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ABSTRACT: The electronic structures of the native Mn4OxCa
cluster and the biosynthetically substituted Mn4OxSr cluster of
the oxygen evolving complex (OEC) of photosystem II (PSII)
core complexes isolated from Thermosynechococcus elongatus,
poised in the S2 state, were studied by X- and Q-band CW-EPR
and by pulsed Q-band 55Mn-ENDOR spectroscopy. Both wild
type and tyrosine D less mutants grown photoautotrophically in
either CaCl2 or SrCl2 containing media were measured. The
obtained CW-EPR spectra of the S2 state displayed the char-
acteristic, clearly noticeable differences in the hyperfine pattern of the multiline EPR signal [Boussac et al. J. Biol. Chem. 2004, 279,
22809-22819]. In sharp contrast, the manganese (55Mn) ENDOR spectra of the Ca and Sr forms of the OEC were remarkably
similar. Multifrequency simulations of the X- and Q-band CW-EPR and 55Mn-pulsed ENDOR spectra using the Spin Hamiltonian
formalism were performed to investigate this surprising result. It is shown that (i) all four manganese ions contribute to the 55Mn-
ENDOR spectra; (ii) only small changes are seen in the fitted isotropic hyperfine values for the Ca2þ and Sr2þ containing OEC,
suggesting that there is no change in the overall spin distribution (electronic coupling scheme) upon Ca2þ/Sr2þ substitution;
(iii) the changes in the CW-EPR hyperfine pattern can be explained by a small decrease in the anisotropy of at least two hyperfine
tensors. It is proposed that modifications at the Ca2þ site may modulate the fine structure tensor of the MnIII ion. DFT calculations
support the above conclusions. Our data analysis also provides strong support for the notion that in the S2 state the coordination of
the MnIII ion is square-pyramidal (5-coordinate) or octahedral (6-coordinate) with tetragonal elongation. In addition, it is shown
that only one of the currently published OEC models, the Siegbahn structure [Siegbahn, P. E. M. Acc. Chem. Res. 2009, 42, 1871-
1880, Pantazis, D. A. et al. Phys. Chem. Chem. Phys. 2009, 11, 6788-6798], is consistent with all data presented here. These results
provide important information for the structure of the OEC and the water-splitting mechanism. In particular, the 5-coordinateMnIII

is a potential site for substrate ‘water’ (H2O, OH
-) binding. Its location within the cuboidal structural unit, as opposed to the

external ‘dangler’ position, may have important consequences for the mechanism of O-O bond formation.

1. INTRODUCTION

In oxygenic photosynthesis light-driven water-splitting is cata-
lyzed by the oxygen-evolving complex (OEC) of Photosystem II
(PSII). The OEC consists of an inorganic Mn4OxCa cluster
(where 4e xe 6 indicates the number of oxygen bridges) and its
surrounding protein matrix.1-14 The functionally important
protein matrix includes the redox-active tyrosine residue YZ
(D1-Y161). YZ couples electron transfer from the Mn4OxCa

cluster to P680 and is involved in proton transfer reactions.15

P680/P680
•þ and Pheo/Pheo•- form the primary component of

the photoactive reaction center of PSII, which energe-
tically drives water-splitting by four sequential light-induced
charge separations, for reviews see refs 8-14, and 16-18. During
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water-splitting, the Mn4OxCa cluster steps through a reaction
cycle comprising five distinct redox intermediates. These are
known as the Sn states, where the index indicates the number of
stored oxidizing equivalents (n = 0-4).19 Once formed the S3YZ

•

rapidly decays to the S0 state upon the release of molecular triplet
oxygen and the rebinding of at least one substrate water
molecule.9,10 A S4 state, which is different from S3YZ

•, has not
yet been spectroscopically identified.

Ca2þ is known to be an essential cofactor for the water-
splitting reaction.20-25 Removal of Ca2þ inhibits water-splitting
by blocking the S2fS3 transition.

26 It was demonstrated that
Sr2þ is the only surrogate that is able of restoring water-splitting
after Ca2þ removal, albeit at a slower turnover rate.23,26,27 It has
been speculated that this may be due to a combination of two
important factors. The surrogate must match: (i) the approx-
imate size and (ii) the Lewis acidity28 of Ca2þ. This suggests
a role for Ca/Sr in substrate water binding. Time-resolved
H2

16O/H2
18O exchange measurements performed by mem-

brane-inlet mass spectrometry29,30 demonstrate that the ex-
change kinetics of the slowly exchanging substrate water
molecule are strongly affected by Ca/Sr exchange.31,32

It has been recently shown that the thermophilic cyanobacter-
ium Thermosynechococcus elongatus (T. elongatus) can be photo-
autotrophically grown in either Ca2þ or Sr2þ containingmedia. It
is thus possible to obtain PSII complexes with intactMn4OxCa or
Mn4OxSr clusters that display high oxygen-evolving activi-
ties.27,33,34 Consistent with these high activities, only minor
structural differences - mainly in Mn-Ca2þ/Sr2þ distances -
are observed in the S1 and S2 states between these two sample
types by EXAFS spectroscopy.35 The physical proximity of the
Ca2þ to the Mn cluster was first demonstrated by Mn K-edge
EXAFS measurements on isotropic PSII samples35-40 and then
refined by X-ray crystallographic data3-5,33 and polarized
EXAFS.6,7,41 Figure 1 summarizes current structural models of
the Mn4OxCa cluster that are based on these approaches.

42 The
manganese connectivity and labeling for the models of Figure 1 is
depicted in Scheme 1 in which it can be seen that apart from
model A, all other models share the same basic topology. It is
noted however that model B lacks one μ-oxo linkage between
MnA and MnB.

Model A is based on the London crystal structure and QM/
MM and DFT based refinements.3,43-45 Here the Ca2þ was

Figure 1. Current QM/MM and DFT literature models for the OEC poised in the S2 state based on recent X-ray crystallographic3-5 and polarized
EXAFS6,7 data. A) London crystal structure;3,43-45 B) Berlin crystal structure;4,5,53,54 C) EXAFS core I;6,57 D) EXAFS core II;6,57 E) EXAFS core III;6,57

F) Siegbahn model.11,58,59 Purple spheres: manganese; red: oxygens; yellow: calcium; green: chloride; blue: nitrogen; gray: carbon.

Scheme 1
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assigned as a vertex of aμ-oxo-bridged cubane-like structure, with
three Mn defining the other three vertices. They form the three
short (about 2.7 Å) Mn-Mn distances known from EXAFS
spectroscopy.46-48 Ca2þ is suggested to bind the slowly ex-
changing substrate water and a Cl- ion. This is in conflict with
recent crystallographic and spectroscopic data, which both
demonstrate that the shortest Cl- to metal distance is >5 Å in
dark-adapted samples.5,49-52 The fourth ‘dangler’ or outer Mn is
attached to this core structure via a μ4-oxo-bridged ligation to
one of the oxygen corners of the cube and thereby forms the long
(3.3 Å) Mn-Mn distance known from EXAFS spectro-
scopy.46-48 Water-oxidation chemistry in these models was
suggested to occur between one water bound to Ca and one
that is bound as a terminal oxo to the outer Mn ion (MnA).
Model B is based on the Berlin crystal structure4 and was also
refined by DFT calculations. In contrast to model A it has an
open and flattened cube structure (one corner oxygen is mis-
sing), and the outer Mn is attached via one mono μ2-oxo bridge.
Ca2þ is suggested to coordinate to two μ2-oxo bridges of the
open cube; required protein ligands are not completely included
in this minimal model53,54 but see Kusunoki for a similar, more
complete model.55 Water-oxidation chemistry may occur in such
models for example between two water molecules bound to the
outer Mn (MnA).

