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Abstract This article provides an overview of the application of electron para-
magnetic resonance (EPR) and related hyperfine spectroscopies for the investigation
of the electronic and geometric structure of the tetramanganese cluster that con-
stitutes the oxygen-evolving complex (OEC) of photosystem II. Starting from the
spin physics of Mn ions, a quantum-mechanical description of exchange-coupled
oligonuclear Mn systems is given. Then, the focus shifts to the characterization of
the OEC with emphasis on the two half-integer spin states of its catalytic cycle,
namely the Sy and S,. The development of electronic models based on EPR and
related spectroscopies, such as electron nuclear double resonance (ENDOR), is
described in detail. The role of broken-symmetry density functional theory (BS-
DFT) is also outlined. The characterization of Mn ligands and bound substrate
waters via electron nuclear magnetic interactions is illustrated. Implications for the
mechanism of water oxidation catalysis are discussed.
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1 Introduction

Light-driven water oxidation is performed by a single enzyme in nature, photosystem
IT (PS II). Despite its importance and recent advancements in its structural
characterization, critical details about the molecular mechanism of water oxidation
by the catalytic center of PS II, the oxygen-evolving complex (OEC), are still not
resolved. In view of increasing demands for clean, cheap and renewable energy,
understanding nature’s unique water-oxidizing enzyme will be of invaluable use for
the development of synthetic biomimetic water-splitting catalysts (see [1-3]).

Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool for
elucidation of the electronic structure and function of biomacromolecules that
contain metallocofactors, e.g., metalloproteins. Manganese-containing cofactors
provide a particularly rich playground as the naturally abundant nucleus (>*Mn,
100 %) has an intrinsic magnetic moment (nuclear spin I = 5/2, nuclear g factor
gn = +1.3819). Thus, spectroscopies that probe the hyperfine interaction, such as
electron nuclear double resonance (ENDOR), electron spin echo envelope
modulation (ESEEM) and electron—electron double resonance (ELDOR)-detected
nuclear magnetic resonance (NMR), are well suited to study these systems. In this
article, we review the evolution of the electronic model of the tetramanganese core
of the OEC. As a starting point, we introduce the structure and function of the OEC,
leading to a description of relevant simpler (model) Mn spin systems and their EPR-
spectroscopic investigations. Then, the review focuses on current electronic models
of the OEC as determined from the most recent multi-frequency EPR and hyperfine
spectroscopic studies combined with density functional theory (DFT) calculations.
The subsequent identification of magnetically coupled exchangeable substrate
waters provides information on the possible mechanism of the photosynthetic water
oxidation reaction.

2 The Oxygen-Evolving Complex
2.1 Photosystem II

Photosystem II is a multi-subunit pigment-protein super-complex found in the
thylakoid membrane of organisms that perform oxygenic photosynthesis. It uses
visible light (400-700 nm) to drive the oxidation of water, transferring its electrons
to bound plastoquinone, reducing it to plastoquinol. Concomitant H* translocation
across the membrane results in a proton gradient. Plastoquinol and the H" gradient
are subsequently used to generate the energy carriers that are used in carbon
fixation, nicotinamide adenine dinucleotide phosphate in its reduced form (NADPH)
and adenosine triphosphate (ATP), respectively. Four main processes constitute PS
II function: (i) Light harvesting and exciton transfer from its antenna complexes to
the reaction center of PS II, (ii) excitation and charge separation of the reaction
center, (iii) reduction and protonation of acceptor side plastoquinone and (iv)
accumulation of oxidizing equivalents on the donor side and H,O oxidation by the
tetramanganese core of the OEC. For further details, see [4, 5].
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2.2 The Catalytic Reaction Cycle of the Oxygen-Evolving Complex:
the S State Cycle

As outlined above, the OEC is driven by the PS II reaction center. Photon absorption
leads to an excited pigment state (P680"), which initiates charge separation across
the membrane. The first radical pair state P680"/Pheop, rapidly undergoes further
electron/hole migration, leading to a cascade of subsequent radical pair states that
act to stabilize the charge-separated system and thus allow the comparably slow
water oxidation chemistry of the OEC to occur. The oxidation of water to dioxygen
is a four-electron process,

2H,0 % 0, + 4H + e, (1)
whereas photooxidation of P680 is a one-electron process. Thus, the role of the OEC
can be thought of as that of an electron hole accumulator. P680" oxidizes the OEC
repeatedly, one electron at a time, until the OEC has been oxidized four times. The
OEC then converts water to dioxygen and resets itself to its most reduced state
[6, 7]. The various net oxidation states of the Mn,OsCa core of the OEC are known
as the S, states, where the index n = 0, 1, 2, 3, 4 represents the number of stored
oxidizing equivalents in the ligated metal cluster proper (Fig. 1). Sy represents the
most reduced state, whereas the S, state is the most oxidized in the catalytic cycle.
S; is the dark-stable state. The S state is of sufficient reduction potential that it can
be slowly oxidized via a redox-active tyrosine residue of the D2 protein, Yp
(D2-Tyr160) [8]. Yp does not participate further in the S state cycle. Apart from the
spontaneous [S4] — S reaction step, all of the S,, — S, transitions are induced
by the photochemical oxidation of P680™, which in turn oxidizes the OEC via the
redox-active tyrosine Y, residue of the D1 protein (D1-Tyrl61); each S,, — S,
transition passes through an intermediate S, Y~ state, wherein the oxidized tyrosine
is poised to oxidize the metal cluster of the OEC. An [S4] state, different from the
S3Y;" state, has not yet been identified. For further information, see [4, 5].

Fig. 1 Light (hv)-driven m
catalytic reaction cycle of the H* h
OEC with the putative valence
state configurations of the Mn
ions in the individual S, states
[9]. S; is stable in the dark,
while S, decays spontaneously
into Sy, under the release of O,
allowing (a) new water
molecule(s) to bind. Arrows
indicate abstraction of an
electron by Y, and proton
release from the OEC

v
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2.3 The Mn,O5Ca Core

The OEC is comprised of four manganese ions and one calcium ion [10-12].
Extended X-ray absorption fine structure (EXAFS) spectroscopy was the first
technique to provide robust structural constraints for the cluster, including Mn—Mn
and Mn-Ca interatomic distances and angles (for a review, see [13]). X-ray
crystallography followed these initial studies, taking a decade of effort before an
atomic resolution structure was obtained. The first X-ray crystallographic models
were of insufficient resolution (3.8 A [14] and 3.7 A [15]) to provide a detailed
picture; they, nevertheless, allowed many structural motifs to be discarded. These
structures resolved a ‘Y-shaped’ electron density map of the tetramanganese cluster;
three Mn ions were placed in the corners around one central Mn ion, while the Ca®t
ion and the bridging atoms could not be identified. This basic model was refined in
the subsequent ‘London’ structure, at a resolution of 3.5 A [16]. Here, a trinuclear
cubane-like Mn3;04Ca cluster was proposed with the fourth, outer Mn attached
directly to one of the O vertices, similar to the cubane Mn,O, core suggested by
Brudvig and Crabtree [17]; in the cubane proper, the four Mn ions form the corners
of the cuboid forming a tetramer. Subsequent structures from the Berlin groups, at
3.0 [18] and 2.9 A [19] resolution, confirmed a ‘3 + 1’ topology, but still did not
allow for an assignment of the precise Mn and Ca positions and their connectivity.
The same PS II crystals were also studied by polarized EXAFS which led to the
development of models based on a common motif of Mn,4 connectivity, later termed
the ‘fused twist’ topology. Finally, in 2011, after more than 10 years of
crystallographic efforts, a PS II X-ray structure with atomic (1.9 A) resolution
was reported [20]. Its MnyOsCa cluster clearly resolves the four Mn ions being
linked via a network of five p-oxo bridges. The cluster exhibits a distorted cuboidal
topology with three Mn ions and the Ca®" cofactor as well as four bridging oxygens
forming the eight vertices (Fig. 2a, b). The fourth, outer Mn ion is connected to the
cuboidal unit via another p-oxo bridge to one of the Mn corners (‘distorted chair’).
The crystal structure allowed for an unambiguous identification of ligating amino
acid residues and surrounding H,O/OH™ molecules (Fig. 2a). However, corre-
sponding X-ray absorption spectroscopy (XAS) measurements suggest the X-ray
radiation dose the PS II crystal experiences during X-ray crystallographic
measurement is sufficient to lead to reduction of the high-valent Mn ions and a
distortion of the catalytic core [21, 22]. It is therefore, not entirely clear what S state
the crystal structure represents. While the group of Pace suggests it to be in the S,
state [23], with an overall valence state (Mnm)4, which on average is 0.5 units lower
than generally assumed [9, 13, 24-27], most theoretical studies support a
non-physiological oxidation state below S, [28-30]. As a consequence, geometric
models of the physiological states of the OEC have been developed by means of
DFT [31-33], also based on the crystal structure [28, 34, 35]. These optimized
structures of the OEC poised in the S, state are more compact, displaying shorter
Mn-Mn and Mn-O distances, consistent with earlier EXAFS results. The models
typically contain either 4:1 (fused twist) or 3:2 (cubane-like) ratios of [1,-0x0 to
ps-oxo bridges, rendering one of the Mn ions of the tetramer, the Mn'™,
pentacoordinate (Fig. 2c, d). Both the X-ray crystallographic and DFT structures
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exhibit two H,O/OH™ ligands bound to the remote Mn and two H,O ligands bound
to the Ca”" ion.

