vector.

Fit# | shell pah | RA) | N |s?R?) | OE° | F (x10% | € (x109)
1 Mn-N - 157 | 328 | 0003 | -8 059 084
2 Mn-N - 157 | 313 | ooo2 | -8 035 022
Mn-C - 227 | 171 | 0002

3 Mn-N - 157 | 313 | ooo2 | -8 020 014
Mn-C - 227 | 171 | 0002
Mn-N 1 347 | 258 | 000X

*it parameters and quality-of-fit parameters are described in Chapter 3 Materials and Methods,
path = multiple-scattering path from Figure 5-3; PE, was constrained to be equal for all shells
within afit; “parameter fixed in fit
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N vaues obtained from the fits cannot be corrdated to a chemicd dructure using the
same methodology that was used in Chapter 3. The EXAFS eguation shown in Eq. 3-2
from Chapter 3 was derived for isotropic samples in which the absorber-backscatterer
vectors lie in a sphere of dl possble orientations. For spectra obtained from single
cysds, the amplitude of these festures is weighted by cos’q where q is the angle

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

al possible orientations produces a weighting factor of —; 282289 Thyg the N vaues from
snge-crystal data should be divided by 3cos’q to enable a meaningful comparison to N
vaues from isotropic data.  After this divison is peformed, Eqg. 3-3 can be used to

interpret N vaues, and the N vaue for the nitrido backscatterer agrees quite favorably

with the expected value.
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Figure5-8: Curvefitting results for various fits described in Table 5-1to the k3-space
EXAFS spectra from the Mn(V)-nitrido single crystal (1) at an orientation of f =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 #1from Table 51 (Mn—N);
(B) Ft#2 from Table 51 (Mn—N + Mn-C); (C) Rt #3 from Table 51 (Mn-N + Mn-C +
cyano Mn—N).
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Table5-2: Simulations of the EXAFS spectra from the Mn(V)—nitrido single crystal (1)

at an orientation of f=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 pah | R(A) N | s’ | OE” | F (x10%) | € (x10%)

1 Mn—C - 196 | 605 | 0004 -16 472 2.72

2 Mn—C - 19 | 58 | 0004 -19 1.69 1.06
Mn-N - 32 70° | 000

3 Mn—C - 198 | 551 | 0003 -11 0.37 023
Mn-N - 313" | 6519 | 0002¢¢
Mn-N 1 313" | 651° | 0002
Mn—N 2 313 | 6519 | 0.002°d

%it parameters and quality-of-fit parameters are described in Chapter 3 Materials and M ethods,
path = multiple-scattering path from Figure 5-3; ®E, was constrained to be equal for all shells
within afit; “parameter fixed in fit; dparameters constrained to be equal for designated shellsin the
fit; *upper limit for parameter

A paticulaly informative method of deiving ingght into the various
contributions to the EXAFS fits is to compare the Fourier trandforms of the calculated
EXAFS spectra for each fit to the experimentally determined EXAFS spectra.  Figure 5-8
shows the comparison of the three fits from Table 5-1 (gray) to the experimentd EXAFS
goectrum (red). Fit#1 from Table5-1 (Figure5-8A) adequatdly accounts for the
dominant Mn-N scattering in the EXAFS spectrum, but does not account for the pesks at
higher R. By induding a Mn-C shdl (Fit #2 from Table 5-1) for the axid cyano group,
the shoulder on the large Mn-N peak is accounted for (Figure 5-8B), but it is necessary to
add the multiple-scattering contributions from the axid cyano N (Fit #3 from Table 5-1)
to obtain a ggnificantly better fit to the spectrum Figure 5-8C). By presenting the fits in
the method shown in Fgure5-8, it is quite draightforward to assign features in the