55 Models C, D, and E of Figure 1 are based on
structures (models I, II, and III, respectively) derived from
polarized EXAFS measurements on PSII single crystals6 that
were further refined based on crystallographic information on
possible ligands and DFT calculations.56,57 These models also
have a more planar geometry and are somewhat reminiscent of
the original Berkeley ‘dimer of dimers’ model.47 However, they
are more interconnected than this original suggestion and have
one additional 2.7 Å Mn-Mn distance48 that is formed by
connecting the di-μ-oxo bridge of one ‘dimer’ to a Mn of the
other ‘dimer’. Importantly, the symmetry of the cuboidal Mn3O3-

Ca part is broken by the absence of one corner oxygen, which
leads to a longer Mn-Mn distance of 3.3 Å inside this segment.6

In model C, the Ca2þ is ligated in a similar fashion to the Mn4Ox

core as in model B, while in model D, the Ca2þ only has contact
with the rest of theMn cluster via its binding to the μ3-oxo bridge
connecting theMn ions of the trimeric part. In model E the Ca2þ

connects to two μ2-oxo bridges: to one of the oxo’s of the trimeric
unit and to one of the bridges to the outer Mn ion. The most
detailed and rigorous proposal at present is shown in
Figure 1F.11,58,59 The model of Siegbahn combines many crystal-
lographic and spectroscopic data. It was designed to be of the
lowest possible total energy and to allow low energy barrier O-
Obond formation to occur between a hydroxo that binds toMnC
in the S3 state (which is 5 coordinated in the S0 to S2 states) and
the μ3-oxo bridge connecting MnA, MnB, and Ca. This model
has strong similarities to models C and E but is more compact.
In this model Ca is connected to all four Mn ions via three μ2-
oxo bridges. Recently a model related to models C, E, and F was
proposed based on molecular mechanics modeling of the Berlin
crystal structure4 and comparison to polarized EXAFS data.
Here two long (3.2 Å) Mn-Mn distances are assumed to be
within the cuboidal part in the S0, S1, and S2 states (between
MnC-MnD and MnC-MnB), that shorten (to about 2.7 Å)
during the S2fS3 transition due to the oxidation of MnC

III

and concomitant formation of another oxo bridge. As a con-
sequence, water-oxidation is expected to occur between waters
bound at the MnA and to Ca since all other manganese are co-
ordinatively saturated in S3 and S4.

60,61

As water oxidation involves four single oxidation events of the
Mn4OxCa cluster during the Sn state cycle, it is particularly well
suited for study by EPR. By using standard perpendicular mode
CW-EPR the OEC in the S2 state exhibits a characteristic
multiline signal (S = 1/2, see below) as well as a broad signal
at g = 4.1 (S = 5/2)62 under certain sample conditions. Pulse EPR
techniques have further advanced our understanding of the S2
multiline state in higher plant (spinach).63-67 In particular,
55Mn-ENDOR has allowed the unambiguous determination of
all four 55Mn-hyperfine tensors and has thus made it possible to
probe Mn-coupling schemes, which necessarily reflect the struc-
ture of the OEC, demonstrating that (i) all four Mn are strongly
coupled (|J| > 10 cm-1) and (ii) the most likely oxidation state of
the Mn cluster in the S2 state is MnIII(MnIV)3,

65 consistent with
XANES data (for review see ref 47).

The Sr2þ containing OEC, poised in the S2 state, has been first
studied in higher plant (spinach) BBY type preparations.26 In
these samples the Ca2þ is chemically removed by a low pH treat-
ment, citric acid at pH 3,20,68 or by NaCl/EDTA washing.21,22

Supplemented Sr2þ then binds at the Ca2þ site, restoring the
catalytic activity of the OEC albeit at a slower turnover rate.26

The removal of Ca2þ and the subsequent introduction of Sr2þ

into the Ca2þ site leads to a significant modification of the S2
multiline EPR signal26 Here we use photoautotrophically grown
Ca2þ- and Sr2þ- from T. elongatus to further refine current
models of the electronic structure of the paramagnetic S2-state
of the OEC.

2. MATERIALS AND METHODS

2.1. PSII Sample Preparation. Ca2þ/Sr2þ PSII core complex
preparations from WT* T. elongatus69 and from a TyrD less mutant70

were isolated as described earlier.27,34 Dark-adapted samples (∼10 mg
chlorophyll/mL) containing ∼0.5 mM phenyl-para benzoquinone
(PPBQ) and ∼3% methanol were placed in Q-band quartz tubes with
3 mm outer diameter. The S2-state was generated by short, white light
illumination (5 s) at 200 K (dry ice/ethanol bath).
2.2. EPR Measurements. X-band CW-EPR spectra were re-

corded at 8.5 K using a Bruker ELEXSYS E500 X-band spectrometer
equipped with an Oxford Instruments cryostat. For these measurements
the Q-band tube was inserted into a X-band tube. Q-band pulse EPR and
55Mn-Davies ENDOR measurements were performed at 4.2 K using a
Bruker ELEXSYS E580 Q-band pulse EPR spectrometer equipped with
an Oxford-CF935 liquid helium cryostat and an ITC-503 temperature
controller. Electron spin echo-detected (ESE) field-swept spectra were
measured using the pulse sequence: π/2-τ-π-τ-echo, where π = 80
ns and τ = 440 ns. 55Mn-Davies ENDOR spectra were collected using
the pulse sequence: π-πRF-Τ-π/2-τ-π-τ-echo, where π = 80
ns, τ = 440 ns, πRF (RF pulse, radio frequency) = 3.5 μs, and a delay T =
600 ns. To measure hyperfine couplings in excess of 150 MHz, a home-
built computer console (SpecMan control software63,64,71) was used
coupled to a external RF generator (SMT02 signal generator) and RF
amplifier (ENI 5100 L). A shot repetition rate of∼300 Hz was used for
all measurements.
2.3. CW-EPR/55Mn-ENDOR Simulations. CW-EPR/55Mn-

ENDOR spectra were simultaneously fit assuming an effective spin
S = 1/2 ground state (see Theory (section 3.2)). Calculations assumed
that all tensors were colinear. The same Spin Hamiltonian was used for
both CW-EPR and 55Mn-ENDOR spectra. The electron Zeeman term
was treated exactly. The nuclear Zeeman and hyperfine terms were
treated using second order perturbation theory. Spectral simulations
were performed numerically using Scilab-4.4.1, an open source vector-
based linear algebra package (www.scilab.org) and the easyspin
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package72 in MATLAB. A Gaussian profile was used to describe the
excitation line width, with a fwhm (full width at half maximum) of 20MHz.
2.4. Computational Details. All models considered in the pre-

sent study were optimized without restrictions, both with Ca2þ and with
Sr2þ, using the previously benchmarked BP86 density functional73,74

and TZVP basis sets for all atoms.75 The optimizations took advantage
of the RI approximation with the auxiliary def2-TZV/J Coulomb fitting
basis sets76 as implemented in ORCA.77 Increased integration grids
(Grid4 in ORCA convention) and tight SCF convergence criteria were
used throughout. Exchange coupling constants (Jij) for all pairs of Mn
centers were subsequently computed for each optimized model using
the broken-symmetry DFTmethodology (BS-DFT),78-81 assuming the
isotropic Heisenberg Hamiltonian (Supporting Information eq S1). The
hybrid meta-GGA TPSSh functional82 was used in this case, and the
calculations employed the chain-of-spheres (RIJCOSX) approximation
to exact exchange.83 Additionally, the effect of scalar relativistic effects
was tested for selected systems using the zero-order regular approxima-
tion (ZORA) in conjunction with appropriately contracted all-electron
scalar relativistic (SARC) basis sets.84-86 Inclusion of scalar relativistic
effects was not found to alter the results to any significant extent and thus
was not considered further in the present study. The application of the
BS-DFT approach and the performance of the TPSSh functional for the
calculation of exchange coupling constants in oligonuclear manganese
systems has been extensively discussed, benchmarked, and calibrated in
previous studies of manganese dimers,87-89 trimers,90 and tetramers.57,91

3. THEORY

3.1. The Spin Hamiltonian Formalism. Here we consider an
exchange coupled Mn tetramer. The current assignment for the
oxidation states of the four Mn ion when poised in the S2 state is
MnIIIMnIVMnIVMnIV.47,65,92,93 This net oxidation state is as-
sumed throughout the text. A basis set that describes the Mn-
tetramer spin manifold can be built from the product of the
eigenstates of the four interacting spins

jS1S2S3S4M1M2M3M4I1I2I3I4m1m2m3m4æ ð1Þ
Here Si refers to the electronic spin state of Mni, Mi refers to

the electronic magnetic sublevel of Mni, Ii refers to the nuclear
spin state ofMni, andmi refers to the nuclear magnetic sublevel of
Mni. Si takes the value 2 for MnIII and 3/2 for MnIV;Mi takes the
values Si, Si-1, ......, 1-Si, -Si; Ii takes the value 5/2 for

55Mn; andmi

takes the values -Ii, 1-Ii, ....., Ii-1, Ii.
The Spin Hamiltonian that describes the spin manifold of the