Ca”" is an essential cofactor in oxygen evolution [38—42]; its removal inhibits
water splitting by blocking the OEC early in its reaction cycle and leads to a
perturbed EPR signal (See Sect. 2.4). It has been hypothesized that (i) calcium acts
in water splitting by binding a substrate water molecule [43—46], as evidenced by
the mass spectrometric measurements of '*O-labeled dioxygen release [47, 48],
and (ii) it modifies the redox potential of the OEC, perhaps by controlling proton-
coupled electron transfer to Y,* [13, 49, 50]. Sr*" is the only surrogate that is
capable of restoring water splitting after Ca>™ removal [38, 51-53]. This may be
due to a combination of two important requirements that the surrogate must match:
(i) the approximate size and (ii) the Lewis acidity [54] of Ca*". Chloride ions are
also essential for photosynthetic oxygen evolution [48, 55, 56]. Two Cl™ binding
sites have been identified at, or near the site of water splitting. The CI™ ions,
however, do not directly coordinate the OEC [57-61]. C1™ depletion blocks OEC
turnover, just as Ca** depletion does [59, 62-64]. Cl™, like Ca®", has been
proposed to influence proton transfer from the OEC as part of a hydrogen-bonding
network, based on oxygen evolution activity measurements and EPR spectroscopy
[65-67].

Two substrate water molecules must bind to the OEC during its reaction cycle.
Currently, the sites of substrate binding are unknown. ESEEM and hyperfine
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Fig. 2 a X-ray crystallographic structure of the OEC in dark-adapted PS II at 1.9 A resolution [20].
b The Mn,OsCa inorganic cluster from the crystal structure [20], as in a. ¢ Fused twist geometry-
optimized DFT structure of the Mn,OsCa core in the S, state [35]. d Cubane-like geometry-optimized
DFT structure of the Mn,OsCa core in the S, state [35]. Structures ¢ and d both reproduce the Mn—Mn
distance constraints from EXAFS and the magnetic resonance data; see [32, 34, 35] for further details.
e The “Y coupling’ scheme for the S, state developed from EPR/>Mn ENDOR [9, 36, 37] (see Sect.
5.2.2). f, g MnyOs connectivities of the fused twist (¢) and the cubane-like (d) core topologies. The
nomenclature of the Mn ions in a, e and f combines the lettering used in earlier EPR and EXAFS
spectroscopic work and the numbering from the crystal structures, as in b. W1-W4 represent H,O/OH™
ligands. Amino acids, except CP43-Glu354, are from PS II subunit D1. Mn, Ca, N, O, and C atoms are
depicted in purple, yellow, blue, red, and gray, respectively
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correlation spectroscopy (HYSCORE) measurements have demonstrated that the
OEC interacts with numerous exchangeable hydrogens, most probably belonging to
waters and/or hydroxide groups [68—70]. EPR data [71-76] have indicated that
substrate analogues, such as small alcohols and ammonia, are also able to bind to
the OEC. In addition, non-EPR techniques have confirmed the presence of water at
the OEC, too, e.g., near-infrared (IR) Raman spectroscopy [77], Fourier transform
IR (FTIR) spectroscopy [78-80] and mass spectrometric measurements of
¥0-labeled dioxygen evolution [81, 82].

2.4 EPR Signals of the Oxygen-Evolving Complex

The four Mn ions that make up the OEC are magnetically coupled in all S states that
have been isolated thus far (So—S3), and all display characteristic EPR signals [74,
83-95]. The S, state, which has a ground spin state of total spin S; = 1/2, is the best
characterized in current literature and gives rise to the well-known S, state EPR
multiline signal [83]. It is centered at g ~ 2 and contains 18-21 spectral lines with
a peak-to-peak spacing of ~7.5-9 mT (Fig. 3a). Depending on the conditions used,
the S, state of higher plant PS II also exhibits broad EPR signals, centered at
g > 4.1, which have been assigned to an S; = 5/2 spin state [35, 96—100]. The
g > 4.1 signals can also be induced by near-IR illumination of the S, multiline state
at temperatures <160 K [96, 97]. Similar high-spin state (g > 4.1) signals have
been observed in the S, state OEC from cyanobacterial PS II [101, 102]. In plant PS
II, the presence of small alcohols prevents the formation of the g > 4.1 signal [103—
105]. Amongst all the alcohols, methanol (MeOH) has a specific effect in that it
modifies the S, multiline signal [104—106], which is then also no longer sensitive to
near-IR illumination [105, 107]. The modified S, multiline signal is narrower than
that seen for the non-treated plant PS II preparation, resolving fewer spectral lines.
MeOH also affects the other S states. None of these effects are observed in
cyanobacteria; for a comparison see Su et al. [108].

A similar multiline signal centered at g &~ 2 is observed for the S state of the
OEQC,; it contains up to 26 spectral lines with a peak-to-peak spacing of ~8 mT
(Fig. 3b) [88, 90, 111]. To observe this signal in spinach, 3-5 % MeOH must be
added to the PS II sample. In contrast, an S signal in cyanobacteria does not require
the addition of MeOH to be observed [112].

Parallel mode signals from integer total spin states have been identified for the S;
and S3 states: in S;at g ~ 49[84,86]and g ~ 12 [89]andinS;atg ~ 4,¢g ~ 8
and g ~ 12 [91, 95]. The temperature dependencies of the g ~ 49 and g ~ 12
signals indicate that they arise from excited states of effective spins S, = 1 and
S; = 2, respectively, and that the S; state has a ground state of S; = 0 [86]. Recent
simulations of the Sj; state signals indicated that they originate from an S; = 3 state
[95].

‘Split’ EPR signals, which arise from the weak magnetic interaction between the
Mn,Os5Ca cluster and the Y, ° radical are visible in all S,)Y " states [113—120]. This
coupling on the order of 1072 cm ™' results in a broadening of the tetramanganese
signals and a splitting of the § = 1/2 Y~ signal.
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Fig. 3 Q-band EPR spectra of
the OEC and related model
systems. a S, state of the OEC in
PS 1I from spinach (4 % MeOH)
[9]. b S, state of the OEC in PS
II from spinach (4 % MeOH)
[9]. ¢ Mn"-(u-OH)-Mn™
(PivOH) [Mn"Mn"(;-OH)-
(u-piv)2(Mestacn),](ClOy),

(piv = (CH3);CCO,) [109].

d Mnm—(u—O)z—MnIV (Tacn)
[(tacn),Mn""Mn" (-0),
pn-OAc](BPhy), (tacn = 1,4,7-
triazacyclononane) [110]. The
black solid lines represent the
data, the red solid lines represent
simulations based on the spin
Hamiltonian formalism (see
Egs. 3, 14)

amn,0,Ca, s,

— Data
—— Simulation

C Mn'"(p-OH)Mn"
(PivOH)