Fourier transform and assess the effects of multiple scattering.
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At the other extreme orientation, f =45° and c =90°, the contribution to the
EXAFS of the short Mnnitrido vector is minima, and the spectrum is dominated by the
contributions from the equatorid cyano groups. As shown in Ft#1 from Table 5-2,
ignoring the contributions from Mn-N scattering paths leads to a poor fit of the
experimental EXAFS; the second Fourier peak in Figure5-9A is essentidly unaccounted
for. Ft#2 in Table5-2 atempts to fit the second Fourier pesk with a single-scattering
Mn-N shdl. Fgure5-9B shows that the resulting amplitude of the second Fourier pesk
in the fit is insufficient to account for the experimentad data; this is dso reflected in the
high F and € vadues in Table5-2. As Fit #2 from Table 5-2 shows, single-scatering
theory predicts a dgnificantly lower amplitude of this pesk than is experimentaly
observed. One possble explanation of the high amplitude of the second Fourier pesk
could be that it is due to backscattering from higher Z aoms, such as a trandtion metd, at
R>3A The chaacterization of these crystds by Bendix et d.%°7 proved tha this
explanation is incorrect, because no metd atoms are visble from the Mn point-of-view in
the samples at less than the EXAFS detection limit of 5A. Figure5-9C shows that the
induson of multiple-scattering shells nicdy accounts for the amplitude of the second
Fourier pesk (Fit #3in Table 5-2).

To explain the N vdues from these fits, it is important to emphasize that rotetion
of the crysa around the Mn-nitrido bond will not change the EXAFS spectrum; the
projection of the four equatorid Mn—C or Mn-N vectors onto the X-ray E vector will
aways add up to a totd of two Mn-C vectors and two Mn-N vectors. Thus, weighting
by 3cos’q as described earlier yidlds an expected N vaue of ~6 for the curve-fitting

results, which is borne out by the fits shown in Table 5-2.
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Figure5-9: Curvedfitting results for various fits described in Table 5-2 to the k3-space
EXAFS spectra from the Mn(V)—nitrido single crystal (1) at an orientation of f =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) Ft#2 from Table 52 (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 sngle crysd (2) as the rotation angles f and ¢ are changed. As was seen for the
Mn(V)—nitrido sngle cydd (1), a srongly dichroic pre-edge feature is seen for the
Mn(V)—-oxo complex; however, in contrast to the Mn(V)-nitrido single crysd, the pre-
edge feature for the Mn(V)—oxo sngle cydd is more intense when the long axis of the
cysd 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 crystd. However, an absolute orientation
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Figure5-10: Mn K-edge XANES spectra of the macrocyclic Mn(V)—oxo single crystal
(2) at two combinations of the rotation angles f and c. The spectrum shown in red was
collected at f =0° and ¢ =0° and the spectrum shown in green was collected at f =45°

and ¢ = 90°.
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of the crystd could not be established because it is not known how the unit cell axes are
related to the macroscopic crystal axes, and technical limitations precluded determining
this rdationship from a diffraction pettern (vide supra). Presumably, this pre-edge
feature arises from trandtions from the 1s core levd to an antibonding molecular orbita
with metd d ., and ligand p, character.?®”?%®  Furthermore, the shape of the pre-edge
pesk changes sgnificantly between the two orientations. Because of the short time of
exposure to X-rays, it is unlikely that this difference is due to photoreduction effects. A
more likey explandion is that there may be multiple pre-edge features in this complex,
each with different dichroic properties.

The dichroigm in the man edge region is much less dramatic than seen in
Figure5-5 for the Mn(V)-nitrido sngle cysd (1), which is patly because multiple-
scattering contributions ae much smdler for the Mn(V)—oxo complex (see Figure5-1);
multiple-scattering  effects are drongly dependent on the collinearity of the absorber,
backscatterer, and intervening atom, and are difficult to detect if the angle between these

atomsis~150° or less.30t

EXAFS

Figure5-11 shows the Fourier transforms of the k3-space EXAFS spectra of the
macrocyclic Mn(V)-oxo dngle cysd (1) for two combinations of the rotation angles f
and c. The pesk a an apparent distance R of 1.5A inthe f =0° ¢ =0° spectrum
(shown in red in Figure5-11), which has a noticegble shoulder in the f =45°, ¢ =90°
goectrum (shown in green in Fgure5-11), is manly due to backscattering from the

