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Abstract

The structural consequences of calcium depletion of Photosystem Il (PS Il) by treatment at pH 3.0
in the presence of citrate has been determined by Mn K-edge X-ray absorption spectroscopy. X-
ray absorption edge spectroscopy of Ca-depleted samples in the S{/, S/, and S5’ oxidation states
reveals that there is Mn oxidation on the S;’-S,’ transition, although no evidence of Mn oxidation
was found for the S,’-S5’ transition. This result is in keeping with the results from EPR studies
where it has been found that the species oxidized to give the S5’ broad radical signal found in Ca-
depleted PS Il is tyrosine Y. The S,/ state can be prepared by two methods: illumination followed
by dark adaptation and illumination in the presence of DCMU to limit to one turnover.
[llumination followed by dark adaptation was found to yield a lower Mn K-edge inflection-point
energy than illumination with DCMU, indicating vulnerability to reduction of the Mn complex,
even over the relatively short times used for dark adaptation (~15 min). EXAFS measurements of
Ca-depleted samples in the three modified S states (referred to here as S’ states) reveals that the
Fourier peak due to scatterers at ~3.3 A from Mn is strongly diminished, consistent with our
previous assignment of a Ca-scattering contribution at this distance. Even after Ca depletion, there
is still significant amplitude in the third peak, further supporting our conclusions from earlier
studies that the third peak in native samples is comprised of both Mn and Ca scattering. The Mn—
Mn contributions making up the second Fourier peak at ~2.7 A are largely undisturbed by Ca-
depletion, but there is some evidence that S;’-state samples contain significant amounts of reduced
Mn(Il), which is then photooxidized in the preparation of higher S’ states.

Introduction

Photosystem 11 (PS 1) is a membrane-bound protein complex found in green plants and
cyanobacteria which couples single-electron photooxidations of chlorophyll to the
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multielectron oxidation of water to form dioxygen (for reviews, see refs 1-3). The site of
water oxidation in PS Il is thought to be a protein-bound tetranuclear Mn complex, which is
driven by four single-electron oxidations through five intermediate states labeled Sy—Sy4. Sy
is a transient state which spontaneously decays back to Sy with the release of dioxygen. A
redox-active tyrosine residue (Y;) functions as an electron-transfer component between the
Mn complex and the photooxidized chlorophyll: first being oxidized by the chlorophyll of
the PS 1l reaction center Pggg, then in turn oxidizing the Mn complex. Y, has been shown to
be close to the Mn complex through pulsed EPR studies* and may function to abstract
protons from water or hydroxide bound to Mn.*® In addition to Mn, Ca and Cl ions are
required cofactors for oxygen-evolving activity (for reviews, see refs 1,6,7).

PS Il preparations can be depleted of calcium via two methods (low pH/citrate or NaCl
wash), which result in inhibition of oxygen-evolution activity (for a discussion of Ca-
depletion treatments, see ref 6). Activity can be restored by addition of Ca2* or, to a lesser
extent, by addition of Sr2* or vanadyl ion. The exact characteristics of Ca-depleted
preparations (extent of inhibition of oxygen evolution and which S-state transition is
blocked) have been the subject of much debate, largely owing to different protocols
followed by different groups.® The view which appears to have gained wide acceptance is
that Ca-depleted samples are blocked at a formal S state (i.e., Ca-depleted samples can
undergo two turnovers from an Sq-equivalent state).

Photooxidized forms of Ca-depleted PS Il preparations have yielded interesting EPR signals
which are distinct from those present in native PS Il samples.

The relevance of the S-state label in these inhibited preparations is questionable.
Illumination of the samples does advance the donor side of PS Il through several oxidation
steps, but the preparations do not evolve oxygen and thus do not form an S-state cycle. The
S-state notation is useful, however, in specifying the oxidation level of the preparation. In
the work presented here, the modified S states in these inhibited PS 11 samples will be
referred to as S¢’, Sy/, and S5’ states to distinguish them from the S states in native samples.

In samples which have been depleted of calcium in the presence of a chelating agent (citrate,
EGTA, EDTA), altered stability of the S, state is observed. In these samples, the Sy’ state
can be formed by illumination at 273 K with DCMU present to limit the samples to one
turnover or they can be dark-adapted at 273 K after illumination without DCMU. The Sy’
state is stable for long periods of time (hours) at room temperature, and an EPR multiline
signal is observed, which has a smaller average line spacing of ~55 G vs 88 G in untreated
PS 11.8.2 Formation of the stable multiline signal has been shown to be dependent on the
presence of chelators during the Ca-depletion treatment,10.11 although the line shape and
stability of the Sy’ state multiline signal does not exhibit variations depending on chelator
(citrate, EGTA, EDTA). In the absence of chelators, a normal multiline signal can be
observed.