Pseudo-Modulated Echo-Detected Field Sweep

-

d Mn"'(u-O)?Mn"’
(Tacn)

1100 1150 1200 1250 1300 1350
Magnetic Field B,/ mT

3 The Mn Oxidation States Relevant to the OEC
3.1 Mononuclear Mn", Mn'™, Mn"Y
3.1.1 Mononuclear Mn" Complexes

Mn" is a d° ion (S = 5/2). Its half-occupied valence electron shell (3d) often
engenders low g and hyperfine anisotropy and a small fine structure term D. In the
circumstance where the fine structure parameter D is significantly smaller than Av
(D < hv where h is Planck’s constant and v is the frequency of the source resonance
radiation), only the allowed AMg = +1 transitions, where Mg is the electronic
magnetic quantum number, are observed in an EPR experiment. The central
transitions Ms = 1/2 <~ —1/2, appear at g ~ 2.0 and manifest as six sharp lines due
to the >Mn hyperfine interaction. When D > hv, the spin manifold splits into three
Kramers’ doublets with Mg = +5/2, £3/2 and £1/2. The large fine structure term
acts to spread the EPR spectrum across a large magnetic field range. These systems
typically display much faster spin—lattice relaxation times than for the case D < hv,
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leading to a broadening of EPR lines, especially of the non-central, outer transitions.
Their resonance positions may coincide with magnetic field positions that exceed the
sweep range of the magnet. At room temperature, the outer transitions are broadened
beyond detection and only the central transitions are observed. This submanifold is
effectively a spin § = 1/2 system, with the resonant line being anisotropic due to the
zero-field splitting term. Complexes of axial symmetry (symmetry parameter E = 0)
exhibit two effective g values, gy = 2.0 and g, = 6.0. That is, when there is large
zero-field splitting, there are turning points in the angular variation of line position at
g = 6 and 2. A listing of the spin Hamiltonian parameters—g matrix, D, E, higher
order fine structure parameters b}’ (m = 0, 2, 4), and hyperfine matrix a—has been
previously tabulated by Misra [121].

3.1.2 Mononuclear Mn™ Complexes

Mn"™ is a d* ion (S = 2). Unlike Mn", Mn"™ has an inherently asymmetric electron
configuration and thus often displays a large fine structure splitting, of the order of
1-5 cm™". As a consequence, Mn"" is usually not detected at low frequencies
(X-, Q-, W-band). The EPR of Mn™ has only been detected at very high frequency
(VHF) [122]. In principle, the strictly forbidden AMg = O transition of the Mn"™"
spin manifold can be detected at low frequencies in highly axial systems, i.e.
E =~ 0, by using parallel polarization EPR, wherein B, Il B, such as for the S, state
signals [84, 86]. (B, is the radiation field inducing transitions and B is the external
magnetic field.) The fine structure interaction splits the levels into two doublets
(Mg = £1, £2) and a singlet (Mg = 0). In addition, the lines are expected to be
quite broad. An overview of spin Hamiltonian parameters of monomeric Mn'"
complexes is listed in Supplementary Table S1 [53].

3.1.3 Mononuclear Mn'" Complexes

Mn'Y is a d* ion (S = 3/2). Depending on its symmetry, it can display large or small
g and hyperfine anisotropy and fine structure terms. In octahedral ligand fields,
Mn'" ions are characterized by half-filled ty, orbitals and thus usually display small
fine structure splittings D, whereas in tetragonal ligand fields, D tends to be larger.
As seen for Mn", when D is small, the overlapping electronic transitions are seen at
about g =~ 2. In contrast, when D is large, the spin manifold splits into two
Kramer’s doublets Mg = £1/2, £3/2. The transition 1/2 < —1/2 is observed even
with large D, the effective g values being g, = 2.0 and g, = 4.0. Supplementary
Table S2 lists spin Hamiltonian parameters of monomeric Mn'Y complexes [53].

3.2 Binuclear Mn Complexes
3.2.1 Exchange-Coupled Mn Dimers
The EPR spectra of antiferromagnetically exchange-coupled mixed valence Mn

dimers (MnHMnm, Mn™™™Mn"V, Fig. 3c, d) bear characteristics similar to the S, and
So multiline signals described above in Sect. 2.4 (Fig. 3a, b). The spin Hamiltonian
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H for a coupled system consisting of two Mn electron spins S; (i = 1, 2) contains
terms representing the electronic exchange interaction —2J S; S,, the dipolar
(through-space) term S; T S, between the electron spins S; and S, of the two Mn
ions, electronic Zeeman terms ug S; g; B for each Mn ion with ug being the Bohr
magneton, hyperfine interaction terms for each Mn ion with their respective nuclei
S; a; I; and the zero-field or fine structure term S; d; S; [110, 123, 124]:

H = —2J818; + $1TS> + pupSi181B + ppS282B + S1a1ly + Sr2a21»

(2)
+ 814181 + 52d,5,.

In Eq. (2), J is the isotropic electronic exchange coupling constant, which is
negative for antiferromagnetic coupling and positive for ferromagnetic coupling. The
magnitude of J depends on the degree of orbital overlap between the two ions and is
strongly influenced by the bridging ligand(s). The elements of the dipolar tensor
T depend on the orientation of the two Mn ions with the magnitude pougg?/R>, with
Lo being the permeability of the free space, and R the inter-spin distance. d; are the
fine structure tensors, g; are the g matrices and a; are the hyperfine matrices. S; and I;
are the electron and nuclear spin operators, respectively, for the two Mn ions.

The magnitude of J relative to T, d; and d, predominantly determines the EPR
spectrum of a binuclear Mn complex. (Note that the magnitudes of a; and a, are of
the order of hundreds of MHz and thus can always be considered small relative to
the magnitudes of J, T, d; and d,.) The EPR spectrum becomes very complex when
these terms are of the same order of magnitude. In contrast, when J is large and T,
d; and d, are relatively small, the EPR spectrum is fairly simple to interpret. In the
following discussion it is assumed that J is indeed large. In this case, the resultant
spin S; = S| + S is obtained by the vector coupling rule, and the exchange-coupled
system is described by the use of the vector projection model. Thus, S, = IS} — S,l,
IS7 — Sl + 1, ..., 18] + Sal — 1,18, + S,l. For Mn"Mn™ and Mn™Mn"Y exchange-
coupled systems, the coupling leads to electronic states of total spin S, = 1/2, 3/2,
5/2, 7/2 (and 9/2 in case of Mn"Mn") in increasing order of energies when the
coupling is antiferromagnetic. However, this order reverses when the coupling is
ferromagnetic, as shown in Fig. 4 for an exchange-coupled Mn""Mn"" dimer. For a
variety of p-oxo-bridged dimanganese model compounds, the electronic exchange
coupling is typically antiferromagnetic. When such a dimer is in a mixed valence
state in which the Mn ions differ by one oxidation state, it is usually characterized
by a ground state with S; = 1/2. If an antiferromagnetically exchange-coupled
dimer is not in a mixed valence state, then the ground state is usually S; = 0. Thus,
in strongly antiferromagnetically exchange-coupled Mn dimers, EPR signals are
normally observed only for mixed-valence states. The energy levels for an
exchange-coupled Mn""Mn"" dimer are shown in Fig. 4.