equatorial N ligands in the macrocycle. A shoulder appears at the orientation where the
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Figure5-11: Fourier transforms of the k3-space EXAFS spectra of the macrocyclic
Mn(V)—oxo single crystal (2) for two combinations of the rotation angles f and c. The
spectrum shown in red was collected at f =0° and ¢ =0° and the spectrum shown in
green was collected at f =45° and ¢ = 90°.
pre-edge pesk in Fgure5-10 becomes more intense (f =45°, ¢ = 90°); this reflects the
gopearance in the Fourier transform of backscattering from the short Mn-O distance.
Because this complex does not have dl the Mn-O bonds oriented in a nearly collinear
fashion with the long axis of the crysd, as was the case for the Mn(V)-nitrido sngle

crysd (1), the dichroisn observed for the short (~1.5A) Mn-igand distance is much

amadller for the Mn(V)—oxo sngle crysd.
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di-p-oxo Mny(l11,1V) single crystal (3)

XANES

Fgure5-12 shows the dichroism exhibited in the XANES spectra of the di-p-oxo
Mnrp(l11,1V) single crystal () as the rotation angles f and ¢ are changed. These XANES
gpectra are far less dichroic than those shown in Figure5-5 and Figure5-10 for the
Mn(V)—nitrido sngle aysd (1) and the Mn(V)-oxo sngle cydsa (2), respectively.
Because an absolute orientation for this crysta could not be determined, it is possible that
a different choice of the rotation angles f and ¢ would produce increased dichroism in the

XANES region. However, the maximum possble observable dichroism will be dictated
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Figure5-12: Mn K-edge XANES spectra of the di-pu-oxo Mny(I11,1V) single crystal (3)
at two combinations of the rotation angles f and c. The spectrum shown in red was

collected at f =0° and ¢ =0° and the spectrum shown in green was collected at f =45°
and ¢ = 90°.
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by how the di-p-oxo Mrp(111,1V) moieties are oriented within the unit cell.

EXAFS
Figure 5-13 shows the Fourier transforms of the k3-space EXAFS spectra of the
di-p-oxo Mmp(111,1V) single crysta @) as a function of the rotation angles f and c. The

pesk at an apparent distance R of 1.48 A is mainly due to backscatering from the
bridging di-p-oxo ligands, and the pesk at an apparent distance R of 2.33 A corresponds

to Mn-Mn backscattering.  While the XANES spectra shown in Fgure5-12 are not
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Figure5-13:  Fourier transforms of the k’-space EXAFS spectra of the di-p-oxo
Mny(111,1V) single crystal (3) as a function of the rotation angles f and ¢. The spectrum
shown in red was collected at f =0° and ¢ =0° and the spectrum shown in green was
collected at f =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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particularly dichroic, the EXAFS spectra taken at the same rotation angles f and ¢ are
much more dichroic. This is expected because the di-p-oxo Mn-Mn moiety is planar;3%
thus, an orientation in which the X-ray E vector is parale to the Mn-Mn vector will dso
maximize the contribution from the di-p-oxo bridges. Conversdy, an orientation in
which the X-ray Evector is perpendicular to the Mn-Mn vector will minimize the
contributions from both Mn-Mn backscattering and backscattering from the di-p-oxo
bridges, and the only remaining significant contributions will be from bridging ligands.
Examingtion of X-ray crysd dructure data from smilar compounds suggests that
the di-p-oxo Mmp(lll1V) dngle caysd used in thee dudies will give rise to highly
dichroic EXAFS spectra once the absolute crysta orientation can be calibrated and a
judicious choice of the rotation angles f and ¢ is made. Two Smilar complexes were
crystalized by Stebler et d.3%° the Mny(11,1V) complex with PFs counterions and the
Mrp(IV,IV) complex with ClO4 counterions.  Each molecule cryddlized with four
molecules in the unit cdl (gpace group Pbcen for the PRs complex and P2;/c for the ClO4
complex), and the planes formed by the di-pu-oxo Mn-Mn moieties of each molecule in
the unit cdl are dl coplanar in each cysa. Therefore, it is reasonable to expect that
such a gtuation exigs for the di-p-oxo Mm(l11,1V) single crysa used in the current
sudy; thus, proper choice of the rotation angles f and ¢ should reved even more