[llumination of Ca-depleted samples at 277 K, with no restriction on the number of
turnovers, results in the formation of a broad EPR signal centered at g = 2.8 This signal is
~160 G wide in the absence of the extrinsic polypeptides and 130 G with the extrinsic
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polypeptides bound. A width of <90 G is observed in PS Il preparations from Synechocystis
6803 which have been washed with a Ca-free medium containing EDTA.12 Similar signals
have also been observed in a number of differently inhibited preparations. The exact width
of the signal differs depending on the type of treatment used; the largest widths (~230 G) are
found in acetate-treated PS 11,13 while smaller splittings (<160 G) are found in F~-treated, 14
NH3-treated, 1518 and Cl~-depleted samples.1” These signals have been assigned to modified
S3 states in these inhibited preparations.

The identity of the oxidized species giving rise to the S5’ signal has been a subject of great
interest. Initially it was proposed to be an organic radical, broadened by a magnetic
interaction with the Mn complex.8 On the basis of comparisons of optical difference spectra,
this organic radical was proposed to be histidine.18 This assignment was challenged by
Hallahan et al.16 who suggested that the radical was Y, the redox-active tyrosine between
the OEC and Pggg in the electron-transfer chain in PS I1. This proposal was rebutted by
Boussac and Ruther-ford® who contended that the results were distorted by saturation
effects, and more recent FTIR results have also been interpreted as favoring the assignment
to histidine.20 The most direct evidence has been obtained by pulsed ENDOR spectroscopy
on low-pH/citrate-treated PS Il and by ESEEM studies on acetate-treated cyanobacterial PS
Il isotopically labeled at tyrosine, which show that the Sz’ EPR signal arises from oxidized
Yz.4’21

The significance of the S3” EPR signal has been questioned in a study using pulsed EPR,
where it was concluded that the S3’ signal may arise from less than 25% of centers and that
the majority of centers in the Sy’ state are EPR silent.#22 Zimmermann et al.,23 however,
report in another pulsed EPR study that the S5’ signal arises from a majority of centers.
Further, Zimmermann et al.23 report that the modified multiline signal does not disappear in
the Sy’ state but is instead broadened beyond detection by conventional EPR while the
amplitude remains detectable by pulsed EPR. More recent pulsed EPR quantitation of the
two signals supports the view that they are present in the majority of centers.24 A further
confirmation of the nature and interconvertability of the signals comes from studies where
NO was bound to Yz, quenching the radical signal and resulting in the appearance of an S,
multiline signal 2>

The stoichiometry of Ca2* in PS 11 has been a matter of some confusion, although most
results seem to point to there being CaZ*/PS 11 reaction center: one high-affinity binding site
which requires extreme conditions for removal and a second, lower-affinity site from which
Ca?* can be removed by the NaCl or low-pH treatments discussed above. (For discussions
of this point, see refs 1, 6, and 7.) For the low-pH/citrate treatment, it has been specifically
reported that one of the two CaZ*/PS Il is removed.28

X-ray absorption spectroscopy (XAS) has been used to examine the structural environment
of metal ions in many proteins. Element specificity and applicability to noncrystalline
samples have made XAS a useful technique for probing the structure of the Mn complex in
the complicated environment of PS |1, which has many components (non-heme iron,
cytochrome, chlorophyll, etc.) that interfere with other techniques. The different regions of
the X-ray spectrum provide complementary information; X-ray absorption edges yield
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information about the oxidation states and site symmetry of the absorbing atom, and
extended X-ray absorption fine structure (EXAFS) is sensitive to distances, numbers, and
atomic number of atoms around the absorbing atom (for reviews of XAS in biological
systems, see refs 27-29),

Mn EXAFS studies on PS Il preparations (reviewed in ref 3) have indicated that the
structure contains Mn-Mn distances of 2.7 A and bonds to oxygen/nitrogen atoms of 1.8 A,
both of which are characteristic of di-y-oxo-bridged structures. A longer distance interaction
at ~3.3 A has also been detected, but in this case, interpretations differ. Among them are (1)
a single Mn-Mn distance of 3.3 A;30:31 (2) a Mn-Mn or Mn-Ca at 3.3 A;32 (3) Mn-Mn and
Mn—Ca at ~3.3 A;31.33 and (4) a single Mn—Ca at 3.7 A.34 Using Sr-substituted samples, we
have found that the best description of the data includes both Mn and Ca interactions at 3.3—
3.5 A.35:36 Recent work employing Sr-EXAFS on similar samples supports the assignment
of a Ca contribution to the ~3.3 A interaction (Cinco et al., this issue; but see also Riggs-
Gelasco et al.3” and Booth et al.38).

In the work presented here, the question of the state of the Mn cluster in the modified S
states exhibited in Ca-depleted PS Il is addressed. XAS edge spectra were obtained for S;’-,
S.’-, and Sg’-state samples. The results indicate that there is no evidence for Mn oxidation
on the S,’ to S5’ transition, which is consistent with the view that a tyrosine Y is oxidized in
this step. EXAFS results indicate that the di-p-oxo-bridged moieties remain relatively
unchanged through all the S’ states but the ~3.3 A interactions are perturbed. The lower
amplitude of the 3.3 A peak in Ca-depleted PS Il supports our earlier results that the peak at
3.3 A contains both Mn and Ca scattering. Several XAS studies have been reported on Ca-
depleted preparations.3%-43 The relation of the previous XAS studies to the present work
will be discussed.

