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Abstract: Metal and ligand hyperfine
couplings of a previously suggested, en-
ergetically feasible Mn,Ca model clus-
ter (§G20097") for the S, state of the
oxygen-evolving complex (OEC) of
photosystem II (PSII) have been stud-
ied by broken-symmetry density func-
tional methods and compared with
other suggested structural and spectro-
scopic models. This was carried out ex-

clear quadrupole coupling parameters
allows a direct evaluation of the pro-
posed models in comparison with data
obtained from the simulation of EPR,
ENDOR, and ESEEM spectra. The
computation of **Mn hyperfine cou-
plings (HFCs) for SG2009~" gives ex-
cellent agreement with experiment.
However, at the current level of spin
projection, the *Mn HFCs do not

appear sufficiently accurate to distin-
guish between different structural
models. Yet, of all the models studied,
S$G2009~' is the only one with the Mn'"
site at the Mn.. center, which is coordi-
nated by histidine (D1-His332). The
computed histidine “N HFC anisotro-
py for SG2009' gives much better
agreement with ESEEM data than the
other models, in which Mnc is an Mn""

plicitly for different spin-coupling pat-
terns of the S='/, ground state of the
Mn"™(Mn"); cluster. By applying spin-
projection techniques and a scaling of
the manganese hyperfine couplings,
computation of the hyperfine and nu-

Introduction

Dioxygen powers a substantial part of life on earth. Al-
though the dioxygen produced in plant photosynthesis by
photosystem II (PSII) may be viewed as a waste by-product,
it contains a significant amount of the chemical energy gen-

[a] Dr. S. Schinzel, J. Schraut, Dr. A. V. Arbuznikov, Prof. Dr. M. Kaupp
Institut fiir Physikalische und Theoretische Chemie
Universitdt Wiirzburg

Am Hubland, 97074 Wiirzburg (Germany)

Fax: (+49)931-888-7135

E-mail: kaupp@mail.uni-wuerzburg.de

Dr. S. Schinzel, Prof. Dr. P. E. M. Siegbahn
Department of Physics, ALBA NOVA

and Department of Biochemistry and Biophysics
Arrhenius Laboratory

Stockholm University, 10691 Stockholm (Sweden)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000584.

[b

-

View this journal online at
wileyonlinelibrary.com

10424 ——

Keywords: cluster
density functional calculations
EPR spectroscopy -
II . structure elucidation

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

site, thus supporting the validity of the
model. The ®C HFCs of various car-
boxylates have been compared with *C
ENDOR data for PSII preparations
with *C-labelled alanine.

compounds

photosystem

erated by photosynthesis.! The catalyst to which two water
molecules are coupled in a four-electron oxidation to yield
one molecule of O, is known to be a protein-bound tetranu-
clear manganese complex. This cofactor is often denoted the
“oxygen-evolving complex” (OEC). Driven by four succes-
sive light excitations of the Py, chlorophyll dimer of PSII,
four electrons are removed from the OEC, which passes
through a cyclic sequence of five oxidation states S,-S, (the
Kok cycle) before releasing the oxidation product O,.”! The
removal of four protons has recently received increased at-
tention®®! and an extended mechanism has been suggest-
ed.ls

Evidently, the question of how Nature creates oxygen by
light-driven catalysis is also of central importance for future
renewable energy sources.!! Not surprisingly, structure, pro-
tein environment, and function of the OEC have been the
focus of a tremendous amount of research over the past
25 years. The methodologies applied range from biochemical
studies through X-ray diffraction,’*! X-ray absorption spec-
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troscopy (in particular, EXAFS®¥)  and infrared and opti-
cal spectroscopy™™” to electron paramagnetic resonance
(EPRI"®1)) spectroscopy. Yet the precise structural arrange-
ment of the manganese and calcium centers, bridging li-
gands, and protein surroundings of the cluster in the differ-
ent S states, as well as the underlying electronic structure
are known only incompletely. X-ray diffraction studies
suffer from limited resolution and from radiation damage in
the synchrotron beam (in particular, the photoreduction of
the Mn™ and Mn'" centers to Mn').?**! EXAFS does not
exhibit this problem but on its own provides neither a global
picture of the cluster nor of the protein surround-
ings.[6‘14‘24‘25]