Mn tetramer is

H ¼
X

i

βeB0 3 gi 3 Si -
X

i

gnβnB0 3 Ii þ
X

i

Si 3 ai 3 Ii

þ
X

i

Ii 3 qi 3 Ii þ
X

i

Si 3 di 3 Si -
X

i < j

Si 3 Jij 3 Sj ð2Þ

It contains the following: i) an electronic Zeeman term for
each Mn ion; ii) a nuclear Zeeman term for each 55Mn nucleus;
iii) a hyperfine term for each 55Mn nucleus; iv) a quadrupole
term for each 55Mn nucleus; v) a fine structure term for each
Mn ion; and vi) pairwise exchange terms for each Mn-Mn
interaction.
3.2. An Effective Spin 1/2 Ground State. The tetranuclear-

manganese cluster of the OEC Mn4OXCa(Sr), presents a
daunting theoretical exercise. A basis set that describes the entire
spin manifold of the coupled four Mn ions requires 414720
vectors, too many to be readily handled by current numerical
techniques. The problem can be greatly simplified by assuming
all Mn-Mn couplings are large, i.e. within the strong exchange

limit. For this, the exchange interactions between the Mn ions
have to be significantly larger than any other term of the Spin
Hamiltonian. The resultant electronic spin states of the manifold
are then adequately described by a single quantum number, the
total spin (ST). The ‘multiline’ EPR signal observed for the S2
state of the OEC is derived from only one total spin state, the
ground state of the spin manifold with total spin ST = 1/2. The
basis set that describes this subspace requires only 2592 vectors
which represent the coupling of the effective electronic spin
(ST = 1/2) to the nuclear spin of each Mn (I = 5/2) nucleus�����

1
2
Mm1m2m3m4 > ð3Þ

WhereM takes all half-integer values: -1/2 eM e 1/2; and
mi (where i = 1-4) takes all half integer values: -5/2 e mi e
5/2.
The effective Spin Hamiltonian that describes the ground state

of the spin manifold (ST = 1/2) is

H ¼ βeB0 3G 3 Sþ
X

i

ðgnβnB0 3 Ii þ S 3Ai 3 IiÞ ð4Þ
It contains the following: i) the Zeeman term for the total

electronic spin; ii) Zeeman terms for each 55Mn nucleus; and iii)
hyperfine terms for each 55Mn nucleus. Quadrupole terms are
neglected as they are considered to only have a small contribu-
tion to the energy levels/eigenstates of the system. A description
of the connection between the two Spin Hamiltonians given
above is outlined in the Supporting Information S1 and S2.

4. RESULTS

4.1. CW-EPR/ESE-Detected Field Sweep Pulse EPR. CW-
EPR spectra of the Mn4OXCa and Mn4OXSr OEC poised in the
S2 state are shown in Figure 2A. In both samples a point mutation
was made to replace the tyrosine YD (D2-Y160) with a
phenylalanine.70 This mutation removed from the spectrum
the YD

• (oxidized, radical form of YD) signal, which in wild type
(wt) samples appears as a strong, narrow (fwhm ∼3 mT) signal
centered at g∼ 2 superimposing the central hyperfine lines of the
S2 state multiline signal.
TheMn4OXCa S2 multiline signal reported here is very similar

to previous literature reports.67,68,94-98 The signal is centered
about g∼2.0, and its hyperfine pattern contains at least 22 peaks,
spread over the 250-430 mT field range.99 A ‘modified multi-
line’ signal is observed for the Mn4OXSr OEC, poised in the S2
state. The ‘modified multiline’ is also centered at about g∼2.0,
and its hyperfine pattern is spread over the same field range
(250-430 mT). The hyperfine pattern of the modified multiline
resolves additional peaks compared to the Ca-multiline signal, so
that a total of at least 24 peaks are observed with a markedly
different line-intensity distribution. The modified multiline sig-
nal reported here is very similar to the Mn4OXSr multiline signal
seen in higher plant (spinach) BBY type preparations obtained
by chemical Ca2þ/Sr2þ exchange26 and to an earlier study per-
formed with T. elongatus grown photoautotrophically in Sr2þ-
containing medium.94

Similar observations are seen for the pseudomodulated field
sweep Q-band measurements obtained with T. elongatus samples
containing YD

• (Figure 2B). The multiline signals are both
centered at approximately g∼ 2.0 and are spread over the same
spectral range (1130-1320 mT). As at X-band, the Mn4OxSr
OEC multiline does show more resolved hyperfine structure.
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Q-band pulse spectroscopy is particularly sensitive to Mn2þ, and
consequently a weak six-line Mn2þ signal is seen in the Q-band
EPR spectrum of the Sr-PSII sample, which was not detectable in
the corresponding X-band spectrum. The Mn2þ signal repre-
sents only a small fraction (<5%) of the PSII centers. It is not
observed in the respective Ca2þ sample.
4.2. T1 Relaxation of the Ca2þ/Sr2þ Containing OEC. Pre-

vious studies of higher plant spinach PS II66,100 demonstrated that
the OEC cluster in both the S2 and S0 oxidation states dom-
inantly displays Orbach relaxation over the 5-10 K temperature
range. As the relaxation rate of an Orbach process is dependent
on the ground to first excited state energy separation, an estimate
could be made for the energy ladder. Lorigan et al.66 reported a
ground to first excited state energy difference (Δ) of 35 cm-1 for
the S2 state, and Kulik et al.

100 reported Δ = 21.7 cm-1 for the S0
state. Our measurements for S2 in the cyanobacterium
T. elongatus yielded very similar results (Figure 3). TheMn4OXCa
and Mn4OXSr OEC poised in the S2 state show Δ = 23.5 (
0.6 cm-1 (31.0 K-1) and Δ = 26.5 ( 0.8 cm-1 (35.8 K-1),
respectively. These results suggest that the energy ladder and thus
the Mn electronic structure of the OEC with either Ca2þ or Sr2þ

present are likely to be very similar in T. elongatus. The relatively
large energy separation between the ground and first excited state
allows us to consider the system as an effective spin 1/2 state, well
removed from spin states of higher spin multiplicity (see Theory
3.2). MnIII and MnIV typically have zero-field splittings (ZFS) of
the order of |∼2 cm-1| and |∼0.1 cm-1|, respectively (see
Supporting Information S4). Similarly, the Zeeman term at
Q-band is of the order of 1 cm-1. Thus the exchange terms (Jij)
of the Spin Hamiltonian (eq 2) dominate the total zero-field
splitting of the cluster. This allows us to treat the system in the
strong exchange limit. It is noted though that this is only an
approximation. The onsite ZFS of the individual Mn ions will
effect the electronic structure, see Discussion.
4.3. 55Mn-ENDOR. Figure 2C displays Q-band 55Mn-Davies

ENDOR spectra of the Mn4OxCa and Mn4OxSr OEC, poised in

Figure 2. EPR/ENDOR spectra of the Ca2þ and Sr2þ containing OEC,
poised in the S2 state, of PS II derived from T. elongatus (solid black
lines). A) CW X-band. In these samples a point mutation was made to
replace the tyrosine YD with a phenylalanine (Y160F). YD

• (oxidized,
radical form) appears in wild type samples as a strong, narrow (fwhm∼3
mT) signal centered at g∼ 2. Experimental parameters: microwave
frequencies: 9.4097 GHz (Ca), 9.4213 GHz (Sr); microwave power: 20
mW; modulation amplitude: 25 G; time constant: 80 ms, temperature:
8.6 K. B) Q-band pulse EPR, ESE-detected field sweep. The derivative
spectra represent the pseudo modulated (2 mT) raw data. The YD

•,
centered at about g ∼ 2, was removed for clarity of presentation.
Experimental parameters: microwave frequencies: 33.6870 GHz (Ca),
33.8160 GHz (Sr); shot repetition rate: 5 μs; microwave pulse length
(π): 80 ns, τ: 440 ns, temperature: 4.2 K .C)Q-band pulse 55Mn-Davies
ENDOR. Spectra presented were smoothed using a 5 point moving
average. Experimental parameters: microwave frequencies: 34.0450
GHz (Ca), 34.0286 GHz (Sr); magnetic field: B0 = 1260 mT; shot
repetition rate: 5 ms; microwave pulse length (π): 80 ns, τ: 440 ns, RF
pulse (πRF): 3.5 μs. The red dashed lines superimposing each trace
represent a least-squares fitting to the whole data set using a model based
on the Spin Hamiltonian formalism (see Theory eq 4). The optimized
parameter sets are given in Table 1. It is noted that the Sr-OEC sample
contains a small contribution of free Mn2þ. Mn2þ in protein environ-
ments and in solution appears as a narrow EPR signal centered at g∼2,
with 6 sharp peaks with peak-to-peak separation of 8-10 mT. In the
corresponding 55Mn-ENDOR experiment, three peaks are observed
using the experimental conditions described above. These peaks are
centered at the positions: 114, 158, and 375 MHz. The contribution of
the Mn2þ signal is shown by the green dashed traces and is included in
the OEC simulation profile shown by the red dashed traces. Simulation
parameters for the Mn2þ artifact are given in the Supporting Informa-
tion S3.