Materials and Methods

Preparation of Ca2*-Depleted PS Il Samples

Triton X-100-extracted PS Il particles were prepared from market spinach according to the
procedure of Berthold et al.*4 and either used immediately for Ca-depletion treatments or
frozen (20 °C) for later use as pellets in a buffer containing 0.4 M sucrose, 25 mM MES,
pH 6.5, and 15 mM NacCl. All procedures were carried out at 4 °C.

Depletion of calcium from PS |1 particles was acheived using the low-pH/citrate procedure
of Ono and Inoue?® as described in refs 35 and 36. All steps were performed in the dark or
with very dim green light. A 2 mg of Chl/mL solution of PS Il particles in a 0.4 M sucrose,
20 mM citrate, pH 3.0, 15 mM NaCl buffer was incubated in the dark for 5 min and then
brought to pH 6.5 with buffer A (0.4 M sucrose, 50 MM MES, pH 6.5, 15 mM NacCl, 100
mM EGTA). The preparation was then pelleted by centrifugation (15 min at 40 000 g) and
resuspended again in buffer A. At this point, some samples had DCMU (0.5 mM) added
from a stock solution in DMSO.

The treated PS 11 particles were then centrifuged (20 min at 40 000g), and the resulting
pellets were transferred to Lucite sample holders, backed by Mylar tape, designed to fit into
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both the EPR and X-ray cryostats. Samples which were to remain in the dark-adapted S;
state were made by filling the Lucite cavity completely. Samples which were to be
illuminated were spread in a thin layer (<0.5 mm) on the Mylar backing. Following
placement in sample holders, samples were frozen in liquid nitrogen. All samples were
stored and transported in liquid nitrogen.

All glassware and utensils were acid washed, and all buffers were treated with Chelex-100
(Bio-Rad) to remove any Ca contamination.

Oxygen Evolution Measurements

Oxygen evolution activity was measured under continuous illumination using a Clark-type
oxygen evolution electrode as described by DeRose.*® 2,6-DCBQ (2 mM) was used as an
electron acceptor in all assays. The oxygen evolution activity of untreated PS Il particles
was 500-600 pumol of O,/mg of Chl/h. Oxygen evolution of Ca-depleted preparations was
measured in buffer A (see above). Oxygen evolution activity was inhibited in Ca-depleted
PS 11 to 10-15% of the value measured in untreated preparations. Addition of Ca2* (50 mM
CacCly) reactivated the activity to 80-85% of that in untreated preparations. Chlorophyll
assays were performed on acetone extracts.46

EPR Spectroscopy

All samples were characterized by low-temperature EPR using a Varian E-109 EPR
spectrometer with an Air Products Helitran liquid helium cryostat. Spectra were collected
before and after exposure to X-rays to ensure that no damage (released Mn(l1)) had occurred
from X-ray exposure or in sample handling. Ca-reactivated samples were poised in the S,
state by illumination for 10 min at 195 K with a 400 W tungsten lamp. A 5 cm aqueous
CuSOy filter (5%, wi/v) was used for thermal isolation. The Sy’ state was formed in Ca-
depleted samples by two methods: illumination for 2 min at 0 °C, followed by incubation in
the dark for 15-20 min at 0 °C (Sy-annealed), or illumination of a DCMU-containing
sample for 2 min at 0 °C and then immediately freezing in liquid nitrogen (S,’-DCMU).

X-ray Absorption Spectroscopy

Mn X-ray absorption edge spectra were collected at Stanford Synchrotron Radiation
Laboratory (SSRL) on beamlines 4-2, 4-3, and 7-3. EXAFS spectra were collected on
beamline X-9A at the National Synchrotron Light Source, Brookhaven National Laboratory,
and at SSRL on beamlines 7-3 and 4-2. All spectra were collected using Si(220) double-
crystal monochromators and recorded as fluorescence excitation spectrat’ using a 13-
element solid-state Ge detector.*8 Energy calibration?® and measurement of incident flux
was carried out as described by Guiles et al.>0

The sample temperature was maintained at 10-12 K using an Oxford Instruments CF 1208
liquid helium flow cryostat with exchange gas (He) in the sample space to ensure good
thermal control. Many cryostats used in XAS experiments employ a coldfinger in a vacuum
and rely completely on thermal contact between the sample and the metal coldfinger to
maintain low measurement temperatures. Good thermal contact can be difficult to achieve
with biological samples in plastic sample holders, such as those employed here, and may
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result in a sample temperature which is significantly higher than the temperature of the cold
head. Also, if the sample temperature rises high enough and the sample is kept in a vacuum,
lyophilization of the samples can occur, which has been reported to set back the S-state
cycle in native samples.51 We have encountered problems with PS 11 sample degradation
(photoreduction of Mn) in cryostats which do not employ an exchange gas.