Owing to the paramagnetic nature of the manganese cen-
ters, EPR spectroscopy and related techniques like electron-
nuclear double resonance (ENDOR) or electron-spin-echo-
envelope-modulation (ESEEM) provide additional valuable
insights. They allow the investigation of short-lived para-
magnetic species (with lifetimes down to below 107°s) and
the spin and oxidation states to be partly determined. The
S, state is by far the best EPR-characterized state of the
Kok cycle?3 Tt exhibits either the so-called multiline
signal at g=2, which arises from the S='/, ground state,
probably with a Mn™(Mn'"); distribution of oxidation states,
or a broad signal at g=4.1, attributable most likely to the
S="7/, spin state with the same manganese oxidation states.
The multiline signal indicates an antiferromagnetically cou-
pled mixed-valence manganese cluster that resembles the
multiline signal of synthetic or biological dinuclear
Mn""Mn! complexes.**”) Hyperfine coupling constants
(HFCs) have been extracted by *Mn ENDOR spectroscopy
and reveal significant contributions from all four manganese
ions. A variety of EPR and ENDOR simulations of the mul-
tiline signal of different samples are available,**~? and these
have been used in attempts to extract information about the
ground state and its spin-coupling patterns. Multifrequency
ESEEM spectroscopy has been used to determine the N
HFC and nuclear quadrupole coupling (NQC) of a histidine
protein residue bound to the manganese cluster.’**! Re-
cently, ®C ENDOR data were obtained for S, state prepara-
tions with '*C-labelled alanine.[*”!

EPR, ENDOR, or ESEEM studies should benefit greatly
from support by quantum-chemical calculations, which may
provide structural information as well as insights into the
nature of the ground and excited states of the Kok cycle.
Owing to the complicated spin-coupling patterns of the for-
mally S='/, ground spin state of the S, state, a fully appro-
priate quantum-chemical treatment would require sophisti-
cated multiconfigurational wavefunctions that incorporate
both dynamic and nondynamic electron correlation effects
to a large extent. This is currently out of the question for a
system of the complexity of the OEC. A possible alternative
is to construct so-called broken-symmetry (BS) states within
unrestricted Kohn-Sham density functional theory (DFT)
followed by appropriate spin-projection procedures.!* !
This provides access to hyperfine (and nuclear quadrupole)
couplings, which enable the quality of the molecular model
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complexes for the OEC to be evaluated by direct compari-
son of the calculations with experimental EPR, ENDOR,
and ESEEM data. Very recently, Pantazis et al.™! studied
the exchange coupling constants J and the manganese hyper-
fine couplings of 12 structural models of the S, state of the
OEC by BS-DFT. After spin projection, the computed iso-
tropic ®*Mn HFCs of several models were broadly in the
range of values obtained by different simulations of EPR
and ENDOR spectra, which indicates that there is a chance
that quantum-chemical methods may eventually indeed be
used to validate structural proposals.

Most of the model clusters studied in that work were
based on the “twisted-core” topology constructed earlier on
consideration of X-ray and EXAFS data: Substantial as-
sumptions were involved in these structural proposals. Two
of the models (11 and 12) were cluster models introduced
by Siegbahn. Recent computational work*! on these cluster
models has demonstrated that they give much lower total
energies than others based on QM/MM optimizations or on
the EXAFS-based twisted-core structures. For example, in
the case of the S, state, the most recent cluster model of
Siegbahn was computed®**” to be lower in energy than the
twisted-core models by around 35-65kcalmol™! (145-
265 kImol™"). Although the cluster model neglects any con-
straints on the cluster arrangement by the protein environ-
ment, the magnitude of these lower energies is far larger
than what can be accounted for by the environment. Fur-
thermore, the most recently suggested cluster model, which
is based on a clear mechanistic picture of water oxidation at
the OEC, agrees well with the available X-ray diffraction
and EXAFS data.*>% In this work we focus on the compu-
tational evaluation of EPR parameters for models of the S,
state for a closer comparison of Siegbahn’s most recent clus-
ter model with one selected from the twisted-core models
(several other models have been studied in somewhat less
detail and will be mentioned where appropriate). In particu-
lar, we extend the calculations from *Mn HFCs to histidine
“N and alanine C EPR parameters, and we will critically
examine the spin-projection procedures needed to extract
EPR parameters from BS-DFT calculations. Indeed, careful
analysis of spin-coupling patterns can also reveal substantial
insights into the assumptions inherent in the spectral inter-
pretations available so far. Interestingly, the computed and
experimental “N HFC anisotropies provide evidence for the
histidine being bound to the sole Mn" d* center in the S,
state, as is the case so far only in Siegbahn’s cluster model.