Figure 3. The temperature dependence of the T1 relaxation time of the
Ca2þ (9) and Sr2þ (2) containing OEC in T. elongatus. The data are
shown as the natural logarithm of the inverse of the T1 time versus the
inverse of the temperature. Electron spin echo-detected T1 relaxation
data were measured using a 3 pulse sequence: π-ΔΤ-π/2-τ-π-τ-
echo, where π = 80 ns, τ = 440 ns, and ΔΤ was swept over the range
0.1-10 ms. An estimate of the T1 time was made by fitting the raw data
to a biexponential decay collected at each temperature (see the
Supporting Information). The superimposed red lines correspond to a
linear fit of the data. The slope of each line is given in cm-1. Both
experiments were performed at B0 = 1260 mT.
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the S2-state measured at B0 = 1260 mT. The line shape of the
55Mn-ENDOR signal shows only a small field dependence over
the 1190-1260 mT range, consistent with its assignment to the
tetramanganese cluster64,65 (see above). The Mn4OxCa spec-
trum shown in Figure 2C is similar but not identical to that
reported in the previous study of Pudollek et al.;101 the total
ENDOR signal spans approximately the same width, but there
are differences in the intensities of the individual lines. The
spectra reported in Figure 2C were measured at a field position
where the contribution from free or nonspecifically boundMn2þ

is small. Mn2þ signals of this type usually yield two relatively
sharp lines at∼115MHz and∼155MHz and a third broader line
at 375 MHz at all field positions across the 1190-1220 mT
range. Control experiments on purposely denatured PSII sam-
ples clearly show these signals (see Figure S3 in the Supporting
Information).
In contrast to the CW-X-band and field sweep ESE Q-band

spectra (see Figures 2 and 3), theMn4OXCa andMn4OXSr OEC
give rise to surprisingly similar 55Mn-ENDOR spectra. No large
difference is seen with regard to the total spectral breadth of the
signal (60-200MHz). The low field peak centered at∼52MHz
originates from the magnetic coupling of protons with the Mn
cluster. Approximately six peaks are resolved for both the Ca2þ

and Sr2þ containing OEC. Small changes in the line-intensity of
the six peaks are observed upon Ca2þ/Sr2þ replacement. It also
appears that the maxima of peaks 1 and 2 downshift by
approximately 10 MHz. The high frequency region clearly
resolves two peaks in the Sr-containing OEC and peak 6 may
upshift by ∼5 MHz as compared to Ca2þ. A comparison of the
55Mn-ENDOR T elongatus data reported here with earlier higher
plant spinach data63,64,67 suggests that intrinsic differences
between the two species are significantly larger than the effect
of Ca2þ/Sr2þ replacement. The total spectral breadth of the
55Mn-ENDOR spectrum is significantly larger in T. elongatus as
compared to spinach.64,65 The high frequency edge is approxi-
mately 20MHz up-shifted, and the low frequency edge decreases
by approximately the same degree.
4.4. Spectral Simulations of the EPR/ENDORdata. Spectral

simulations of the EPR and ENDOR spectra of the Mn4OxCa
and Mn4OxSr OEC poised in the S2 state are described in the
Materials and Methods and Theory section. CW X-band EPR (9
GHz), pulseQ-band EPR (34GHz), andQ-band 55Mn-ENDOR
data were simultaneously fit using a least-squares routine.
Powder pattern simulations are shown in Figure 2 as red dashed
lines. The simulations reported here reproduce the total spectral
breadth of the X- and Q-band multiline EPR signals for both the
Mn4OXCa and Mn4OXSr and all the major spectral lines.
The fitted G and hyperfine tensors (Ai) are given in Table 1.

Four hyperfine tensors are required to fit the EPR absorption and
first derivative lineshapes at X- and Q-band (Figure 2A, B). Near
axial symmetry was obtained for the fitted hyperfine tensors in
the Mn4OxCa simulation. With the exception of A1, the z
component of all hyperfine tensors was the largest. The geometry
and magnitude of the four hyperfine tensors are approximately
the same as those determined in previous higher plant 55Mn-
ENDOR studies.65,67 Comparison of the fitted parameters
obtained for the Mn4OxCa and Mn4OxSr demonstrate that only
small changes occur upon Ca2þ/Sr2þ replacement. Importantly,
the four isotropic values (Ai,iso) of the fitted hyperfine tensors
(Table 1) all approximately match for both OECs (<10%
deviation) suggesting that there is no significant change in the
electronic structure/coupling scheme of the Mn4OxCa/Sr

cluster. Instead, the change that occurs upon Ca2þ/Sr2þ sub-
stitution seems to manifest itself in a decrease in hyperfine tensor
anisotropy e.g. see A3 and A4.
The principal values of the G-tensor were allowed to vary

slightly (<( 0.05) from that reported by Teutloff et al.,102 as
deduced from high field measurements (W-band) on PSII
crystals. As seen for the fitted hyperfine tensors, the isotropic
Giso value for the Mn4OXCa and Mn4OXSr OEC is approxi-
mately the same. It is again the anisotropy of the two clusters that
is perturbed when Ca2þ is replaced by Sr2þ.
4.5. Experimental Spin Projections. The projection of the

total spin onto each individual Mn ion was calculated as
described in the Supporting Information S1 and S2. The
obtained spin projection coefficients can be considered as a
measure of the contribution of each Mn to the electronic
structure; a measure of the electron density on each Mn ion.
Spin projections (Fi) for each Mn were calculated by assuming:
(i) the net oxidation state of S2 wasMnIII(MnIV)3

47,65,92,93,103,104

and (ii) that the effective hyperfine tensor with the largest
isotropic component was associated with the only MnIII in the

Table 1. Principal Values of the Effective G and 55Mn HFI
Tensors for the Simulations of the S2 Spectra ofMn4OxCa and
Mn4OxSr OEC from T. elongatusa

Ai (MHz)

G A1 A2 A3 A4

Ca2þ x 1.971 350 249 202 148

y 1.948 310 227 182 162

^ 1.960 330 238 192 155

z ( )) 1.985 275 278 240 263

iso 1.968 312 251 208 191

aniso 0.025 55 -40 -48 -108

Sr2þ x 1.995 343 244 200 156

y 1.968 361 217 185 152

^ 1.982 352 231 193 154

z ( )) 1.957 293 268 223 210

iso 1.973 332 243 203 173

aniso -0.025 59 -37 -30 -56
aThe G-tensor principal values for the simulation of the S2 spectra from
Mn4OXCa OEC and Mn4OXCa were only allowed to vary by <0.05
compared to the values reported in ref 102. The isotropic G and Ai (i =
1-4) values are the average of the individual values: Giso = (Gx þ Gy þ
Gz)/3 and Ai,iso = (Ai,xþAi,yþ Ai,z)/3. The equatorial and axialG and Ai

values are defined asG^ = (GxþGy)/3,G ) =Gz, and Ai^ = (Ai,xþ Ai,y)/
2, Ai, ) = Ai,z. The anisotropy in the G and Ai values is expressed as the
difference between the axial and equatorial component of the tensor.