dichroism in the EXAFS spectrathan is observed in Figure 5-13.
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A homologous set of Mn complexes in the Mny(lIL, 1), Mrp(111,1V), and Mnx(1V,1V)

oxidation states

XANES

The Mn K-edge XANES spectra of 4, 5, and 6 in the Mmp(l11,111), Mrp(l11,1V),
and Mm(IV,IV) oxidation dtates are shown in Fgure5-14. The pre-edge region near
6542 6V shows dgnificant changes when the mono-p-oxo Mmp(lI1L I complex is
oxidized to the di-p-oxo Mmp(l11,1V) complex, but very little change when the di-p-oxo
Mm(I11,1V) complex is oxidized to the di-p-oxo Mm(IV,IV) complex. The pre-edge
region is known to be extrendy senstive to the ligand geometry;>® thus, it is not
surprisng that the changes in the pre-edge egion in these complexes are dominated by

the change in ligand environment of a mono-p-oxo bridging compound to a di--0xo
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Figure5-14. Mn K-edge XANES spectra of 4, 5, and 6 in the Mny(lI1,111) (blue),
Mny(111,1V) (pink), and Mny(1V,1V) (green) oxidation states.
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bridging compound.

The shape of the main edge region dso shows the most dramatic changes when
the ligand environment is changed from mono-p-oxo bridging moiety to a di-p-oxo
bridging moiety. However, in compaing the di-p-oxo Mmy(I11,1V) complex to the
di-p-oxo Mp(1V,1V) complex, where the ligand environment is identicd, the oxidation
of Mn causes a shift in the edge position to higher energy and there is dmost no change
in the shape of the edge. A smilar trend is seen in the XANES spectra pertaining to the

S ® S, trangtion (see Fgure 2-4 in Chapter 2).

EXAFS

The k3-space EXAFS spectra of 4, 5, and 6 in the Mny(111,111), Mnp(111,1V), and
Mnp(IV,IV) oxidaion dates, respectively, are shown in Figure5-15. As was concluded
from the examination of the XANES spectra in Figure5-14, the grestest changes in the
k3-space EXAFS spectra occur between the mono-p-oxo Mmy(l11,111) complex and the
di-p-oxo Mrp(l11,1V) complex. This is because the ~2.7 A Mn-Mn backscaitering which
is present in di-y-oxo-bridged M, moieties is asent in the mono-p-oxo Mmp(111,111)
complex; thus, the k>-space spectrum for the My(II1,111) complex is much different from
the k3-space spectra for the Mmny(111,1V) and the Mny(1V,1V) complexes. This is shown
graphicaly in the Fourier transforms of these k3-space spectra which are shown in
Figure5-16. The pesk a an apparent distance R' =23 A in the Mny(lIl,IV) and the
Mm(IV,IV) complexes reflects the contribution from Mn-Mn backscattering in the

di-p-oxo-bridged moiety.  In the mono-p-oxo Mmp(l11IV) complex, the Mn-Mn
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Figure5-15: Mn k’-space EXAFS spectra of 4, 5, and 6 the Mny(l11,111) (blue),

Mny(111,1V) (pink), and Mny(1V,IV) (green) oxidation states, respectively.
backscattering pesk has increased in apparent distance by ~0.5A, condstent with the
presence of a mono--0xo bridge.