XAS Data Analysis

Data reduction for EXAFS and edge spectra were performed as reported previously.#%:50
Second derivatives of Mn K-edge spectra, which accentuate the shape of the edges, were
derived by analytical differentiation of a third-order polynomial fit over a £2.5 eV range
around each point.

All EXAFS spectra were converted from energy (eV) to photoelectron wave vector (k-space,
A1) using the equation

k=(27/h)[2me(E—E)]Y? )

where h is Planck’s constant, m, is the mass of the electron, E is the X-ray energy, and Eg is
the ionization threshold, which was chosen as 6563.0 eV for all spectra (a point near the
peak of the Mn K-edge). All spectra were weighted by k3, and Fourier transforms were
calculated from k-space spectra truncated to zero crossings in the data to minimize
truncation distortions (~3.6-11.2 A™1).

For analysis of the data presented here, Fourier peaks were isolated individually and in pairs
to help simplify the spectra and to minimize the effects of distortions due to Fourier
isolation.>2 Ranges of the Fourier transforms were isolated for analysis by application of a
Hamming window function (applied to the first and last 15% of the range, the middle 70%
left unmodified) to the transform.

Curve fitting was done using ab initio calculated phase and amplitude information from the
program FEFF 5 (version 5.05)%3 as described previously.3%:36

The following equation was used in curve-fitting the EXAFS data

X(k):SOQZNiBi(k)We_zaiwe_mﬁ’wk)sm[2kRi+25i°(k)+¢i(k)] @
where for each shell i, Nj is the number of scatterers at distance R, Sp? is a many-body
amplitude reduction factor, Bj(k) is an amplitude reduction factor caused by inelastic losses
in the central atom, fes(7, K, R;) is the effective backscattering amplitude of the scattering
atom, &%(k) and ¢;(k) are phase shifts for the absorber and backscatterer respectively, o, is a
Debye-Waller term, and A(k) is the mean-free-path of the photoelectron. Coordination
numbers (N;) are calculated on a per Mn basis and are interpreted here in the context of a
total of four Mn atoms/PS 1.

J Phys Chem B. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Latimer et al.

Results

Page 7

The quality of the fits presented here was evaluated as described previously.3536

EPR Spectroscopy

Ca-depleted PS Il preparations can be generated by two protocols. Samples which have been
created by treatment with a high NaCl concentration (1.2 M NaCl treatment in the light and
in the presence of chelators) are initially in the Sy’ state owing to the illumination during the
protocol and the enhanced stability of the Sy’ state in the presence of chelators, although it
has also been reported that a high degree of inhibition can be achieved by exposure to a high
salt concentration and chelators in darkness.*! Low-pH-treated preparations (pH 3.0
treatment in the dark with citrate) remain in the S;’ state and must be advanced to Sy’ or S5’
by illumination. The low-pH treatment was chosen for the experiments reported here
because all three Ca-depleted S states were readily accessible in these preparations.

EPR spectra from Ca-depleted samples in the Sy’ and S5’ states are shown in Figure 1. The
sample used for the S,/-state spectrum contained the herbicide DCMU, which displaces the
Qg quinone and prevents electron transfer beyond Qa. The Qa~-signal appears as a sharp
downward feature at ~3700 G. The S, state can be generated in low-pH/citrate-treated PS Il
either by illumination at 273 K, where the samples are limited to one turnover (with
DCMU), or by dark adaptation of a sample illuminated at 273 K, where photoaccumulation
of the S3’ (or higher) state occurs.® The results from the DCMU-treated sample demonstrate
that the state giving rise to the modified multiline signal arises from a single turnover and
thus must arise from a formal S, state (denoted Sy’ here). The multiline signals observed in
each case are identical except for the underlying signal from Q™ in the sample containing
DCMU. Hlumination at 190 K resulted in no measurable multiline signal formation, which is
characteristic for low-pH/citrate-treated preparations®* and is another indication of the
completeness of Ca depletion.

In the absence of DCMU, illumination of low-pH/citrate-treated samples at 273 K results in
a broad (~160 G peak-to-peak) derivative-shaped signal centered at g = 2 (Figure 1B). The
appearance of this signal coincides with the loss of the Sy’ multiline signal and has been
shown by others!® using single-turnover flashes to result from a state that is one-step
oxidized from the S’ state; a formal Ss state (S3’). The S3’ state is relatively unstable and
deactivates quickly to the Sy’ state (half-life of 300 ms in the presence of reduced Qa18) and
can be difficult to trap quantitatively. Initially, samples for XAS experiments were made in
the usual manner, where the sample was spread in a thick paste into a Lucite sample holder
(thickness = 1.5 mm), but these samples were difficult to saturate during illumination and
displayed significant amounts of S,’-state multiline signal in addition to the S3’ signal. It
was found that spreading a thin layer (<0.5 mm) onto the Mylar backing of the XAS sample
holder resulted in more complete advancement to the S3’ state. Although complete
advancement was never achieved, the amplitude of the S,y’-state multiline signal could be
reduced to a low level.