3.2.2 Exchange-Coupled Dimer States for Large J
In case of a large and negative J, as described in the previous section, the spin

Hamiltonian H for the exchange-coupled S; = 1/2 resulting ground state is [110,
124-126]
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Fig. 4 Energy level diagram 50
for the resulting effective spin
states S; of an exchange-coupled
Mn""Mn" dimer as a function

of the strength and sign of the :
J coupling (J < 0: e}
antiferromagnetic, J > 0: 7))
ferromagnetic), according to the 2
Heisenberg exchange term 2
~2J8, S, 5
£
~
>
o
=
(]
c
w
_50 M P B T B N N
5 4 -3 -2 101 2 3 45
J | arbitrary units
antiferromagnetic ferromagnetic
coupling
H= ,UBSGB + SA111 + SAzlz. (3)

The effective G matrix of the coupled system is expressed in terms of g; and g,
matrices for the isolated systems as

P1P2

G = pi81 + gy + ;7 (81— &)[(3p) + Ddi = (3p, + 1)dy), (4)

where
Py :S(S+1)+512€9;51({g—:_11))—S2(52+1)7 (5)
p2:S(S+1)—5122;5‘(1‘514;11))+S2(52+1) (6)

p1 and p, are referred to as spin projection factors, which can be interpreted as
the contributions of the individual electronic spins to the total spin state. For cou-
pled Mn""Mn" systems (S(Mn™") = 2, S(MMn") = 3/2), p(Mn"") = 2 and p(Mn")
= — 1. The third term of Eq. (4) is usually neglected in Mn""Mn" complexes, since
J > D; (i = 1, 2). The effective Mn hyperfine coupling matrices A; and A, of the
coupled system can be expressed in a similar way in terms of the intrinsic (on-site)
hyperfine coupling matrices a; and a;:

1010

Ay =pa — 5 [(3p) + 1)dy — (3p, + 1)dy], (7)
a
Az = oy + L2 ((3p, + 1)y — (3p, + ). (8)
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It is seen that the measured hyperfine anisotropy is in part dependent on the
energy spacing of the spin manifold, i.e., on J, d; and d,. This can lead to interesting
cases where anisotropy is effectively transferred from one Mn nucleus to the other.
Supplementary Table S3 contains a listing of the spin Hamiltonian parameters for
Mn"™Mn"Y mixed-valance complexes [53], as these complexes are of relevance to
the recent models for the tetramanganese cluster of the OEC.

3.2.3 Magnetic Coupling of Ligands (e.g. 'H, '°C, "*N, '70) to a Mn Dimer

The interaction of a ligand nucleus with the electron spin of the Mn dimer is
typically small, less than the intrinsic EPR linewidth. As such, it does not need to
be explicitly considered when analyzing EPR spectra of these systems. This
coupling can, however, be probed by continuous-wave (CW) and pulsed EPR
techniques (ESEEM, ENDOR, ELDOR-detected NMR). When measured at the
center field, these spectra can be rationalized by considering only the ligand terms
of the spin Hamiltonian (hyperfine, quadrupole terms) coupled to an isotropic spin
S¢ = 1/2 state with an effective g value as all powder pattern position are sampled
equally; i.e. >>Mn hyperfine terms, etc. do not need to be explicitly included. The
ligand hyperfine interaction is typically made up of two components: (i) a
through-bond component, the Fermi contact term, which approximates the
isotropic hyperfine coupling A;s, and (ii) a through-space component, the dipolar
coupling Agp, which approximates the anisotropic hyperfine coupling. As the
system contains two metals, this latter term is made up of two contributions,
representing the interaction of the ligand with each metal center (see Egs. 9-11),
referred to in the literature as the extended point-dipole model [69, 127, 128].
Equation (9) below gives the general expression describing this interaction and, to
the right of the second equality sign, gives the product of the constants if the
coupling nucleus is 'H.

Adip = %Th —79.2 MHz A’ Ty, ©)

Here, T}, is the 3 x 3 diagonal tensor with the diagonal elements —3, —I" + /2,
I' + 6/2, with § and T" defined by the parameters r, r, and 0 as follows:

& =2[r| 7 =ra| 7, (10)

T = 3/24/4m| =4[] [ra| Pc0s20 + |ra] . (11)

Here, for the Mn"™-Mn'" dimer, r;, r, and d are the Mn'! nucleus, the Mn'" nucleus
and the Mn""—Mn" inter-spin vectors, respectively; and 0, ¢ are the angles between
(ry, rp) and (ry, d), respectively, as shown in Fig. Sa.

Although, in general, Ag;, is a non-axial tensor, it becomes axial when the proton
is located on the line joining the two Mn ions (0 = 0 or &, I' = 3/20, Fig. 5b), with
the diagonal elements being —J, —d, 20. One can modify Eq. (9) for practical use.
The parameters r, and 0 in Egs. (10) and (11) can be expressed as
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a Nucleus b

\/\ =3/2 r
QK )— O O

Nucleus

Fig. 5 Geometric representation of the point-dipole model [69, 127, 128] describing the configuration of
the various constituents, as shown in [124]. Here, the nucleus could for example be a proton (IH, 1="),
carbon (**C, I = 1/2), nitrogen (**N, I = 1), or oxygen ('O, I = 5/2). a Bridging ligand with non-axial
Agip. b Terminal ligand in the extension of the Mn™Mn'V axis exhibiting an axial Ag;p

ir2] = /1P —2ld] 4| cos ¢ + |12, (12)

s ()]

This extended point-dipole model is applicable only if the distances between the
magnetic moments are large compared with the size of the spin density distribution.
Nevertheless, this model is very helpful in correlating hyperfine matrices to nuclear
positions. 4, 3¢, N, and 'O couplings in the Mn model complexes [(2-OH-3,
5-Cly-salpn),Mn""Mn'"] (salpn = N,N’-bissalicylidene-1,3-diamino-2-hydroxypro-
pane) [128], [RydtneMn™Mn"Y(1-0),(n-OAc)](BPhy), (R = H, CHa, dtne = 1,
2-bis(1,4,7-triazacyclonon- 1-yl)ethane), [(tacn)zMannW( p-O)ou-OAc](BPhy),,
[bpysMn"™Mn"V (1-0),](C10,); (bpy = 2,2’-bipyridyl) and [(phen),Mn""Mn"Y
(1-0),1(Cl04); (phen = 1,10-phenanthroline) [110, 124, 129-131] were success-
fully analyzed using this concept. These same principles can be applied to systems
with more than two paramagnetic centers and oligonuclear sites in proteins, such as
the Mn4OsCa cluster of the OEC [69, 127], which we will discuss in the following
section.

4 The Exchange-Coupled Tetranuclear Manganese Complex
4.1 Effective Spin Hamiltonian and Spin Projection Formalism

A spin Hamiltonian analogous to the dimer system can be built to describe the
tetramanganese cluster of the OEC. When poised in the S, or the Sy state, the four
Mn ions couple together to give a ground electronic configuration of total spin
S: = 1/2. The oxidation states of the individual Mn ions that make up the OEC in
the S, state are generally considered to be MnIH(MnIV)3 [9, 13, 24-27]. The
effective spin Hamiltonian of the ground state can thus be expressed as the sum of
Zeeman and hyperfine interactions as [132]:

H= ,uBSGB + SA11; + SAI; + SA3I; + SA4LL. (14)
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In Eq. (14) (analogous to Eq. 3), G is the effective tensor for the coupled state
with the total spin S; = S; + S + S3 + S4, as determined using the vector coupling
rule, and A; (i = 1, ... 4) are the effective hyperfine tensors of the four manganese
nuclei. The properties are to be evaluated within the subspace of S because here, the
interionic exchange interaction is dominant, i.e. [Jl > D,, as observed in Mn"Mn"Y
complexes. With this coupling, each S; can be replaced by a product of a constant
spin projection factor times the total spin operator, i.e. S; = p;S, when the Wigner—
Eckart theorem is applied. More details about the spin projection formalism are
given in the Supplementary Sects. S2 and S3, where the related list of basis vectors
and expressions for the calculation of spin projections can be found [53]. The
factors p; can be expressed as

(IS:S])
S?
where the bra-ket notation |) stands for any state within the S, = 1/2 ground-state

wave function given by the Heisenberg—Dirac—van Vleck term —2 3 J;S;S;.
As a consequence, in Eq. (14), G becomes i<i
G = 181 + P28 + 0383 + P48y (16)

Equation (14) is then transformed, by substituting A; = p,a,, into the readily
usable form

Pi = ) (15)

H = p3SGB + p;Sai11; + p,Sax I + psSaszls + pySasls. (17)