The firg pesk in Figure5-16 corresponding to first-shel Mn-O/N ligands is aso
gsrongly 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 srongest
contributor to the firs-shell EXAFS due to their low datic disorder, dthough a greater
number of termind Mn-O/N distances, abeit with a higher static disorder, exis.”> The
increase in gpparent distance of the firs pesk in the mono-p-oxo Mmy(I11,111) complex
can be due to two factors. Firdt, the Mn(l11) Jahn-Teler digtortion is expected to be twice

as intense in the Mp(I11,111) complex as it is in the Mnp(111,1V) complex, which causes an
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Figure5-16: Fourier transforms of the Mn k3-space EXAFS spectra of 4,5, and 6 in the

Mny (1L - (blug), Mny(lI1,1V) (pink), and Mny(IV,IV) (green) oxidation states,

respectively.
increase in the fird-shel digances to axid ligands. Another explanaion is that the
difference in the degree of datic disorder between the bridging and termina distances is
less in the Mmp(111,111) complex than the Mnp(l11,1V) complex. However, neither of these
scenarios would predict that the first-shell Fourier pesk would be more intense in the
Mrp(I1LIT) complex than the Mmp(lll,IV) complex. In fact, a Smilar mono-p-oxo
Mrp(lI1L1T) complex with tacn (triazacyclononane) termind ligands has been synthesized
by Wieghardt et a.3%* and it was shown by DeRose et d.”? to have a significantly reduced

amplitude of the firg- and second-shell Fourier peaksrelative to the S; state of PSI 1.
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Because single crystds have been obtained of dl three of these complexes from
Prof. Mukherjee, it will be possble to pursue oriented XAS sudies with these samples in

conjunction with the oriented sudies of PS |1 sngle crystds.
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Discussion

The ability to exploit the plane-polarized nature of synchrotron radiation has

161,202,205,236,305

made possible the study of dichroism in oriented membranes, sngle-crystd
mode complexes?®428® and single crystds of metdloproteins®®®  These studies have
been ale to dgnificantly expand the X-ray absorption spectroscopic information
available for these sysems over what is gleaned from studies of isotropic samples.

Based on the results shown in this chapter, it is reasonable to expect that the study
of sngle crysds of PSIl will provide sgnificant new information about the orientation
of important gructurd motifs in the OEC. This is based on the ggnificant dichroism
obsarved in the dngle crysta sudies of the three Mn complexes presented above.  Of
particular interest are the dichroic properties of the di-p-oxo Mmy(111,1V) single crystd @)
which show that the first and second Fourier peaks have quite smilar dichroic properties.
Thus, it is quite possble that the proper orientations of a PSIl sngle cysd will show
the same type of dichroism in Pesks| and Il; this will gregtly help in deriving ingght into
the reative orientations of the di-p-oxo Mn-Mn motifs ~ This will dso be extremey
helpful in narrowing the posshilities for a topologicd modd of the OEC that are shown
inFigure 3-12 and Figure 3-13.

One of the issues that will need to be addressed for metdloprotein crysas is how
to minimize radiation damage. The XANES spectra shown in Fgure5-5 from the
Mn(V)—nitrido single crystd (1) show that susceptibility to radiation damage is a concern
even for model complexes if they are exposed to the X-ray beam for a aufficent time.

The spectrum in Figure5-5 collected a f =30° and ¢ = 0° (pre-edge peak second from
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the top) was one of the lagt spectra collected on this crysa, and the pre-edge pesk from
this trangtion is noticegbly shifted to higher energy. This can be attributed to the effects
of radiation damage, because the same trend was seen in separate scans at f = 45° and
¢ =0° which were taken near the beginning and the end of the experiment (data not
shown); the experiment took over 24 hours to complete a room temperature. The
radiation damage can be greatly reduced if a laminar flow of cold N2> gas mantans the
crysta temperature a ~100K; such laminar-flow setups ae dready in place in dl
beamlines at SSRL dedicated to protein crystallography.