Table 2. Experimental Spin Projections (Gi) for the Four Mn
Centers As Estimated from the Fitted Aiso Values Listed in
Table 1a

Mn1
(Fiso1 MnIII)

Mn2
(Fiso2 MnIV)

Mn3
(Fiso3 MnIV)

Mn4
(Fiso4 MnIV)

Ca2 1.39-1.89 0.99-1.34 0.82-1.11 0.75-1.02

Sr2þ 1.48-2.01 0.96-1.30 0.80-1.09 0.68-0.93
aThe ranges given result from the spread of the intrinsic isotropic
hyperfine values reported in the literature for MnIII and MnIV ions
(MnIII: |aiso| = 165-225 MHz; MnIV: |aiso| = 187-253MHz; see Table S3
in the SI).
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complex. The spin center of highest multiplicity (most unpaired
electrons) is expected to carry the largest spin projection. This was
indirectly tested for tetranuclear Mn complexes in the recent DFT
study of Pantazis et al.57 The experimental spin projections could
then be calculated by simply taking the ratio of the isotropic
component of the effective hyperfine tensors (A1 to A4) and
literature values for the intrinsic isotropic hyperfine coupling seen
in monomeric MnIII and MnIV complexes67,96,105-107 (see eq S4 in
the Supporting Information S1 and S4). It is readily seen that the
experimental spin projections for theMn4OXCa andMn4OXSr inT.
elongatus for all four Mn ions are very similar. Only subtle changes
are observed; the range of spin projection values of the MnIII

(associated with the hyperfine tensor A1) upshift and one MnIV

(associated with the hyperfine A4) downshift for the Mn4OXSr
OEC relative to the Mn4OXCa.
4.6. DFT Calculations. DFT calculations were performed on

all OEC models (S2 state) with published coordinates (see
Figure 1) to assess the effect of Ca/Sr substitution on the
electronic structure of the OEC. It must be stressed from the
outset that our purpose here is not to evaluate these models as
candidates for the OEC or to propose improvements based on
their computed structural or spectroscopic properties but strictly
to identify the differences-if any- between calcium-containing
and strontium-containing systems. The respective Ca2þ and
Sr2þmodels were fully geometry optimized, i.e. without any
constraints to the inorganic core or the movement of ligating
amino acids, and subsequently their electronic structure was
determined employing the methods described previously.56,57

Accordingly, the differences observed between Ca2þ-containing
and Sr2þ-containing structures of each model should be treated
as upper-bound limits, in the sense that the protein backbone in
the actual system can only be more restricted in its ability to
adjust to ions of different size.
The structural variations observed upon substitution of Sr2þ

for Ca2þ are uniform across all the various models considered,
with differences in the optimized parameters being of the same
nature and magnitude. Specifically, compared to the Ca2þ

models, all optimized Sr-Mn distances are of the order of
0.06 Å longer compared to the corresponding Ca-Mn distances,
giving the impression that the larger Sr2þ ion moves marginally
“away” from the Mn4Ox cluster (Table 3). These uniform
changes are readily attributed to the difference in ionic radius
between calcium (0.99 Å) and strontium (1.12 Å).108 The same
observation was made in the polarized EXAFS study of Pushkar
et al.35 Most significant for the present study is that in the

strontium-containingmodels theMn-MnandMn-Odistances
remain essentially identical to those of the respective calcium-
containing ones. Therefore, the present calculations confirm that
the substitution of Ca2þ for Sr2þ does not affect the overall
geometry of the Mn4Ox cluster, regardless of the particular
topology assumed.
The above observations also imply that the exchange pathways

regulating the magnetic coupling between the metal centers
should not be very sensitive to the substitution, and this is indeed
confirmed by the computed exchange coupling constants. From
the results presented in Table 4 it is readily seen that there are
practically no changes in most pairwise exchange interactions,
consistent with the EPR/ENDOR results presented above.
Regardless of the specific core topology, only minimal shifts
are to be expected in the energy levels of the spin ladder.
According to the computed exchange coupling constants (see

Table 4) two of themodels (C andD) yield an S = 1/2 ground state;
an S = 5/2 ground state is obtained for model E, whereas models A
andF are predicted to have S=7/2 ground spin states.Note however,
that very small structural perturbations to model F can confer this
model a S = 1/2 ground state, as shown for a backbone constrained
version of the model used in ref 57, model 11 in that study.

Table 3. Comparison of Ca2þ/Sr2þ-Mn and Mn-Mn Distances (Å) for the Optimized Calcium- and Strontium-Containing
OEC Models (See Figure 1A-F), in the S2 State (IV, IV, IV, III)

b

model Ca/Sr-MnA Ca/Sr -MnB Ca/Sr -MnC Ca/Sr -MnD MnA-MnB MnB-MnC MnC-MnD MnB-MnD

A-Caa 3.577 3.766 3.755 3.366 3.857 2.796 2.805 2.819

A-Sr 3.610 3.802 3.796 3.400 3.862 2.798 2.805 2.820

C-Ca 4.307 3.456 5.614 4.164 2.729 2.760 2.793 3.239

C-Sr 4.397 3.531 5.691 4.231 2.728 2.763 2.792 3.231

D-Ca 3.690 3.676 4.117 3.780 2.739 2.835 2.820 3.330

D-Sr 3.748 3.743 4.108 3.868 2.724 2.833 2.817 3.334

E-Ca 4.095 3.647 3.548 3.494 2.744 2.780 2.752 3.513

E-Sr 4.152 3.685 3.564 3.580 2.746 2.785 2.756 3.510

F-Ca 3.462 3.569 3.482 3.842 2.708 2.782 2.786 3.293

F-Sr 3.518 3.611 3.535 3.902 2.713 2.786 2.787 3.303
aMnA-MnC distances for model A are 3.680 Å and 3.683 Å for Ca and Sr, respectively. bThe labels of the Mn atoms follow Figure 1, i.e. MnA, MnB etc.

Table 4. Comparison of Exchange Coupling Constants
(cm-1) between the Mn Sites (MnA, MnB, MnC, MnD) for
Ca2þ and Sr2þ-Containing Models (See Figure 1A-F)

J

MnA-

MnB

MnA-

MnC

MnA-

MnD

MnB-

MnC

MnB-

MnD

MnC-

MnD

A-Ca 12 -13 0 57 20 46

A-Sr 11 -14 0 53 15 40

C-Ca -90 8 0 -52 32 -81

C-Sr -91 8 0 -55 31 -85

D-Ca 2 3 -4 -17 28 10

D-Sr -1 3 -4 -17 28 9

E-Ca 1 4 -1 47 11 -80

E-Sr -2 4 -1 39 12 -83

F-Ca 22 5 16 45 11 -43

F-Sr 16 6 15 37 11 -44
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A final note concerns the 55Mn isotropic hyperfine coupling
constants (Aiso), which can be computed for the present OEC
models that display an S = 1/2 ground state after unconstrained
optimization (models C and D). In line with the minimal
perturbations on the exchange coupling interactions, the stron-
tium-containing systems exhibit 55Mn Aiso values that are almost
identical with those of the calcium-containing systems. Specifi-
cally, for model C the computed Aiso values for centers MnA to
MnD change from -212, -286, -262, and -413 MHz for the
calcium system to -211, -284, -261, and -415 MHz for the
strontium system. Similarly, the corresponding Aiso values for
model D change from -227, -288, -191, and -449 MHz for
the calcium system to -227, -287, -190, and -451 MHz for
the strontium system, respectively. We consider these minute
differences to be at the limit or beyond the expected accuracy of
the present theoretical methodology. These results lend addi-
tional support to the hypothesis that strontium substitution does
not lead to any significant change in the electronic structure of
the OEC and to the overall spin density distribution.

5. DISCUSSION

5.1. General Considerations. Historically the ‘modified
multiline’ observed upon Ca2þ substitution with Sr2þ has been
thought to indicate a significant change of the electronic struc-
ture of the OEC. The data presented here requires a reappraisal
of this hypothesis. The Mn4OXSr OEC of T. elongatus, which
exhibits the same ‘modified multiline spectra’ seen in earlier
studies performed on spinach preparations, displays very similar
relaxation behavior and 55Mn-ENDOR data as compared to the
native Mn4OXCa OEC. This suggests a near equivalence of the
electronic structures of the OEC when either Ca2þ or Sr2þ is
present and thus supports the assignment of a functional instead
of a structural role for Ca2þ in water splitting catalysis, such as
substrate water binding/delivery, for reviews see ref 109.
5.2. Fitted Spin Hamiltonian Parameters. The reasonably

good simulation quality observed for the fitting of the CW EPR
X-band, pulse EPR Q-band, and Q-band 55Mn-ENDOR spectra
for both the Mn4OXCa and Mn4OXSr poised in the S2 state
demonstrates that the effective spin Hamiltonian approach out-
lined in the Theory section is sound. This result is consistent with
the proposed energy-level scheme as determined byT1 relaxation
data. It supports the notion that the ground (doublet) state is
well resolved (separated) from states of higher spin multiplicity.
The inclusion of two microwave frequencies demonstrates that
the correct estimates are made for both the field dependent
(Zeeman) and field independent (Hyperfine) terms and shows
that the zero-field splitting of each of theMn ions needs not to be
explicitly considered in order to simulate the EPR spectra.
Similarly, the approximation that collinear tensors can be
assumed for all Mn ions appears reasonable. In Mn dimer
complexes, the same approximation holds due to the enforced
symmetry of the μ-oxo-bridge motif.96,105 As this is a key
structural feature of the OEC,6,7,47 it is not surprising that the
same simplification can be applied. These general results are in
line with previous simulation studies of Peloquin et al.,67 Charlot
et al.,110 Kulik et al.,65 Kusunoki and co-workers,55,111 and Zheng
et al.106