Reasonable estimates of the S-state composition of these samples were achieved as
described. S5’ populations were calculated based on the residual level of the Sy’ multiline
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signal compared to 100% S, in Sy’-DCMU and Sy’-annealed samples. Relative amplitudes
of the S3” EPR signals were also used to cross-check and ensure that the calculated
populations were consistent with the observed amplitudes of all signals. S3’-state samples
used for X-ray edge experiments ranged from 55% to > 80% S3’, while Sg’-state EXAFS
samples were all >75% S3’. In practice, however, we find that annealed samples are
vulnerable to reduction during the dark incubation and the S,”-DCMU samples must be
quickly frozen or the Sy’ state will recombine with the negative charge trapped on Qa. The
S-state compositions reported here, thus, represent conservative estimates; the actual values
for S5’ and Sy’ percentages may be higher.

X-ray Edge Spectroscopy

Mn K-edge spectra are relatively broad, and structural features on the edges are quite subtle.
The edge spectra in this paper are also presented as second derivatives, which accentuate the
shape of the edge and allow clear comparisons of edge structure. The region in the spectrum
from 6545 to 6555 eV corresponds to the rising part of the edge and has been shown to be
sensitive to the oxidation state of the absorbing atom.33 Increased oxidation states create a
higher positive charge on a metal ion. A higher energy photon is required to extract an
electron from a more positively charged atom, resulting in an edge shift to higher energy.
Edge energies can also be affected by ligands (by the degree of electron donation) and by
the symmetry around the atom, which can affect the selection rules and relative energy
levels of transitions. The inflection-point energy can be determined as the zero crossing of
the second derivative, which in the spectra presented here appears at ~6551-6553 eV. The
region above ~6555 eV is more sensitive to the ligand environment32 and is affected by the
start of the EXAFS scattering. The relatively low energy of the photoelectron also means
that multiple scattering interactions can dominate in this region, and the interpretation of the
spectra can be quite difficult.

X-ray edge absorption and corresponding second-derivative spectra of samples in
predominantly the S¢/, S)/, and Sg’ states are presented in Figure 2. The spectra are
presented of the samples as measured, i.e., there has been no subtraction to attempt to extract
“pure” S-state spectra. The S,’-state sample was generated by illumination of a sample
containing DCMU (Sy’-DCMU). The inflection-point energies (IPE) are reported in Table 1.
The IPE for the S;’-state sample (6550.7 eV) is lower than that found in native S;-state
samples (6551.7 eV55,56) and indicates that either there has been a reduction of the
complex caused by the Ca-depletion procedure or a significant structural change has
occurred. This lower edge energy has also been observed by Ono et al.3° where it was
shown that the edge could be restored to the native S-state energy by reconstitution with Ca
in the absence of illumination.

The Sy/-DCMU and S3’-state samples have quite similar spectra in the region of the
inflection point, with only a small shift in IPE (0.4 eV) between them. The IPE of the S,/-
and Sg’-state samples (6552.8 and 6553.2 eV, respectively) approach that of the native Sy
state (6553.5 eV55,56) and constitute a large shift (2.1-2.5 eV) from the spectrum of the
S,’-state sample. As stated above, the Sy/- and S3’-state samples are not pure in their S’-state
composition. The estimate of the actual Sg’-state content of the S3” samples ranges from
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55% to >80%. There was, however, no systematic trend to higher energies for samples with
higher S5’ content: the edge energy seems relatively insensitive to the relative amounts of
Sy’ or S5’ and the scatter of edge energies was relatively small (standard deviation of 0.2
eV). On the basis of the S3’ spectra, there appears to be no discernible difference in the edge
energy between samples in the Sy’ and S5’ state.

The Sy/-DCMU samples were slightly lower in energy (0.4 eV) than the S3’-state samples,
but the Sy’-DCMU samples are a mixture of pure S;” and Sy’ states, which could account for
the lower edge energy.

Data were also collected on S,’-state samples made by dark adaptation of S3’-state samples
(S,’-annealed) as described above. The Mn K-edge spectra from S,-DCMU and S,’-
annealed samples are compared in Figure 3. Surprisingly, the edge in the S,’-annealed
sample is actually at lower energy (6550.1 eV) than the S,’-DCMU sample. In fact, it is
lower in energy than the S;’-state samples (see Table 1). The lower edge energy clearly
indicates that there is some change occurring in these samples during the dark adaptation
period which results in a significant lowering of the edge energy, but we observed no major
loss of the multiline signal compared to S,’-DCMU samples. The Mn cluster has been
shown to be more vulnerable to exogenous reductants in the absence of Ca,’>"%8 and we
find that delays during the treatment process inevitably lead to samples in which the Mn
cluster has been partially destroyed, releasing Mn(ll) ions which can be often detected as a
six-line signal centered at g = 2 in the EPR spectrum. However, our EPR spectra from the
S./-annealed samples do not show a Mn(ll) EPR signal, although a small signal would be
difficult to observe in the presence of the S,’-state multiline.