Theory: EPR Parameter Calculations for Spin-
Coupled Multinuclear Complexes

The theoretical background of the computation of EPR pa-
rameters by DFT methods is covered in detail else-
where.”'™ Here we summarize only the most relevant
points and will then proceed to describe the spin-projection
techniques needed for the BS calculations on the multinu-
clear spin-coupled Mn™(Mn"); cluster.
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Calculation of hyperfine tensors: The leading nonrelativistic
first-order contribution to the isotropic HFCs A;(N) is the
Fermi contact term A" [Eq. (1)].

Aiso(N) AFC 3 ﬁeﬁNgegN S7 ZPu ﬁ ¢u|é RN)‘(pv>

(1)

Here fj, is the Bohr magneton, 8 the nuclear magneton,
gn is the g value of nucleus N, (S,) is the expectation value
of the z component of the total electronic spin, Pﬂ‘ﬁ,ﬁ is the
spin density matrix, and the summation runs over all basis
set atomic orbitals. The components of the nonrelativistic
anisotropic tensor are given by Equation (2) in which ry=
r—Ry (Ry is the position vector of nucleus N). In the rest of
this section, we will refer to the metal hyperfine interaction

and omit subscript N.

i 1 _ _ _
AE}”(N) = QﬁeﬁNgegN<Sz> IZP‘ZVﬂ<¢y‘rN5(r?\]5if - SrN.irN.j)}¢v>

(2)

The second-order perturbation treatment of refs. [58,59]
is used to compute spin-orbit (SO) corrections for the HFC
tensor (in this work, the corrections are only relevant for
the metal HFC). At the coupled-perturbed Kohn-Sham
level, the dominant SO correction term arises as a second-
order cross term between the one- and two-electron SO
Hamiltonian #%° and the perturbed Fock operator F', as
given in Equation (3):
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in which a is the fine-structure constant, yx the gyromagnet-
ic ratio of the nucleus, #%° is explained below, F is the per-
n/2

turbed Fock operator, with F1,:(é1,/r3)—(27a0 Z/ F,, in which
(¢,/7°) is the paramagnetic nuclear-spin electron-orbit (PSO)
operator, K, is a component of the response exchange oper-
ator, and a, is the weight of HF exchange depending on the
specific hybrid functional used (see ref. [60] for a related si-
multaneous CPKS implementation, and also refs. [58,59] for
references to earlier work). ° and ¢° are spin-polarized
Kohn-Sham orbitals and orbital energies, respectively. GGA
or LDA functionals lead to an uncoupled DFT (UDFT)
treatment for this second-order term (a,=0). The HFC com-
putations for the BS states are the basis for subsequent spin
projection, as described further below.

Calculation of nuclear quadrupole coupling tensors: For
nuclei with 7>/, their nonspherical charge distribution in-
teracts with the electric field gradient at the nucleus. This in-
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teraction is parametrized by the nuclear quadrupole cou-
pling tensor Q. The latter is traceless and can be expressed
by Equation (4) in which the nuclear quadrupole coupling
constant €°q..o/h depends on the electric field gradient at
the nucleus along the principal z axis and # is the asymme-
try parameter defined by Equation (5).

S 2q..0/h

Q7 = [ (812 = 10+ 1]+ (02 - ) @)
_ Grx — ny
| 4 ®)

The NQC parameters involve the total electron density
rather than the spin density and are thus expected to be al-
ready described well by the BS calculation without spin pro-
jection, in contrast to the HFC parameters (see below).

Spin-projection techniques: A system with n paramagnetic
ions may be described by the effective spin Hamiltonian
given by Equation (6) in which ?,- is the electronic spin op-
erator of ion i and B is the external magnetic field.