The changes that occur to the CW EPR and 55Mn-ENDOR
spectra upon Ca2þ replacement with Sr2þ can be rationalized by
relatively small alterations in the effective hyperfine tensors. Only
small changes are observed in the isotropic components of the

four hyperfine tensors. As, a consequence no significant change is
seen for the onsite spin projection values, suggesting the
electronic structure of theOEC (exchange pathways, distribution
of oxidation states, etc.) is unaltered by Ca2þ/Sr2þ exchange.
The same result is seen in our DFT calculations. Instead, the
change that occurs upon Ca2þ substitution with Sr2þ appears to
manifest itself in the fitted hyperfine tensor anisotropy.
5.3. Current Electronic Models of the OEC. Current models

of the electronic structure of the OEC, which are developed from
EPR/ENDOR studies, are all based on the ‘3 þ 1’ Mn tetramer
topology, first proposed as possible geometric arrangement
among other models by DeRose et al.112 and as electronic
models by Hasegawa et al.111,113 and subsequently by Peloquin
et al.67 (Figure 4a). The Peloquin model was further refined by
Charlot et al.,110 Kulik et al.,65 Britt et al.,114 and Carrell et al.115 A
Y-shaped core was considered the most likely arrangement of the
four Mn ions, where three of the Mn ions form a triangle unit
(trimer), with the fourth Mn ion strongly coupled to one Mn ion
of the triangle (Figure 4b). The position of the only MnIII of the
S2 within the Y shaped core is ambiguous. Two consistent
coupling schemes were developed by Kulik et al. where the MnIII

is assigned to either MnA or MnC. As stated in Kulik et al,
65 MnA

was considered the most likely candidate for the MnIII ion. This
preference was based on the inferred changes in the exchange
coupling scheme between the S0 and S2 oxidation states

65,116 and
Sn state dependent changes in FTIR data.117-119 This is in
contrast to Charlot et al.110 who instead favored assigning the
MnIII to one of the corners of the trimer (MnC or MnD). It is
noted that in all models the MnIII cannot be assigned to the
connecting MnB, the corner of the triangle unit that makes the
connection to the fourth outer Mn (MnA).
In our recent DFT study57 we used the experimental electro-

nic scheme discussed above, developed from higher plant EPR/
ENDOR data, to screen all possible models for the state S2 of the
OEC (see Introduction) two coupling schemes based on the
EXAFS core I6 (Figure 1C) topology and the Siegbahn

Figure 4. Current models for the electronic structure of the OEC in the
S2 state. a) The original model of Peloquin et al.;67 b) Kulik model (MnC
is the only MnIII ion);65 c) Pantazis model 1,57 based on EXAFS core
I;6,57 and d) Pantazis model 11,57 based on the Siegbahn structure.11,58,59

The Peloquin, Kulik, and EXAFS I models require MnA to be strongly
coupled toMnB. The Kulik, EXAFS I, and Siegbahnmodels requireMnC
to be strongly coupled toMnD. The EXAFS I and Siegbahnmodels differ
by their connectivity of MnA to the trimer unit.
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core11,58,59 (Figure 1 F) were identified as promising candidates
for the OEC. It is noted that the Siegbahn structure was slightly
modified (as compared to the structure reported in ref11)
to confer it a ground state of spin 1/2, see Pantazis et al.57

The electronic coupling schemes for both models are shown
in Figure 4 (c and d). These two models were selected as
they (i) reproduce the correct ground state spin multiplicity
(S = 1/2); (ii) the correct ground to first excited state energy
difference (to within a factor of 2-3); and (iii) yield a spin
projection coefficient of∼1 on all four Mn ions, consistent with
the EPR/ENDOR data discussed in detail above. This is in
contrast to the other models shown in Figure 1. DFT calculations
for model A, based on the London structure, never reproduce a
ground state S = 1/2, as seen for the S2 multiline signal. Similarly,
EXAFS models II and III (Figure 1 D, E), do not reproduce the
correct ground to first excited state energy difference or spin
projection coefficients. Model B has yet to be tested as coordi-
nates for this model are not published.
The two preferred DFT developed exchange coupling schemes,

denoted EXAFS I (Figure 1C) and Siegbahn (Figure 1F), broadly
match the experimentally derived coupling scheme of Kulik et al.,
where MnC is the MnIII. It is noted though that these two new
models are more sophisticated, due to the inclusion of additional
exchange pathways. As such, the three schemes:Kulik, EXAFS I, and
Siegbahn (Figure 4 b, c, d) differmainly in the electronic coupling of
the outerMnA to the trimer (MnB, MnC,MnD) unit. The two DFT
models (EXAFS I and Siegbahn) have the same Mn-O bridging
pattern (see Scheme 1) but differ in the geometry aroundMnB and
the ligation by amino acids. Nevertheless, they both requireMnD to
be theMnIII ion, and that it has a square-pyramidal ligand field.120 In
the subsequent section we will show that the above Ca2þ/Sr2þ data
obtained with T. elongatus core preparations provide a robust
experimental test for these two models.
5.4. Ca2þ/Sr2þ Substitution- an Experimental Test of the

Current Electronic Models of the OEC. The large anisotropy
seen for the fitted hyperfine tensors (A2-A4; Table 1) of both the
Ca2þ and the Sr2þOEC is outside the range seen for monomeric
model MnIV complexes (see Supporting Information S4). A
similar observation was previously made for dimeric mixed
valenceMnIIIMnIV model complexes.67,105,107,121 This phenom-
enon was interpreted as the ‘transfer of anisotropy’ from the
MnIII to theMnIV. More accurately though it represents a partial
breakdown of the simple description of the spin system in terms
of an effective spin 1/2 ground state. As outlined above (see
Theory and Supporting Information S1) this description
requires the ZFS of the whole cluster (i.e., exchange couplings
between the four Mn) to be significantly larger than any other
term of the Spin Hamiltonian. As can be seen from the coupling
schemes displayed in Figure 4 this is, despite the overall good fit
quality achieved with this approach, not strictly the case, as the
onsite ZFS of the MnIII, typically ∼1-3 cm-1, is of the similar
order as some Mn-Mn exchange couplings (i.e.,∼10 cm-1). It
is noted that in octahedral ligand environments the inherent
symmetry of the MnIV’s half filled 3T2g levels usually leads
to small zero-field splittings (|d| < 0.1 cm-1).107

The effect of the onsite ZFS of the MnIII ion can be taken into
account in the calculation of the spin projections (see Supporting
Information S1). Here, the spin projections for all four Mn ions
have to be considered as tensors as opposed to scalar quantities;
their magnitude is now orientationally dependent. As the MnIII

ion is strongly exchange coupled to the three MnIV ions, the
inclusion of the intrinsic ZFS of theMnIII does not only influence

the spin projection of MnIII but of all four Mn ions. Thus the
fitted hyperfine tensor anisotropy for the three MnIV ions in
Table 1 is a measure of the onsite ZFS of the MnIII. Based on this
interpretation, a change in the tensor anisotropy of the hyperfine
tensors between the Ca2þ and Sr2þ OECs indicates that Ca2þ/
Sr2þ exchange alters the onsite ZFS of the only MnIII of the OEC
in the S2 state. That is to say, Ca

2þ/Sr2þ exchange perturbs the
ligand environment of the MnIII ion.
It is suggested that this provides a means to test the current

electronic models of the OEC. From the previous sections it was
shown that (i) there is virtually no change in the electronic coupling
pathways (Jij) when Ca

2þ is replaced by Sr2þ, as the isotropic spin
projections on all four Mn are very similar and (ii) there is no large
structural change that occurs when Ca2þ is replaced by Sr2þ, i.e. the
coordination of the MnIII does not change. Within this framework
we would expect that for an electronic model to be consistent it
should give (i) sensible onsite ZFS values for both the Ca2þ and
Sr2þOECs.Here wewill define ‘sensible’ as within the range of ZFS
measured inmonomericMnIIImodel complexes i.e. 1 < |d| <5 cm-1