To test the possibility that Mn(11) release by damaged centers is the cause of the lowered
edge, we attempted to simulate the edge of the S,’-annealed samples by adding various
amounts of Mn(I1) hexaquo edge spectra to the spectrum from an Sg’- state sample. This
technique has been shown to be reasonably accurate for the determination of Mn(l1).32:59
The shape of the edge of the Sy’-annealed sample in the region of the inflection point was,
however, not well-simulated using the hexaquo Mn(I1) spectrum.

To a certain extent, general edge shapes can be simulated by addition of spectra from
monomeric Mn(I1), Mn(l11), and Mn(1V) complexes, and this technique has been used to
determine the probable oxidation state composition of native PS Il samples in the S; and S,
states.33 However, the inflection-point regions of mixed-valence Mn(11)Mn(111) compounds
are not exactly simulated by the addition of spectra from monomeric complexes, probably
owing to the effects of the structural environment, including the proximity of the Mn ions to
each other.

To test the possibility that the lower edge energy in the So/- annealed sample was caused by
partial reduction of the Mn cluster during the annealing process, but without release of the
reduced Mn from the cluster, simulations were attempted where varying amounts of spectra
from mixed-valence Mn(I1)Mn(I11) complexes were added to the spectrum from an S5’
sample. Both a Mns(l1, 1115) trimer, (MnzO(O2CPh)g(py)2(H20),6% and a Mn,(l1, 1113)
tetramer, (Mn4Oz(benz)7(bipy),,%* were tried and gave similar results. The best simulation
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(using the trimer) is presented in Figure 4. In this case, the simulation was created with 35%
of the trimer spectrum and 65% S3’-state spectrum. This would correspond to approximately
12% Mn(I1) in the sample. The results from the simulation with the tetramer indicated ~8%
Mn(I1). These simulations should not be taken as a quantitative determination but rather as
an indication that the lower edge energy may be caused by a slow reduction of the Mn
complex without release of Mn during the annealing process.

Mn EXAFS of Ca-Depleted Preparations

The Mn K-edge EXAFS of Ca-depleted samples in the S;’, S)/, and S5’ states are presented
in Figure 5 along with the spectrum of a Ca-depleted sample after reactivation with Ca.
Fourier transforms of the EXAFS are presented in Figure 6.

The greatest difference is found between Ca-reactivated PS 1l in the Sq state and Ca-
depleted PS Il in the S¢’ state. The EXAFS of the S,’-state samples has a lower amplitude
(especially at k > 9 A1), and in the Fourier transforms, the peaks appear broader and lower
in amplitude. Another obvious difference is the substantial decrease in amplitude of the third
Fourier peak, which we have previously assigned to Mn—Ca and Mn—Mn interactions. The
effects observed on the EXAFS are similar to the effects observed previously on the EXAFS
of isostructural model complexes with and without Mn(11).62 Given the reduction of Mn
observed in Sy’-annealed samples, it is perhaps not surprising that there may be some
reduced Mn found in the S;’-state samples which have seen no illumination from the start of
the Ca-depletion treatment.

Samples subjected to illumination (S,’-DCMU and Sy’), by contrast, have well-resolved
Fourier peaks and are more similar to Ca-reactivated or native samples except for the
reduced amplitude of the third Fourier peak.

Results of fits to the first two Fourier peaks are presented in Table 2. For each sample, two
shells were fit to the data; a short distance 1.8-1.9 A O scatterer and a longer distance ~2.7
A Mn-Mn interaction. In each case it was found, on the whole, that the short distance Mn-O
interaction was at a slightly longer distance and more disordered in the S;’-state samples
than in the S,’- or S3’-state samples. Addition of more scattering shells did not yield better
fits for the S;’-state samples, the most appropriate adjustment being a higher Debye—Waller
factor rather than another well-defined distance. Fits to the Sy’- and S3’-state samples were
overall similar to Ca-reactivated PS Il in the S state.

Results of fits to Fourier peaks Il and 111 are presented in Table 3; Fourier isolates and fit
curves are presented in Figure 7. No fits are presented for S;’-state samples because the third
Fourier peak was so small and the second peak could not be reliably separated from the first
Fourier peak. Fits including all three Fourier peaks for the S;’-state samples were completely
insensitive to the contribution of the third Fourier peak. The S,’- and Sg’-state EXAFS were,
again, similar to those reported for Ca-sufficient samples with respect to the 2.7 A Mn-Mn
interactions but displayed a reduced amplitude for the interaction at ~3.3 A. Fits were also
tried for a carbon shell at ~3.5 A, but the distance had a tendency to drop to ~2.5 A if
allowed to vary. This is a problem with fitting such a small contribution in the presence of a
strong Fourier peak. Unfortunately, the third Fourier peak cannot be realistically fit alone
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due to the proximity to the strong 2.7 A Mn—Mn peak and the fact that the limited R range
limits the number of allowable fit parameters to fewer than necessary to determine the
variables of one shell.