Equation (17) can be subjected to different approaches to account for the
magnetic properties. The obvious approach is to treat each p,a; as a single
parameter, evaluated by a spectral-fitting procedure, and then find a physical
explanation for it. This is, however, a very tedious procedure as it involves four
nuclei. There can be as many as 15 principal values for the g and the four >Mn
hyperfine matrices a;, requiring 12 Euler angles for their relative orientations.
Instead, this problem can be handled by treating p; and a; separately, making full
use of the intrinsic Mn hyperfine matrices and their orientations obtained from
simulation of model complexe cofactors and proteins. The spin projection factors
p; are used to scale the intrinsic hyperfine parameters a; to obtain effective
hyperfine parameters for the Mn tetramer system. Expressions for p; can be
derived from an electronic exchange interaction model as a set of pairwise
J coupling constants describing the respective spin system, such as the models in
Fig. 2e and those presented in detail in Sect. 5.2 [9, 32, 133—-135]. These can be
used to simulate EPR and hyperfine (ENDOR, ESEEM-type, ELDOR-detected
NMR) spectra for the different states of the Mn tetramer; only the relative
orientations of the matrix axes need to be established. For this, one makes use of
the observation that, for (u-O),-bridged Mn"™"Mn'Y dimer systems, the hyperfine
and g matrices are essentially axial and nominally collinear. This approach
has been successfully applied both in theoretical and experimental studies on
the electronic structure and spectroscopic properties of exchange-coupled
tetramanganese complexes, such as [MnHIMné\/O(,(bpy)f,]3+ [134] and [Mn}'Ca,
04(0,CBu’)g(Bu’CO,H),] [136].
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4.2 Inclusion of the Fine Structure Term of One or Several Mn Ions

The spin projections calculated above can be corrected for the fine structure terms of
the spin Hamiltonian, analogous to the Mn dimer systems. In practice, the fine
structure tensor d; of only one sort of Mn ions, that of Mnm, is of a relevant size to
be considered. Its valence electron configuration leads to a large Jahn-Teller
distortion, described in greater detail in the Supplementary Sect. S4. Mn'" always
possesses a fine structure constant of significant magnitude D = 1-5 cm ™", whereas
Mn'Y in octahedral environments typically displays fine structure constants an order
of magnitude smaller than this [126] (see Supplementary Tables S1 and S2 and the
references given therein). For the calculation of anisotropic spin projections, the
spin Hamiltonian, which describes the zero-field splitting of the spin states, includes
the electronic exchange interaction and the fine structure term of the complex:

H=—-) 2/8;8;+S5,d;S;. (18)

i<j
In Eq. (18), the spin operator S, refers to the Mn"" ion, with d; being its fine
structure tensor, which is assumed to be axial and can thus be expressed in terms of

a single parameter D (see [53]):

~1/3D 0 0
d=| 0 -1/3D 0 |. (19)
0 0 2/3D

Inclusion of the fine structure term of the Mn"" ion renders the spin projections p;

as matrices rather than scalars. Since all pairwise exchange couplings J;; have here
been assumed to be isotropic, and the fine structure tensor d; of the Mn'" ion to be
axial, the spin projection matrix of the ith Mn ion can be expressed as a diagonal
matrix of the form:

pri 0 0
pi = 0 pJ—J‘ 0 . (20)
0 0 oy

5 Electronic Exchange Coupling Models for the Tetramanganese Cluster
of the Oxygen-Evolving Complex

In this section, we give an overview of the development of electronic structural
models for the Mn,OsCa cluster of the OEC and the key role EPR spectroscopy
played in this exercise. EPR spectroscopy was the first technique to show that the PS
IT super-complex contained a Mn cofactor that was intimately linked to photosyn-
thetic oxygen evolution. A key finding was the identification of an intermediate
displaying an S = 1/2 EPR signal, the so-called multiline signal of the S, state, first
observed in spinach chloroplasts [83, 137]. Based on comparison with Mn model
complexes, the S, state was assigned to either a binuclear Mn"Mn™ site or a
tetranuclear Mn""Mn'V; cluster. The four-flash periodicity of the S, multiline signal
(maximum intensity yield on every fourth light flash in accordance with a
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four-electron process), together with inhibition studies confirmed that enzymatic
water oxidation catalysis was Mn-centered, as had been suggested before (reviewed
in [138]). Early proposals for the electronic structure of the oligo-Mn center were
developed from spectroscopic data in combination with biochemical experiments
already at a time when the geometric structure of the OEC was not known. Outdated
models that studies have proven to be physically not relevant are not reviewed here.
A description of such earlier models, such as the tetramanganese ‘cubane-like’ core
[17], the ‘dimer of dimers’ [132] and the ‘butterfly’ core models possessing
simplified electronic exchange coupling schemes and their quantum-mechanical
treatment have been reviewed by Misra [139].

Meanwhile, the progress in the X-ray crystallographic structure determination of
PS II up to the 1.9 A structure by Umena et al. [20] in conjunction with new or
enhanced spectroscopic methodologies, such as X-ray absorption spectroscopy
(XAS) [140-142], electron paramagnetic resonance (EPR/ENDOR) spectroscopy
[9, 53, 133], and vibrational spectroscopy [143], now provide a robust picture of the
electronic structure of the OEC in its low oxidation states (Sg—S,). Just as critical to
this process are recent advances in the computational treatment of the OEC, in
particular developments in the calculation of EPR-spectroscopic observables using
broken-symmetry (BS) DFT [144], providing a connection between the electronic
structure as probed by EPR and the molecular structure. The current model of the
Mn4OsCa cluster in the S, state is described in the following, with particular
emphasis on the role that combined EPR and “>Mn ENDOR spectroscopy along
with BS-DFT played in its development.

5.1 Calculations of EPR Parameters from Density Functional Theory

5.1.1 Electronic Exchange Coupling and the Heisenberg—Dirac—van Vleck
Hamiltonian

For systems containing multiple Mn ions wherein the transition metal centers are
antiferromagnetically coupled, the application of the BS formalism is necessary for
the correct calculation of the exchange coupling and other EPR parameters from
DFT [145-147]. By means of the BS-DFT approach, the exchange coupling
constants J and hyperfine coupling constants A;, can be calculated with reasonable
accuracy for Mn dimer, trimer and tetramer model systems [134, 148—150]. The
pairwise magnetic interactions J; between the electron spins of the manganese
centers are assumed to be described by the isotropic Heisenberg—Dirac—van Vleck
(HDvV) Hamiltonian:

Hupwy = —2ZJ,-,sisj. (21)

i<j
The OEC consists of four coupled Mn ions, resulting in six possible exchange
coupling pathways J;;. Within the BS-DFT framework, the exact problem is solved
without making any assumptions for the magnitude of non-nearest-neighbor
interactions. A system of four coupled spin centers contains eight single-
determinant representations; one high-spin along with seven BS single-determinant
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representations from the remaining parallel/antiparallel spin combinations. For
example, in the case of one Mn™ and three Mn"Y centers, as in the S, state, with
fixed atomic high-spin d* or d* electronic configurations, there are three BS
solutions with total Mg = 7/2, one BS solution with total Mg = 5/2 and three BS
solutions with total Mg = 1/2. It is noted that the BS energies for each single-
determinant solution are not of significance when considered individually.
However, considered together, the BS solutions, along with the high-spin solution,
allow for the extraction of the exchange coupling constants from the HDvV
Hamiltonian. It is only once the analysis of the exchange coupling constants has
been made that the energies, spin states, and molecular properties can be related to
the experiment [134]. Additionally, it should be noted that individual pairwise
exchange couplings are not observables; it is the identity, ordering and spacing of
the spin levels derived from a given set of J values that determine the observable
energy level spin ladder of a system.

The over-determined equation space from the high-spin and the seven BS
solutions for the calculation of the six exchange coupling constants (see Sect. 5.2.3)
can be solved using the technique of singular value decomposition (SVD). This
method gives the best solution, in the least-squares sense, for the six exchange
interactions between four Mn spin centers. Having calculated the six exchange
coupling constants for each structure, it is then straightforward to diagonalize the
HDvV Hamiltonian to obtain the complete energy level spin ladder, identifying the
true ground spin state, and to calculate the associated properties of a given system.
The application of the BS-DFT methodology to the calculation of exchange
coupling constants has been discussed in previous studies of manganese systems
[32, 134, 144, 149, 150].