(see Supporting Information S4); and (ii) we would expect that the
change of the onsite ZFS of the MnIII that occurs when Ca2þ is
replaced with Sr2þ would be small (<|1| cm-1). Typically, MnIII

complexes of the same type/coordination environment (e.g., por-
phyrins, corroles, etc.) give similar ZFS values (,|1| cm-1). A
quantitative assessment of the EXAFS I and Siegbahn model is
presented in section 5.4.2.
Finally it is noted that the onsite ZFS of the MnIII ion, in

addition to changing the effective hyperfine tensors (Ai), will also
perturb the effective G tensor of the system in an analogous way.
Thus it is not surprising that in the fittings of the Mn4OXCa and
Mn4OXSr EPR/ENDORdata, the isotropicG tensor component
is approximately the same for the two systems while the
anisotropic component changes. Furthermore, the contribution
of the ZFS of the MnIII to the G anisotropy will depend on the
frequency at which the EPR measurement is performed. This
leads to, in our simplified S = 1/2 fit approach, an apparent
frequency dependence of the G anisotropy, which may explain
why we observe good agreement in terms of the frequency
independent isotropic component of the G tensor in our X- and
Q-band simulations as compared to the high field measurements
of Teuloff et al.,102 but by contrast infer a different G anisotropy.
5.4.1. The Onsite Zero-Field Spitting (ZFS) of the MnIII. The

sign of the onsite ZFS of the MnIII provides important information
of its ligand environment. MnIII (S = 2) is a d4 ion, which does not
usually exhibit Kramers degeneracy at zero-field.107,122-124 The
inherent asymmetry of the valence electron configuration leads to a
large Jahn-Teller distortion, due to a coupling of the electronic
and nuclear motion. Spin-orbit coupling removes the degeneracy
of the 5Eg energy-levels giving rise to either an

5A1g or
5B1g ground

state.122,125 It was demonstrated in refs 125 and 126 that
i) a 5A1g ground state is obtained for a trigonal bipyramidal (5-

coordinate) or a tetragonally compressed octahedral (6-coor-
dinate) ligand geometry (see Figure 5). The vacant electron
orbital is the dz2 orbital. Spectroscopically this manifests itself as
both a positive ZFS parameter (d) and yields a positive hyperfine
tensor anisotropy, where the anisotropy of the hyperfine tensor
is defined as the difference between the absolute values of the
axial and equatorial hyperfine components (aΔ = |a )|- |a^|), for a
complete discussion see Campbell et al.126

ii) a 5B1g ground state is obtained for a square-pyramidal (5-
coordinate) or tetragonally elongated (6-coordinate) ligand
geometry (see Figure 5). The vacant electron orbital is now
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the dx2-y2 orbital. Spectroscopically this manifests itself as both a
negative ZFS parameter (d) and yields a negative hyperfine
tensor anisotropy as defined above.
This behavior was observed for monomeric MnIII model

complexes and mixed valence MnIIMnIII and MnIIIMnIV dimers
(see Supporting Information S4). The only exception known is
the complex trans-[Mn(cyclam)I2]I,

127 which is thought to have
unique, low-lying charge transfer states which strongly perturbs
the ground state multiplet. Thus the sign of the onsite ZFS of the
MnIII (d) provides another criterion that we can use to test
current OEC models. As both the EXAFS I and Siegbahn model
contain a MnIII that has 5 coordination, a square-pyramidal
ligand field, the MnIII onsite ZFS (d) value has to be negative for
these models to be consistent.
5.4.2. The Onsite ZFS (d) of the MnIII for the Two Selected DFT

Models: EXAFS I and Siegbahn. Figure 6 displays a graphical
analysis of the dependence of the spin projections and conse-
quently the inferred onsite/intrinsic hyperfine tensors (ai) of the
individual Mn ions as a function of the Mn zero-field splitting of
the MnIII ion (d). The analysis presented in Figure 6 is based on
the Siegbahn core exchange coupling scheme (Figure 1F and
Figure 4d). A similar figure for EXAFS I model is given in the
Supporting Information S5. Panel A displays the dependence of
the axial and equatorial components of the spin projection tensor
of each of the four Mn (A, B, C, D) ions as a function of the ZFS
of the MnIII. When d = 0, the two components are necessarily
equal. It can be readily observed that the correct anisotropy of
the effective hyperfine tensors of the MnIV ions can only be
reproduced if the d value is negative. This yields a larger axial as
opposed to equatorial spin projection component, as seen for the
effective MnIV hyperfine tensors (A2-A4). It is noted that while
the spin projections are signed quantities, the sign cannot be
extracted from the effective hyperfine tensors. As such we are
only interested in the absolute magnitude of the spin projection

Figure 6. Panel A: The dependence of the spin projection factors (F^,
F )) on the zero-field splitting parameter (d) of the MnIII ion assuming
the exchange coupling model for the Siegbahn core (scheme Figure 1F).
Panel B: The dependence of the on-site hyperfine tensor components
(a^, a )) of the Mn4OXCa cluster for each of the four manganese ions on
the zero-field splitting parameter (d) of the MnIII ion (see text). The
bottom panel (C) shows the difference (aΔ) between the parallel (a ) or
aZ) and perpendicular (a^ or aX, aY) hyperfine components of the three
MnIV ions. The green shaded region represents the range of ZFS values
for the MnIII seen in model complexes (when d < 0). The red shaded
region represents the range of acceptable ZFS values for the MnIII which
are consistent with the electronic model, i.e. the range over which the
intrinsic hyperfine anisotropy of the MnIV ions are within the range seen
for model complexes. Their intersection is shown by the yellow shaded
region. Panels D and E are exactly the same as panels B andC, except that
here the Sr-containing OEC was examined. Table 5 lists the intrinsic
hyperfine tensor components for all four Mn ions calculated at the
midpoint of the range of consistent d values i.e. the yellow shaded region.

Figure 5. The coordination environment ofMnIII and its correlationwith
the sign of d, the ZFS parameter. MnIII complexes that exhibit a 5B1g
ground state (left side, models i, ii) display a negative d value; the vacant
d-orbital is dx2-y2; and the ligand environment of the MnIII is either:
(i) 5-coordinate square planar or (ii) 6-coordinate tetragonally elongated.
MnIII complexes that exhibit a 5A1g ground state (center, models iii, iv)
display a positive d value; the vacant d-orbital is dz2; and the ligand
environment of the MnIII is either: (iii) 5-coordinate trigonal bipyramidal
or (iv) 6-coordinate tetragonally compressed. Right side (v): The ligand
environment of the MnIII in the Siegbahn core (Figure 1F).
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components and not their signed magnitude. The onsite/intrin-
sic axial and equatorial hyperfine tensor components (a ), a^) can
be calculated from the spin projection components seen in panel
A (F ), F^), and the fitted effective hyperfine tensor components
(A ), A^) based on eq S4. Their dependence on the choice of the
ZFS of the MnIII ion is shown in Figure 6 panels B, C
(Mn4OXCa) and panels D, E (Mn4OXSr).
( i) Siegbahn Core. The inferred ZFS of the MnIII ion for the

Siegbahn core is ∼ -1.3 cm-1, for the Ca2þ containing OEC.
This value is small for aMnIII ion, falling just inside the range of d
values seen in model complexes i.e. 1 <|d| < 5 cm-1 (see
Supporting Information S4). The range of consistent ZFS values
for the MnIII in the Sr2þ containing OEC is broader and shifting
to lower |d|. Intrinsic hyperfine parameters were calculated at the
midpoint of the range of consistent d values, i.e. the yellow
shaded region shown in Figure 6 (see figure caption) for both the
Ca2þ and Sr2þ containing OEC (see Table 5). It is readily
observed that only a small change in the d value (<0.1 cm-1) of
the MnIII results in very similar intrinsic hyperfine tensors for all
four Mn, i.e. the same intrinsic hyperfine parameters can be
generated from the Ca2þ and Sr2þ EPR/ENDOR parameter sets
by adjusting the ZFS of the MnIII by <0.1 cm-1. Thus the
Siegbahn core is consistent with the two criteria described at the
end of section 5.4: (i) the model gives sensible onsite ZFS values
for both the Ca2þ and Sr2þ OECs and (ii) the change of the
onsite ZFS of the MnIII that occurs when Ca2þ is replaced with
Sr2þ must be small.
It is also noted that the d value is negative and the intrinsic

parameters for theMnIII are as follows: aiso∼ 182MHz, a^∼ 203
MHz, a ) ∼ 1491 MHz, aaniso ∼ 63 MHz. These values are
consistent with a MnIII with a square-pyramidal ligand field (see
section 5.4.1), that is to say, with the co-ordination sphere seen
for the MnIII in the Siegbahn core (Figure 5v).
( ii) EXAFS Core I. Unlike the Siegbahn model, there is no