In the fits in Table 3, the Debye—Waller factors were fixed at reasonable values based on fits
to Ca-reactivated PS Il. The spread of values for Debye—Waller factors was quite large when
they were allowed to vary, which is probably another indication of the susceptibility to noise
level of a contribution at this low amplitude. It is significant, however, that the fits are
improved by the addition of a Mn—Mn scattering shell at 3.3 A. Although the coordination
numbers of the fits are somewhat low for a Mn—Mn interaction at this fixed Debye—Waller
value, the interaction is clearly present and may represent a more disordered Mn—Mn
interaction than is accounted for in the fit. The most reasonable conclusion based on these
data is that Ca depletion removes a Mn—Ca contribution from the third Fourier peak but a
disordered Mn—Mn contribution remains present.

Discussion

The Mn X-ray K-edge data presented here on the modified S states in Ca-depleted samples
indicate that there is a large edge shift on the S1’-S,’ transition but little or no significant
change in the edge position/inflection point for the Sy’-S3’ transition. As discussed above,
edge positions are determined by the oxidation state and ligand/structural environment. In
the absence of large structural changes, an edge shift can be ascribed to changes in the
oxidation state of the absorbing atom. Assuming that no major structural changes occur in
the S-state transitions the results indicate that there is Mn oxidation on the S1’-S,’ transition,
but not on the Sy’-S3’ transition. This result is in agreement with the recent pulsed EPR
observations of Boussac?* and with the effects of NO quenching on the Sy'-state EPR
signal.25

Ono and co-workers#0 have also performed XAS experiments on Ca-depleted PS 11 using
the low-pH/citrate treatment employed here. These samples were advanced through the S’
states by single laser flashes. They did not perform EPR on the samples used for XAS but
compared the pattern of increasing edge energy on successive flashes with EPR results
obtained by other groups on similar laser-flash-prepared samples. On the basis of these
comparisons, they have proposed that there is a Mn oxidation-state change on both the S;’-
S, and S,’-S3’ transitions. The total S;’-S3’ edge shift reported by Ono et al. (1.9 eV) is
comparable to the shift observed in the spectra presented here for the S;’-S,’ transition (2.1
eV), where the composition of the samples was confirmed by EPR. It seems probable that
the differences between our results and those of Ono et al. are due to incomplete
advancement of the Ca-depleted samples by the laser flashes in their study.

In another study, MacLachlan et al.#! report edge spectra from Ca-depleted as well as
ammonia- and acetate-inhibited preparations which also exhibit a form of the S3” EPR
signal. EPR spectroscopy was performed on parallel samples but not on XAS samples, and a
simultaneous energy reference was not used. This group has subsequently repeated the
experiment with a simultaneous energy reference and report results which are much more
similar to what is reported here, although they do report a small shift of 0.4 eV on the Sy’ to
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S4’ transition.*3 In the work we have presented here, our Sy’-DCMU samples were also
found to be ~0.4 eV lower than S3’-state samples, but careful examination of the EPR signal
amplitudes and edge positions has led us to the conclusion that considering the mix of states
present in the prepared samples, there is no descernible shift in edge position between the
S,/ to Sy’ states. We find that samples are difficult to prepare in the S,’ state owing to
incomplete advancement in DCMU-treated samples and the vulnerability to reduction of
samples prepared by dark adaptation. MacLachlan et al.*! and Turconi et al.#3 poised
samples in the S’ state by dark adaptation for a short period of time (5-10 min). It is
possible that the relatively shorter dark adaptation time used by MacLachlan et al. and
Turconi et al. (5-10 vs 15-20 min here) resulted in a smaller shift to lower energy for their
S,/-state samples.

Our observation of an edge shift to lower energy in Sy’-state samples prepared by
illumination followed by dark adaptation has important implications for other groups
working with Ca-depleted preparations. We have shown that the lower edge energy is
probably due to the presence of Mn(11) formed by reduction of the complex during dark
adaptation and that this reduction is not readily discernible in the EPR spectra of these
samples. Our results show clearly that S,’-state samples prepared by the two methods are not
equivalent and, further, that neither method should be assumed to yield 100% S.’.

EXAFS of S;’-State Samples

The EXAFS of the S;’-state samples is markedly different from the spectra observed in Ca-
reactivated or native PS Il samples. The decreased amplitude of the Fourier peaks may be
indicative of a small percentage of reduced centers which can be photooxidized. Mn(l1)-
containing clusters exhibit significantly different bond lengths relative to higher-valent Mn
clusters, and mixtures of the two can result in the “washed out” EXAFS amplitudes that we
observe here relative to Ca-reactivated PS Il. A second feature is the very small amplitude of
the third Fourier peak in these samples. This could also be partially due to the effect of
reduced centers, but third-peak amplitudes are affected in all the modified S states relative to
Ca-reactivated PS II.

EXAFS of S,” and S3” State Samples

The differences between the S,’- and Sg’-state samples and Ca-reactivated PS Il are more
subtle and are most apparent in the decreased amplitude of the third Fourier peak. The
reduced amplitude of the third peak is consistent with a Ca contribution at this distance, as
discussed in our previous work.3°36 The remaining third peak is difficult to fit
unambiguously but is consistent with the presence of a disordered Mn—Mn interaction at 3.3
A. The reduction of peak amplitude relative to Ca-reactivated or native PS 11 cannot be
accounted for by the presence of residual Ca, because our activity measurements show that
more than 80% of the centers are inhibited, i.e., are depleted of Ca. One possible
contributing factor to the increased disorder in the third-peak Mn—Mn interaction could be
the presence of a chelator (citrate), which is thought to bind to the Mn cluster in Ca-depleted
chelator-treated preparations.