5.1.2 Hyperfine Coupling Constants from Broken-Symmetry Density Functional
Theory

The calculation of hyperfine coupling constants A, from BS-DFT has been made
possible from recent advances in theory, previously described in detail [134], such
that now a meaningful comparison of experimental and calculated results can be
achieved using this new methodology. It has been used to discriminate between
different cluster topologies and ligand environments of Mn ions in oligonuclear
clusters [134] and has already been applied to several models of the OEC [32, 34,
35, 135]. For exchange-coupled multinuclear paramagnetic systems, an exact
quantum-mechanical treatment would computationally be too demanding for
systems of such high complexity. BS-DFT, in combination with the spin projection
formalism, described in Sect. 4.1, represents a pragmatic, efficient alternative. For a
complete in-depth description of the theory and methodology for the calculation of
hyperfine couplings from BS-DFT, the reader is referred to reference [134]. In the
present article, only the main concepts will be highlighted and discussed.

For a system composed of metal-centered spin subsystems, with nucleus K
belonging to subsystem A, the general equations that directly connect the BS
. . . (X)
calculation to the observable effective hyperfine coupling constant A;’ are as

follows:
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K K ((S2)
ai(so),site = iafso?BS( ; BS>’ (22)
A
()
K K
Ai(so) = iai(so?site St . (23)

In Eq. (22), Sa is the site spin of subsystem A, and the positive or negative sign
depends on whether the fragment carries majority (o) or minority () spin. aislf) Bs 18
the ‘raw’ hyperfine coupling constant calculated directly from the BS formalism,
and (S,)gq is the total electronic magnetic quantum number My of the appropriate
BS wavefunction. In Eq. (23), S, is the fictitious effective total ground-state spin,
(SgA)> is the on-site spin expectation value, and ai(so‘Site is the on-site isotropic
coupling constant. To correctly determine the final projection of the on-site
hyperfine coupling constants to a calculated hyperfine constant comparable to
experiment, the determination of the site spin expectation value (SﬁA)> is required.
For a subsystem A in a system consisting of subsystems A...N, the site spin
expectation value used for the isotropic spin projection coefficients, is given by

(s0) = S e i, (24)

SAMSA <--SNMSN

SAMs, ..SxMsy 2 . : : .
where |C;*"" N2 is the weight of the basis state [S\Ms, ..., Sx\Ms,) in the

ground-state eigenfunction describing the Kramers’ doublet of lowest energy.
5.2 Current Electronic Model of the Oxygen Evolving Complex in the S, State
5.2.1 The EPR Experiment

As described above, the four Mn ions that make up the OEC are magnetically
coupled in the various S,, states; each S, state of the MnyOsCa cluster exhibits
characteristic EPR signals. Of these, the S, state, which has a ground state of total
spin S; = 1/2, is the best characterized in the current literature, giving rise to the
well-known S, state multiline EPR signal. The S, multiline signal as observed at
9 GHz (X-band) is centered at g &~ 2 and contains 18-21 spectral lines with a peak-
to-peak spacing of ~7.5-9 mT (Fig. 3a). The multiline is spectrally sparse, since
not all of the potential 1,296 allowed transitions within the ground-state S, manifold
are resolved. Thus, no unique fitting of the spectrum can be obtained with the spin
Hamiltonian formalism described above. Although multi-frequency EPR
(9-94 GHz) provides more details on the spin Hamiltonian parameters, especially
with regard to the g matrix, it does not lead to an improved understanding of the
hyperfine couplings. This is because of the inhomogeneous linewidth characterizing
the multiline spectrum at all these frequencies; in other words, the spectral breadth,
which is determined by the >>Mn hyperfine couplings, is such that all powder pattern
orientations contribute significantly to all line positions across the spectral envelope
in the resultant spectrum, with the exception of those on the extreme edges.
Furthermore, the linewidth increases with increasing magnetic field due to strain
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effects, hampering further the analysis of the hyperfine structure. As a consequence,
additional, independent spectroscopic data are required to correctly interpret the
multiline spectrum. To this end, >>Mn ENDOR becomes the particular method of
choice. More details are described in the following section.

5.2.2 The “>Mn ENDOR Experiment

The >>Mn ENDOR experiment for the S; = 1/2 OEC, or for that matter, for all Mn
complexes, is a challenging experiment as the *>Mn-ENDOR spectrum for the OEC
is expected to be spread over a large radio frequency range of ~100-300 MHz. The
technology to perform such experiments was developed initially in 1994 in the Britt
laboratory at the University of California, Davis at X-band [36, 133, 151, 152], and
thereafter, in 1995, in the Lubitz laboratory at the Technische Universitét, Berlin,
and subsequently at the Max-Planck Institute for Bioinorganic Chemistry, Miilheim
an der Ruhr, where an extension to higher frequency bands was accomplished
[9, 53, 124, 127, 153-157].

The Q-band *>Mn ENDOR spectrum of the S, state multiline spectrum of spinach
PS 1II, shown in Fig. 6a, basically resolves four peaks (with additional shoulders)
spread over a range of 80-200 MHz. The line shape is virtually invariant when
measured at different positions within the spectral envelope. As seen with the
multiline spectrum, it also has poor spectral resolution. In contrast to the spectra of
the dinuclear model complexes depicted in Fig. 6b, c, the eigenvalues of the
individual **Mn hyperfine matrices (A;—A4) are not distinctly resolved for
the Mn4OsCa cluster, but rather overlap each other, such that the turning points
in the powder spectrum are not clearly identified. Nevertheless, this experiment
yields an important result. As all the eigenvalues of the >>Mn hyperfine matrices are
only spread over ~ 100 MHz, they all are approximately of the same magnitude
(Table 1). This then requires all four Mn ions to carry significant electron spin, i.e.
possess large spin projection coefficients: Ip;l &~ 1 to reproduce both the ENDOR
and EPR spectral envelopes simultaneously. This same feature is not observed in
mixed valence model complexes (Fig. 6b, c). Here, the two Mn ions carry
significantly different spin projections (see Sect. 3.2 about Mn""Mn'Y and Mn"Mn"™
dimers). In these systems, the eigenvalues of the two >Mn hyperfine matrices (A,
A,) are spectrally resolved and thus can be determined by inspection (Fig. 6b, c).
While this is not achievable for the OEC, simulations that reproduce satisfactorily
both multi-frequency Q- and X-band EPR and ENDOR spectra can be considered to
provide a unique solution for the effective spin Hamiltonian parameters (G and the
eigenvalues of the *>Mn hyperfine matrices A;), with the assumption that the
principal directions of the G and A; matrices are collinear.

The eigenvalues of the four >Mn A, matrices can then be used to evaluate and
develop electronic exchange coupling models (J coupling schemes), which define
their individual spin projection matrices p;,. The computed p; matrices map the
effective A; matrices to the intrinsic (on-site) hyperfine coupling matrices a;
according to the relation A; = p;a;. For a certain scheme to be valid, the calculated
isotropic and anisotropic intrinsic values a;s, and a,n;s, are required to match the
known characteristic ranges of Mn"" and Mn'" ions (see Supplementary Tables
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Fig. 6 Q-band EPR (vertical) and 55Mn ENDOR (horizontal) spectra of the OEC and related model
systems (left) and their atomic structures (right). a The S, and S states of the OEC of in spinach PS IT
(4 % MeOH) [9]. b Mn"-(1-0),-Mn"Y (Bipy). ¢ Mn"-(j1-OH)-Mn"™ (PivOH) [109]. The black solid lines
represent the data, the red dashed lines represent simulations based on the spin Hamiltonian formalism
(see Egs. 3, 14). In the structural models, Mn, Ca, O, N, C and H atoms are shown in purple, yellow, red,
blue, black and white, respectively

S1-S3). For more detailed information, see [32, 37, 53, 123, 133]. In the case of the
strongly coupled tetramanganese cluster, in which the electronic exchange coupling
is the dominant interaction, the J coupling scheme then also determines the energy
level spin ladder. Therefore, a further observable that relates a J coupling model to
experimental data is the energy difference A between the ground spin state and the
first excited spin state [32, 34]. A can be estimated from temperature-dependent
EPR experiments on the signal of the ground spin state. One method is to measure
the temperature dependence of the CW EPR signal intensity [86, 106, 160]. In case
an Orbach process is the dominant spin-lattice relaxation mechanism, the
temperature dependence of the 7, relaxation time, which can be determined using
the pulse EPR inversion recovery experiment, can be related to A [161, 162]. For the
Si = 1/2 states of the OEC, the ground-to-first state energy difference has been
found to be 3-37 cm™ ' in S, [53, 106, 108, 163, 164] and 22 to >30 cm™ ' in So
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Table 1 Principal values of the effective G and >Mn hyperfine matrices A; (i = 1 — 4) for the
simulations of the S, spectra of T. elongatus and spinach PS II as published in [108]