consistent range for the ZFS for the MnIII ion for the Ca2þ

containing OEC, i.e. there is no range of ZFS values for the MnIII

where the intrinsic hyperfine tensor anisotropy for all three MnIV

hyperfine tensors are simultaneously within the range seen for
model MnIV complexes, (see Supporting Information S4 and
S5). Furthermore, if we consider the solution space just outside
the range seen for model complexes, we find that the predicted
range of ZFS for theMnIII is very large,-6.8 cm-1 to-5.6 cm-1.
These values are outside the range seen for MnIII model
complexes. We also note that the inferred change in the ZFS
of the MnIII when Ca2þ is replaced by Sr2þ is also large, ∼|2|
cm-1 range. These observations do not fulfill the two criteria
introduced in section 5.4 and thus suggest the EXAFS I model is
inconsistent with the EPR/ENDOR data presented here, in its
current construction.
Thus from the currently available DFTmodels with published

coordinates only the Siegbahn model is found in our EPR/
ENDOR analysis to be consistent with model complex data (see
Supporting Information S4 ). This consistency between pro-
posed structure and calculated and measured EPR/ENDOR
parameters further supports the oxidation state model used in
the above analysis, i.e. S2 contains three MnIV and one MnIII and
that the assignment that MnD is the only MnIII ion in the S2 state.
The above conclusions about the geometry of the MnIII site also
agrees with i) the original 55Mn-ENDOR analysis of Peloquin
et al., which was performed on higher plant spinach data employ-
ing the simpler coupling topology shown in Figure 4a, and ii)
recent DFT calculations by Schinzel et al.128

5.5. The Physical Nature of the Ca/Sr Effect - The Near-
Infrared Absorption Band. The Siegbahn core assigns the
position of the only MnIII in the S2 state to within the distorted
cuboidal Mn3O3Ca element; the MnIII has a μ-oxo linkage to the
Ca2þ/Sr2þ site. Experimental evidence fromEXAFS suggests the
Ca2þ/Sr2þ substitution leads to a small elongation of theMn-Sr
distance of the order of ∼0.1 Å.35 DFT calculations on the
Siegbahn structure above, where the Ca was replaced by the Sr,

Table 5. Calculated Spin Projection Tensor Components (G^, G )) and Isotropic Hyperfine Tensor Components (a^, a )) for the 4
Mn Ions of the OECa

(i) Siegbahn core F^ F ) a^ a ) aiso aaniso

Ca2þ MnA (MnIV) 1.01 1.33 235.2 209.6 226.6 -25.6 (-8.5)

d (MnIII) = -1.32 to -1.26 cm-1 MnB (MnIV) -0.77 -1.16 201.7 226.7 210.0 25.0 (8.3)

dmidpt = -1.29 cm-1 MnC (MnIV) -0.87 -1.12 221.6 213.5 218.9 -8.0 (-2.7)

MnD (MnIII) 1.62 1.96 203.3 140.5 182.4 -62.8 (-20.9)

Sr2þ MnA (MnIV) 1.02 1.31 226.9 204.0 219.3 -22.9 (-7.6)

d (MnIII) = -1.31 to -1.1 cm-1 MnB (MnIV) -0.78 -1.14 198.5 183.6 193.5 -15.0 (-5.0)

dmidpt = -1.21 cm-1 MnC (MnIV) -0.87 -1.11 221.5 200.4 214.5 -21.2 (-7.1)

MnD (MnIII) 1.63 1.94 216.1 150.7 194.3 -65.3 (-21.8)

(ii) EXAFS I F^ F ) a^ a ) aiso aaniso

Ca2þ MnA (MnIV) -0.75 -1.10 205.4 238.5 216.4 33.2 (11.1)

d (MnIII) = -6.8 to -5.6 cm-1 MnB (MnIV) 0.93 1.22 255.2 227.5 246.0 -27.7 (-9.2)

dmidpt = -6.2 cm-1 MnC (MnIV) -0.86 -1.27 222.7 189.2 211.5 -33.4 (-11.1)

MnD (MnIII) 1.68 2.15 195.9 128.0 173.3 -67.9 (-22.6)

Sr2þ MnA (MnIV) -0.80 -1.00 193.0 209.3 198.4 16.3 (5.4)

d (MnIII) = -4.4 to -2.8 cm-1 MnB (MnIV) 0.97 1.14 238.5 235.2 237.4 -3.3 (-1.1)

dmidpt = -3.6 cm-1 MnC (MnIV) -0.91 -1.15 211.4 193.7 205.5 -17.8 (-5.9)

MnD (MnIII) 1.74 2.01 202.0 145.4 183.1 -56.7 (-18.9)
aThe isotropic ai values are defined as ai,iso = (2ai^ þ ai ))/3. The anisotropy ai,aniso is expressed as the difference between the axial and equatorial
component of the tensor. For direct comparison to the work of Peloquin et al.67 the anisotropy is also expressed in terms of aaniso described above,
divided by three (see value in brackets).
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reproduced the same result; the Mn-Ca/Sr distance lengthens
by 0.03-0.09 Å when Ca2þ is replaced by Sr2þ. Thus Sr substi-
tution in this model should indeed modify the co-ordination
sphere of the MnIII ion. It is this change that could presumably
lead to a decrease in the MnIII zero-field splitting parameter
d and, as shown above, consequently to the ‘modified multiline’
EPR signal.
Consistent with this interpretation is the known effect of Ca/

Sr substitution on the sensitivity of the OEC to near-infrared
(NIR) light. The native OEC poised in the S2 state is sensitive to
NIR light under certain conditions.94,129 NIR can induce a
conformational change that converts the ST = 1/2 multiline state
into a high spin species (ST g5/2), with a broad EPR resonance
at g = 4.1 in spinach129 and higher g-values in cyanobacteria
preparations.94 It is interesting to note that the spin state of the
natural Mn4OxCa cluster is quite sensitive, and signals with ST =
1/2, 5/2 and 7/2 have been observed depending on species,
alcohol additions, and cryoprotectant conditions.94,130-134 It is
expected that the absorption characteristics of the NIR bands of
the OEC in the S2 state will be strongly dependent on the MnIII

ion; as MnIII model complexes can exhibit strong d-d transitions
in this wavelength region. Ca2þ substitution with Sr2þ enhances
the sensitivity of the OEC toward NIR light, suggesting theMnIII

NIR absorption profile has been in someway perturbed. Changes
of the ZFS of the MnIII of the order of ∼0.1 cm-1, as inferred
from our above EPR/ENDOR analysis could sufficiently shift the
absorption(s) or change the extinction coefficient(s) of theMnIII

ion and thus explain the enhancement of the conversion of the
multiline signal to the g = 4.1 signal in the S2 state.

’CONCLUSIONS

The multifrequency EPR and ENDOR analysis presented
above demonstrates that Ca2þ replacement with Sr2þ does not
significantly alter the overall electronic structure of theOEC. The
spin density distribution across the tetramanganese cluster does
not change significantly as estimated from the isotropic compo-
nent of the four fitted hyperfine tensors. This result is consistent
with structural data (EXAFS) which demonstrated that only
small elongatations in Mn-Ca/Sr distances are observed in the
Mn4OXSr cluster, and with DFT calculations presented here that
show that Sr does not significantly alter Mn-Mn distances and
the exchange coupling pathways of the Mn4Ox complex. The
effect of Ca/Sr substitution on the electronic structure of the
OEC is interpreted as a small modification to the ZFS of the
MnIII ion, which is shown to have a 5-coordinate square-
bipyramidal or 6-coordinate tetragonally elongated ligand field.
The presented EPR/ENDOR data are consistent with only one
current structural model of the OEC, namely the Siegbahn core.
Within this model the only MnIII of the S2 state is structurally
coupled to the Ca/Sr ion via a μ-oxo or μ-hydroxo bridge.

The Mn4OxCa core topology of the Siegbahn model is such
that it contains, like EXAFS models I-III (Figure 1 C-E), three
short Mn-Mn distances, and one long (3.3 Å) Mn-Mn
distance. The long Mn-Mn distance is inside a distorted
cuboidal structure and forms its open site. The missing ‘corner
oxygen’ leads to a 5-coordinate, square-pyramidal ligation for
the MnD

III ion in the S2 state. Assuming that a substrate
‘water’ (H2O, OH

-) binds to this open coordination site of
MnD during the S2fS3 transition (either from bulk water or
water bound to Ca2þ) or that it is already very weakly bound in
the S2 state (tetragonally elongated coordination site), the 3.3 Å

Mn-Mn distance could provide an ideal geometry for low
energy barrier O-O bond formation during the S3fS4fS0
transition.11,56,65,135,136
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spin projection calculations, collated data on model MnIII and
MnIV complexes, and additional graphs that show the effect of
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