Further improvement can be obtained by using an image plate or an area detector
to collect a diffraction pattern of a crystd mounted on the goniometer head. This
eliminates the need to relae the unit cdl axes with the macroscopic crysta axes, because
the direction of the unit cel axes can be determined from the diffraction pattern if the
gpace group of the crystd is known. By teking two diffraction petterns a two arbitrary
angles 90° apart, the absolute oriertation angles of the unit cell axes can be caculated;
this provides an absolute cdibration of the goniometer angles f and ¢ and alows proper
dignment of the X-ray E vector with the desired molecular vector(s).

These suggested improvements are being incorporated into a specid sngle-crysa
setup that can be inddled in certan SSRL beamlines which will have a means of
callecting diffraction patterns and cryo-cooling crystds.  This will greetly reduce the two
magor problems mentioned above — absolute angle calibration and radiation damage — and

will make it possble to perform sangle-crystal XAS studies on PS 1.
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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 cysd (1) can be extended to fit an intermediate orientation which
contains contributions from admogt al of the backscaterers present in the complex.

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

Table5-3: Simulations of the EXAFS spectra from the Mn(V)—nitrido single crystal (1)
at an orientation of f =45° and ¢ =0°. This orientation contains contributions from both

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

Fit# | shell | pah | R(A) | N | s*@A) | DE | F (x10%) | & (x109)

1 Mn—C - 194 | 442 | 0004 | -20 241 157
Mn-N - 308" | 444° | 0004
Mn-N 1 308" | 444° | 0004
Mn-N 2 3088 | 444® | 0004

2 Mn=N - 160 | 170 | 0003 5 289 181
Mn—C - 237 | 058 | 0002°

3 Mn=N - 158 | 185 | 0003 1 161 1.16
Mn—C - 235 | 069 | 0002°
Mn-N 1 320 | 370 | o002

4 Mn—C - 197 | 240 | 0002 | -12 0.07 0.05
Mn—N - 313 | 456" | 0.005°
Mn—N 1 313 | 456" | 0.005°
Mn—N 2 313" | 45" | 0005
Mn-N - 155 | 161 | 0003
Mn—C - 244 | 027 | 0002°

%it parameters and quality-of-fit parameters are described in Chapter 3 Materials and M ethods,
path = multiple-scattering path from Figure 5-3; PLIE, was constrained to be equal for all shells
within afit; “parameter fixed in fit; “parameters constrained to be equal for designated shellsin the
fit
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and c =0°. Ft#l in Tadle5-3 shows the atempt to fit this spectrum using only single-
and multiple-scattering contributions from the equatorid cyano groups. As shown in
Figure5-17A, this adequatdy fits the backscattering contributions from the cyano N
aoms, but poorly fits the low R contributions to the fird Fourier pesk. Fit#2 in
Table5-3 uses only the sngle-scattering shells corresponding to the axid ligands,
Figure5-17B shows that this fits the lown-R portion of the first Fourier pesk well, but
cannot fit the second Fourier pesk a dl. Adding multiple-scattering contributions to this
fit is a ggnificant improvement (Ft #3 in Table 5-3, Figure5-17C), but is mostly due to
the fitting program atempting to fit the components of the EXAFS spectrum which are
due to eguatorid ligands with axid ligand parameters.  Incduding shdls for both the
equatorid and axid ligands (Fit#4 in Table5-3) provides an excdlent fit to the

experimentd data, as shown in Figure 5-17D.
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Figure5-17: Curvefitting results for various fits to the k*-space EXAFS spectra from
the Mn(V)-nitrido single crystal (1) at an orientation of f=45° and ¢ =90°. For
comparison purposes, the spectra are presented as Fourier transforms of the experimental

spectra (red) and the various fits (gray) (A) Ft#l from Table5-3; (B) Fit#2 from
Table 5-3; (C) Fit #3from Table 5-3; (D) Fit #4 from Table 5-3.
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Chapter 6: Future Directions

The conclusons presented in this theds are suggestive of severa additiond
experiments which can provide further indght into the dtructure of the OEC and the
mechanism of oxygen evolution. Many of these experiments will take advantage of the
higher Mn concentretion in newly avalable sngle cysds of PSIlI from the research
groups of Dr. Fromme and Prof. Witt in Berlin.?%?®® These preparations have 60— 70 Chl
per reaction center,® which is incressed by a factor of about five rdative to the
preparations used for the experiments detailled in this thess. Because the single-flash
saturable concentration of Chl in this new preparation is dill 9.5 mg/mL, this trandaes
into afive-fold increase in the Mn concentration of Sngle-flash saturable PS 11 samples.