G A/MHz
A, A A Ay

T. elongatus
X 1.971 350 249 202 148
y 1.948 310 227 182 162
18 1.960 330 238 192 155
z (I 1.985 275 278 240 263
Iso” 1.968 312 251 208 191
Aniso® —0.025 55 —40 —48 —108

Spinach
X 1.997 310 235 185 170
Y 1.970 310 235 185 170
1® 1.984 310 235 185 170
z (I 1.965 275 275 245 240
Iso® 1.977 298 248 205 193
Aniso® 0.019 35 —40 —60 -70

* The equatorial and axial G and A; values are defined as G, = (G, + G2, Gy =G, and A4,
i = Axi + A2, Ay = Ay
® The isotropic G and A; values are the average of the individual values: Gis, = (Gx + Gy + G,)/3 and
Ajsoi = (A + Ay +A)/3

¢ The anisotropy of the G and A; matrices is expressed as the difference between the equatorial and axial
components of the matrix: Gupiso = Gy — G and Aypo; = Ay — AL

[90, 165], depending on sample treatment, such as the addition of MeOH or
modifications at the Ca*" site.

In the original work of Peloquin et al. [133], four fitted >>Mn hyperfine matrices,
which nominally yield experimental spin projection coefficients (see Sect. 4), were
used to develop J coupling schemes for the Mn,OsCa cluster in the S, state. They
proposed a tetramer topology for the Mn™(Mn"); complex, the ‘3 + 1’ model,
where three of the four Mn ions are strongly coupled together (J > 50 cm™ "), with
the fourth, outer Mn ion being more weakly coupled (Fig. 7a), similar to previous
theoretical evaluation of EPR and EXAFS data [166]. This ‘dangler’ model was
subsequently refined by Charlot et al. [37] and Kulik et al. [9] who favored a Y
coupling scheme, where three of the four Mn ions form a trimer unit, with the fourth
Mn ion being strongly coupled to one Mn ion of the triangle (Fig. 7b). The position
of the only Mn"" ion of the S, state within the Y-shaped core remained ambiguous.
Two consistent coupling schemes were developed by Kulik et al. [9], in which the
Mn" ion is assigned to either the monomeric Mn, or Mnc in the triangle. The
position of the Mn™ ion as part of the trimer unit is supported by the large '*N
coupling from the coordinating histidine D1-His332 (see Sect. 5.3) and orienta-
tion-dependent EPR/>>Mn ENDOR on PS II single crystals [167].
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Fig. 7 Models for the electronic exchange coupling of the Mn ions in the S, state of the Mn,OsCa
cluster with pairwise J;; couplings given in cm™'. a The original 3 4 1/dangler model of Peloquin et al.
[133]; b Y coupling scheme 3 by Kulik et al. [9]; ¢ Pantazis model 1, [32] based on EXAFS core I [32,
140], and d Pantazis model 11, [32] based on the structure by Siegbahn [33, 158, 159]. In models a and b,
the individual Mn spin centers are not assigned to specific Mn positions in a structural model of the OEC;
thus, the nomenclature does not contain numbers from X-ray crystallographic structures. In models a and
b, the only Mn'" ion is Mnc, whereas in models ¢ and d, this is Mnp,;. Models a—¢ require Mny,a4 to be
strongly coupled to Mng,g3. Models b—d require Mnc,c; to be strongly coupled to Mnp,p;. The topologies
of models a and b on the one hand, and models ¢ and d on the other differ by their connectivity of Mnaa4
to the trimer unit

5.2.3 The Density Functional Approach

The advancement of DFT as a tool to reliably calculate magnetic resonance
observables has fundamentally changed the development of OEC models. The
interpretation of EPR/*>Mn ENDOR data can now be achieved theoretically on the
basis of detailed geometric models. First, an atomic structure of the OEC, e.g. based
on X-ray crystallographic information, is proposed. BS-DFT then allows one to
estimate the theoretical exchange pathways within the specific model of interest.
The exchange coupling constants allow the spin projection coefficients and the
hyperfine couplings to be calculated and compared against the EPR/*>Mn ENDOR
experiment. Thus, the EPR/>>Mn ENDOR experiment now acts as a filter via which
OEC structural candidates are differentiated.

DFT calculations of >>Mn hyperfine coupling constants that were performed by
Pantazis et al. [32] for two groups of models of the OEC (Fig. 7c, d), the
experimental, polarized EXAFS-based models [140] and the energy-minimized
computational model of Siegbahn [33, 159], established for the first time relations
between structural, magnetic and spectroscopic properties. Recent work by Cox
et al. [53] has shown that only two models are satisfactory with regard to the
calculated >>Mn hyperfine coupling constants, one generated from polarized EXAFS
core I and the other being a model of Siegbahn, as pointed out in [32, 53].
Additional spin projection analysis indicated that the latter model [33] was the most

@ Springer



712 T. Lohmiller et al.

consistent with all spectroscopic EPR/>>Mn ENDOR data to date [53]. These
findings agree with those of Schinzel et al. [135] for a similar J coupling scheme
derived from this structure. Furthermore, the model has proven to be very robust in
that it can be adapted to be valid for several variants of the OEC, such as originating
from different species like cyanobacteria and higher plants [108], and explain
modifications, such as addition of MeOH [108], substitution of Ca** for Sr** [53]
or removal of Ca>* [164]. These modifications could all be rationalized on the basis
of a modulation of the electronic exchange coupling between Mn 4 and the Mn ions
of the Mng;Mnc,Mnp; moiety and suggest that small molecules, such as small
organic alcohols and NHj [70, 73, 76, 102, 168], bind in the vicinity of the
monomer-trimer junction. Similarly, as Ca®" coordinates one of the oxo-bridges
that connect Mn 4 with the MngsMnc,Mnp; moiety, its replacement by Sr*" or its
removal should also perturb the Mn monomer-trimer exchange interaction.

This basic picture of electronic structure perturbation of the OEC can be further
extended to include the S > 1/2 spin-state configurations. In a very recent DFT
study [35], Pantazis et al. identified a second low-energy conformation for the S,
state Mn4OsCa cluster, besides the ‘open’ cuboid or fused twist structure. This
second form represents a ‘proper’ Mn3O4Ca cuboid, with Mny, attached as a
dangling Mn via a mono--oxo bridge being the unique Mn"™ ion, such that it
resembles a revised model of the original ‘London’ structure [16] proposed by
Barber and Murray [169]. It possesses a ground spin S; = 5/2 and supposedly gives
rise to the g > 4.1 signals, while the S; = 1/2 open cuboid conformation is the
origin of the ¢ ~ 2 multiline signal.

5.3 Magnetic Coupling of Ligands (e.g. 'H, °C, "N, '70) in the S, State
of the Mn4OsCa Cluster

The EPR-spectroscopic investigation of the magnetic interaction between the
Mn4OsCa cluster and its ligands, comprising 'y, 13C, 14N, and 70 nuclei, is another
experimental handle that has further helped in the development of electronic and
structural models of the OEC and to locate potential substrate sites (Fig. 8). Here,
the spin projection coefficient of a specific Mn ion can be estimated from the
magnitude of ligand couplings to it when compared to corresponding coupling
constants measured in model complexes or from DFT calculations.