J Phys Chem B. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Latimer et al.

Page 13

The retention of the two ~2.7 A units in a relatively undisturbed state indicates that the Mn
complex remains otherwise largely intact. This is perhaps not surprising given that activity
can be restored quite readily by supplying Ca ions. The di-p-0x0 ~2.7 A Mn—Mn units
appear to be quite hardy in the face of a great number of inhibitory treatments, at most
changing the Mn—Mn distance slightly in one of the pairs.

In another XAS study of Ca-depleted preparations, MacLachlan et al.*2 found that the 2.7 A
Mn-Mn interactions were split into two contributions (they observed a shoulder Fourier
peak 1) and a small decrease in amplitude of the third Fourier peak. The split second Fourier
peak was observed in all three S’ states in their study. One possible difference between their
work and the experiments reported here is the technique of Ca depletion: NaCl treatment for
them vs low-pH/citrate treatment. We see absolutely no evidence of such a split second peak
in the spectra from our samples.

One important question remaining is whether what is learned from the Ca-depleted
preparations is relevant to the native system. Recent Mn K-edge results from the Klein/
Sauer group indicate that in native samples there is also very little edge shift on the S,—S3
transition.>>:26 This result has been interpreted as indicating that there is no Mn oxidation in
this transition. There are possible parallels between native and Ca-depleted samples in that
perhaps an organic radical is also formed in the native Sg state which interacts with the Mn
cluster, rendering both the multiline and radical signals unobservable by conventional EPR.
Recent EXAFS results on native samples in the S3 state indicate that there is a strong
perturbation of the ~2.7 A Mn—Mn di-p-oxo units.53 This result raises the possibility that in
the native samples, in contrast to what we observe with Ca-depleted samples, the lack of an
edge shift on the S,—S3 transition could be a consequence of the onset of water oxidation
chemistry and structural rearrangements which do not occur in the inhibited samples.
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Figure 1.

EPR Spectra from Ca-depleted samples in the S,’ (A) and S3/-states (B). The S,’-state

Page 16

sample was a Ca-depleted sample with DCMU added. The S3’-state sample had no DCMU

added. Both were advanced from the S’ state by illumination at 273 K. The multiline

spectrum in panel A is displayed on an expanded vertical scale (x4.3) to allow comparison
with the higher amplitude S3’-state signal in panel B. Spectrometer conditions: microwave
frequency, 9.2 GHz; microwave power, 20 mW; modulation amplitude, 20 G; temperature, 8

K.
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Figure 2.
Mn X-ray K-edge spectra (A) and second derivatives (B) from Ca-depleted samples in the

S{/, Sy, and Sy’ states. The S,’-state sample was prepared by illumination after addition of
DCMU.
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Figure 3.
Mn X-ray K-edge spectra (A) and second derivatives (B) from samples in the Sy’ state

prepared by annealing (S,’-annealed) and by illumination with turnovers limited by DCMU
(S’-DCMU).
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Figure 4.
Simulation of the second derivative Mn X-ray K-edge spectrum from a Ca-depleted sample

in the S, state formed by dark adaptation of an S3’-state sample. The simulated spectrum (-
- -) is the sum of the spectrum from a Mng(l1, I11,) trinuclear model complex (35%) and a
spectrum from a sample in the S3’ state (65%).
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Figure 5.
k3-weighted EXAFS spectra of Ca-depleted PS 1l samples in the Sy, S/, and Sy’ states. The

EXAFS from a Ca-reactivated sample is shown for comparison.

J Phys Chem B. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Latimer et al.

Page 21

Fourier Transform Amplitude

1

S,-DCMU

Ca-reactivated

Figure 6.

Apparent Distance R'(A)
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Fourier transforms of k3-weighted EXAFS from Ca-depleted PS 11 samples in the S/, S5/,
and Sg’ states. The Fourier transform from a Ca-reactivated sample is shown for comparison.
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k (A

Figure 7.
Fits to Fourier isolates of peaks Il and 111 in Sy’-DCMU and Sy’-state samples. Data are

presented as solid lines, fits as dashed lines. These curves correspond to fit results for
samples CDS2 and CDS3A in Table 3.

J Phys Chem B. Author manuscript; available in PMC 2014 August 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Latimer et al.

TABLE 1

Inflection-Point Energies (IPE) of Ca-Depleted Samples in the S¢/, S)/, and S3’ States?

IPE (eV)

Sy’ state 6550.7 (0.2)b
Sy state (DCMU) 6552 8 (0.4)P

S4’ state 6553.2 (0.3)b
Sy’ state (annealed)  g550.1 (0.3)P

a\/alues are averages over 3-5 samples.

b - -
Standard deviations are given in parentheses.
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