Intriguing experiments for the future abound with these new Fromme/Witt PSII
preparations and single crysas. It is now possble to use these new preparations to
repeat the XANES and Kb XES experiments detalled in Chapter 2 a a sgnificantly
higher Mn concentration.  This will be mogt hdpful for the Kb XES experiments, which
can now be peformed with less X-ray exposure time, and a higher sgnd-to-noise rétio
will be achieved. Furthermore, these experiments can now be done a the Advanced
Photon Source (APS) in Argonne, IL, where the photon flux is increased by roughly a
factor of 100 over that avallable a beamline 10-2 & SSRL. This means that, during the
limited amount of beamtime avalable, a dgnificantly larger number of samples will be
able to be examined than were examined at beamline 10-2 at SSRL.

If the new Fromme/Witt PSI1I preparations are used, the total Xray exposure per

sample for the the Kb XES experiments will be consderably reduced reative 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 sgnificantly affected by
radigtion damage.  For the XANES experiments the grestest benefit from the
Fromme/Witt PSIl preparations will be the ggnificantly improved sgnd-to-noise ratio.
This will make it esder to identify the individuad feetures that contribute to the XANES
spectrum using high-resolution 2™ derivatives.  If these features can be reliably identified
in the various Sdaes of the OEC as well as in Mn modd complexes, it may be possble
to gan a much deeper indght into the origin of the XANES trangtions then is currently
avalable.  Currently, extracting oxidation-date information from XANES spectra is
primarily based on quditative interpretations of edge shgpe and usng quantitetive
andysis methods like 2" derivatives to caculate shifts in the overdl postion of the main
XANES edge.  With information about the podtion and number of individua trangtions
that form the main XANES edge, techniques like dengity functiond theory can be usad to
assign these experimentaly observed features to ab initio-cdculated transtions between
molecular orbitals. This type of interpretation could findly provide a firm theoretica
basis for interpreting the XANES spectra of PSIlI much like the established theoreticd
bassthat exists for interpreting EXAFS spectra

The increased flux avalable a the APS can dso be used to indirectly obtain an
Mn L-edge XANES spectrum from PSII. It has been extremdy difficult to collect Mn
L-edge spectra because sgnificant experimenta problems occur with photons a the
energy of the Mn L-edge absorption (~650 eV). The penetration depth of L-edge photons
is only about 1pum, and frog forming on the sample will ingantly diminate any Mn
fluorescence.  Furthermore, at these energies, dmost any substance, including the sample,
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sgnificantly aosorbs the incoming X-rays, so the experiments must be done in vacuum;
radiation damage is thus a serious problem. Findly, the oxygen K-edge is only 100 eV
lower in energy than the Mn L-edge; thus, superconducting energy-resolving detectors
must be used to discriminate againg the vast amount of oxygen Ka fluorescence thet is
present. 3%

These problems are particularly chdlenging in view of the potentid of Mn L-edge
gpectra to provide detailed information about the Mn aoms in the OEC. In many ways,
Mn L-edge spectra are superior to Mn K-edge spectra, because multiplet calculations®®’
can be applied to L-edge spectra which are sendtive to the number of holes in the
3d level,*® the oxidation state of Mn, and the spin state of Mn.3%’ This is a rich amount
of information about oxidation Sates relaive to what is avalable from K-edge XANES
gpectra.  L-edge spectra have already been obtained for a number of Fe, Cu, and Ni
metaloproteins®®® 3% and have been fit usng multiplet caculaions to provide
quantitative conclusions about the oxidation dtates of the metds involved. However, as
detailed above, extending these experimentsto Mn in PS11 is not straightforward.