This basic approach was applied for the imidazole N ligand of histidine
D1-His332 to the Mnp, ion. In the S, state, an effective '*N hyperfine coupling
constant Aj,, & 7 MHz was determined by ESEEM (Fig. 8d) [170, 171] and
ELDOR-detected NMR measurements [131] and assigned to DI1-His332 by
mutagenesis experiments [170, 172]. It is considerably larger than those seen for
Mn'V-bound histidine ligands in dimeric Mn™Mn'Y-complexes, such as in
dimanganese-containing catalase (Aj;, = 2-3 MHz) [173], suggesting that Mnp,
is not a Mn"" but instead must represent the Mn"" ion. The coupling for a nitrogen
ligand to the Mn"™" ion is expected to be larger as it carries a considerably larger spin
projection factor (Ip| & 1.6) as compared with those of the Mn' ions (Ip| ~1).
Within this framework, the intrinsic hyperfine coupling constant a;g, is of the order
of 4-5 MHz, midway between on-site couplings seen for equatorial (2—4 MHz) and
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Fig. 8 Detection of various electron nuclear interactions of ligand nuclei with the Mn,OsCa cluster in
the S, state (center, model 1d2’ from Ames et al. [34]) using different spectroscopic techniques. a 'H
Davies ENDOR [131]; b '*N/"’0 ELDOR-detected NMR [131]; ¢ '*C Mims ENDOR, adapted from
[130]; d 14N 3-pulse ESEEM, adapted from [170]. Mn, Ca, N, O, C and H atoms are shown in purple,
yellow, blue, red gray and white, respectively. Exchangeable O atoms are depicted in magenta, turquoise
and green. For reasons of clarity, only water-derived H atoms are shown. Colored circles indicate
contributions from individual nuclei to the respective spectra. Black and blue solid traces represent the
data, red and orange solid traces and colored areas represent simulations based on the spin Hamiltonian
formalism

axial (6 MHz) Mn"" ligands. This result compares well to '*N hyperfine and nuclear
quadrupole coupling estimates from the BS-DFT studies of Schinzel et al. [135] and
Ames et al. [34] for several models of the S, state of the OEC. Thus, the D1-His332
14N electron nuclear interaction fixes the oxidation state of the Mnp,; ion to be Mn™
with a spin projection lppl > 1.5.

13C hyperfine spectroscopy on selectively labeled PS II mutants can identify the
binding of amino acid residues to the tetramanganese core. Mims ENDOR
experiments on PS II samples with a '*C-labeled C-terminal carboxylate carbon of
the D1 protein, from alanine DI1-Ala344, revealed an effective isotropic B¢
hyperfine coupling constant Aj,, on the order of 1 MHz (Fig. 8c) [130]. By
comparison to the '*C hyperfine coupling of the Mn"™-(j1-O),-Mn'¥ Tacn complex,
the COO™ group of D1-Ala344 was assigned to be directly Mn-bound, to a Mn""
ion carrying a spin projection lp| of 1. Taking into account the recent X-ray
crystallographic (Fig. 2a) [20] and computational structures (Fig. 8) [32-34, 135],
which show the carboxylate group to be ligated to Mnc, and Ca>™, requires Mnc; to
have a lpcyl ~ 1 and to be a Mn' ion. Thus, the D1-His332 '*N and D1-Ala344
13C electron nuclear couplings both support the tetramer model for the electronic
structure of the S, state of the OEC as derived from *>Mn ENDOR and described in
detail in Sect. 5.2 see (Fig. 7d) [32, 34, 53].
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Substrate binding to the OEC can be probed using either the "H (or *H) or 'O
isotopes. Analysis of the coupling model of "H/*H nuclei to the Mn,OsCa core is
relatively straightforward as they represent more distant nuclei. Thus, their
hyperfine interactions with the electronic spin of the tetramanganese cluster can
be treated as being dominated by the through-space dipolar interaction, which can
be calculated from geometric constraints (see Sect. 3.2.3). The 'H/*H couplings as
inferred from CW and pulse (Mims, Davies) ENDOR (Fig. 8a), ESEEM or
HYSCORE [68, 69, 76, 131, 174, 175] extend to 8 MHz (A;). This coupling
magnitude is similar to those characterizing terminal water/hydroxo ligands of Mn""
ions observed in model complexes, including the dimanganese complexes in [124,
128]. This result can then be readily understood within the tetramer spin projection
model for the electronic structure of the S, state [32, 34, 53]. The largest '"H/’H
hyperfine couplings observed represent the terminal HO/OH™ ligands (W1, W2) of
the Mnu4 ion (Ipasl = 1), with a Mna4—H distance of 2.5-3 A [131, 174, 175].
Protons from Ca*"-bound water (W3, W4) are expected to exhibit smaller couplings
as these protons are 1-2 A further away from any Mn spin center. The absence of
any larger coupling precludes the presence of a protonated (p-hydroxo) bridge in the
S, state [131].

The same approach can be used for the magnetic coupling of 'O nuclei.
Recently, Rapatskiy et al. performed W-band ELDOR-detected NMR experiments
on PS II (Fig. 8b) [131] and interpreted the measured spectra on the basis of the spin
coupling model developed by Pantazis et al. [32] (see Fig. 7d). In '"O-exchanged
PS II samples, three distinguishable signals originating from oxygen ligands were
detected. Weakly (A;s, & 1 MHz) and intermediately (A;;, & 5 MHz) coupled 70
species were assigned to terminal H,O/OH™ ligands of Mna4 (W1, W2) and of the
Ca" ion (W3, W4). These results are also consistent with a fused twist core model
[131] and the surrounding H,O/OH™ ligands present in the structure by Siegbahn
[33], which are similar to those in the crystal structure by Umena et al. [20].
Additionally, a strongly coupled 'O species with A;, & 10 MHz was identified.
By comparison with the p-oxo bridged Mn™-(u-0),-Mn" BIPY complex (see
Fig. 6b), it was assigned to one of the p-oxo bridges within the cluster. As this
putative bridge exchanges with the solvent water on a seconds time scale, it was
proposed to serve as one of the two substrates. Based on a comparative analysis of
the principal directions of the hyperfine matrix of this '’O and that of the '*N from
D1-His332, it was concluded that, in a fused twist core, this p-oxo bridge represents
one of the two p-oxo atoms bridging Mny4 and Mngz. This has immediate
consequences for the possible mechanism of O-O bond formation in the higher
oxidation states. According to these findings, the p-oxo bridge either is attacked by
a nucleophilic oxygen atom or undergoes a radical coupling with the another
Mn-bound substrate. As proposed by Siegbahn [33], this second substrate would be
a water molecule binding in its designated site, supposedly the open coordination
site of Mnp;, past the S, state. Whether Mn- or Ca’"-bound, spatial considerations
render OS5 to be most likely the exchangeable substrate detected (Fig. 1). Unique
properties of the O5 p-oxo bridge are its specific coordination environment, created
by direct ligation of the strong Lewis acid Ca**, and its flexibility, as inferred by the
structural equilibrium between being a p-oxo bridge or a cuboidal corner [35].
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These features may serve as the explanation for its unusually rapid solvent
exchangeability, at rates much faster than those observed in p-oxo bridged model
complexes.

6 Concluding Remarks

This review article summarizes the necessary theoretical background and the
relevant studies making use of EPR and related (hyperfine) spectroscopies to
investigate the OEC and the water-splitting reaction. The basic spin physics
approach employed to analyze EPR results was introduced, first in terms of
manganese models and subsequently with regard to the Mn tetramer of the OEC
proper. It is shown how these complicated systems can be treated within the spin
Hamiltonian formalism as a coupled entity, with the help of spin projection factors.
To obtain these factors, knowledge of a valid electronic model that reproduces the
electronic exchange coupling topology effective in the particular system is crucial.
State-of-the-art theoretical methodology, namely the BS-DFT formalism, which can
be used to relate spectroscopic observables and structural properties, has been
described. Through a combination of these techniques, the picture of the OEC in
low oxidation states, especially S, and Sy, has been advanced over the past years to
an electronic model consistent with an increasing amount of experimental data.
These results have helped refine the X-ray crystallography model, which, although
having provided an improved structure at near-atomic resolution, still suffers from
reductive radiation damage. EPR-based techniques not only help to discriminate
between proposed models and to improve these structures, they also provide a
number of experiments to directly probe ligand interactions and the binding of
substrate molecules. Knowledge of the substrates, their identities, positions and
binding kinetics, is key to understand the mechanism of photosynthetic water
oxidation. Further investigations of the higher oxidized S states of the Mn,OsCa
cluster, when the O—O bond is formed, will be crucial for its elucidation.
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