Mog of the problems in L-edge spectroscopy are due to the intrinsgc physicd
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 Xraysis
definitdy worth investigating.  This proposd is based on using a technique cdled
resonant indastic X-ray scattering (RIXS)*!° to collect an L-edge-like spectrum of Mn in
PSIl. RIXS involves exciting a pre-edge trangtion (1s® 3d) of the K shel usng had
X-rays. Then, the high-resolution X-ray emisson andyzer described in Chapter 2 can be
tuned to detect the Ka fluorescence of Mn, which is a 2p® 1s trangtion. The find date
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from this trangtion is a 2p hole, which is the same fina date as the L-edge fluorescence
(3d® 2p). Thus the resulting spectrum obtained using hard X-rays with RIXS should
resemble a Mn L-edge emisson spectrum.  Furthermore, this technique offers an
unprecedented opportunity to sdectivdly excite into specific molecular orbitds with
3d character by tuning the incoming X-rays to look a a specific pre-edge trangtion; at
leest 2 —3 resolvable pre-edge trangtions are seen in the Mn K-edge spectrum of PSII,
as shown in the insst of Fgure2-4A. This means that it would be possble to obtan
‘nested” RIXS spectra which correspond to fluorescence from different molecular orbitals
with 3d character.

A rough edimate of the expected dgnd-to-noise ratio for this experiment is
actudly quite promisng, because the MnKb fluorescence tha was monitored in the
experiments described in Chapter 2 is a factor of eight wesker than the MnKa
fluorescence from these proposed experiments. However, the pre-edge trangtion shown
in Fgure2-4A is formdly dipole-forbidden, and in PSII is about ten times wesker than
the main (1s® 4p) XANES trangtion. Thus, the expected sgna-to-noise ratio should
be comparable to that observed for the Kb XES gpectra shown in Chapter 2.
Furthermore, this experiment is dependent on the dability and energy resolution of the
incoming X-ray beam. The beam needs to be monochrometic enough ([J1eV would be
desrable) to sdectively excite certan pre-edge trandtions  In addition, any shift in
enagy of the incoming X-ray beam will be manifeted 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 Sp-state EXAFS experiments described in Chapter 3 can be extended by
usng oriented Sp-date 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 S-state
PS I membranes on a Mylar film. These samples can then be used in oriented EXAFS
experiments to examine the dichroism of the 2.85A 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. Usng oriented samples to derive dichroism information has
dready been peformed for samples in the S; state'® and samples in the S state which
have been trested with NHz;>*® 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 expeaiments with the Sp-date multiline EPR sgnd detalled in Chapter 4
ae beng advanced by the examinaion of this sgnd usng pulssd EPR methods in
collaboration with the group of Prof. Britt a UC Davis and usng high-fidd EPR
spectroscopy in collaboration with the group of Prof. Lubitz a the TU-Berlin. The use of
pussd EPR methods such as ESEEM will provide further indght into the magnetic
couplings present in the Sy state and will sgnificantly refine the fit possibilities presented
in Chapter 4 for this 9gnd. The use of high-fidd EPR will show how much g anisotropy
is present in this ggnd; a the present time, it is not known to wha degree hyperfine
interactions and g anisotropy contribute to the splitting between the multiline pesks  If
gonificant g anisotropy is present, the gpliting between the multiline pesks  will
ggnificantly increese a higher fidd, because g anisotropy is magnetic-field dependent
while hyperfine interactions are not.
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The dngle-crystd experiments with Mn modd compounds that are detailled in
Chapter 5 will be followed by smilar experiments with sngle crysds of PSII from the
Fromme and Witt groups in Belin.  The information gained by the experiments with
model compounds will guide the subsequent sudies of PSII, in which the hope is to
specificdly orient the di-p-oxo-bridged Mn-Mn moieties in the OEC. This will lead to a
dggnificant refinement in the posshilities for the dructure of the oxygenevolving

complexin PS1I.
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