I:Ieff = Z:ﬁégigi + i{:giaji + Z§idi§i + Z:Z'Pi ;=2 ZJ;/§ §

(6)

The local HFC tensor a; (“site value”) parametrizes the
interaction of ?,— with the nuclear spin operator of ion i, 7,-.
The local g tensor g; of ion i parametrizes the interaction of
its electronic spin with the external field B and the local
tensors d; express the zero-field splitting (ZFS) of ion i.
Local NQC tensors p; interact with the nuclear magnetic
moments. Finally, J; represents the isotropic Heisenberg ex-
change interaction between the paramagnetic centers i and
j. For brevity, we have not included the nuclear Zeeman
term and the HFC or NQC terms for ligand nuclei (see
below). To be able to relate directly to the experimental
spectra for a spin-coupled multinuclear cluster like the
OEC, one has to account for the exchange-coupled spin
states. This requires a spin-coupled representation using the
vector spin-coupling model.P*%*) We may thus write the
spin Hamiltonian of the OEC in terms of effective, coupled
tensors (the NQC has been neglected here) that parameter-

ize interactions between effective spins, S (i runs over the
four coupled manganese centers; Eq. (7)].

Hcouplcd ﬁBgs_’_Z E Yl_’_

i=1

SDS (7)

The effective tensors may in turn be related to the isolat-
ed (site) tensors of Equation (6) by spin projection. For an
="'/, ground state, the last ZFS-related term vanishes. We
are mainly interested here in the effective HFC tensors A,
In general, they may be related to the local site tensors a; by
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Equation (8) in which p; is a spin-projection matrix,® which
depends on the spin at site i, on the exchange coupling con-
stants of the exchange multiplet, and on the local ZFS ten-
SOTS.

A; =ap; (8)

The site tensors a; in turn are related to the directly com-
puted hyperfine tensors of the BS state A2 by Equation (9)
in which, in the present case, M5°="/, and the sign in the
denominator depends on the formal orientation of the local
spin in the BS solution.

AT
)

©)

For dinuclear Mn™Mn"" complexes, most previous studies
have assumed the exchange interaction to be the dominant
coupling mechanism between the ions and the ZFS to be
negligible*] (but see ref. [64]). Then the ZFS terms drop
out of the spin-projection matrices, which reduce to scalars.
As a first step we will here adopt this assumption, which has
also often been made implicitly in spectral simulations for
the OEC (however, see ref. [30] and the discussion below).
In the case of a dinuclear Mn™Mn'" complex, this “scalar
approximation” based on the strong-exchange limit leads to
simple spin-projection coefficients ¢; given by Equation (10).

LSS HD) +S(S+1) =85S +1)
= C. . . = L. Al — ! ! J J
Ci — cl(Sl7Sj7S) Az a, 2S(S+ 1)
(10)

For the Mn"™ site, ¢,=+2, and for the Mn'"" site, ¢,=
—1.%% For the spin-coupled S=!/ states of an
Mn"™n"YMn"™VMn'V cluster, as in the S, state of the OEC,
we have always one site with Mg=42 (Mn'" site), one with
Mg=+">}, and two with Mg=—?/, (this is borne out also by
computed spin densities of the BS states, see below). In such
multinuclear systems, the magnetic interactions have a more
complicated topology, as apparent from the numerous pa-
rameters J; in Equation (6). Given that inevitably some spin
frustration is involved to reach an §="/, state, the exchange-
coupling constants may attain very different values and be
either negative or positive. Even upon neglecting the ZFS,
no full analytical solution is possible anymore for a general
tetranuclear system. One either has to diagonalize the Hei-
senberg-Dirac-van—Vleck (HDvV) Hamiltonian [last term
in Eq. (6)] numerically or one may arrive at simplified cou-
pling schemes by imposing certain constraints on the sym-
metries of the Heisenberg exchange interactions. The first,
fully numerical approach was used initially on a synthetic
model cluster’®! and subsequently on models of the S, state
of the OEC by Pantazis et al.*! Here the (scalar) spin pro-
jection coefficients are determined from the ratio given in
Equation (11) in which (S_;) is the expectation value at site i
of operator S, and is evaluated by using Equation (12) in
which C,* are the expansion coefficients of the Mg=+'/,
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component of the ground doublet state corresponding to the
lowest eigenvalue of the HDvV matrix after its diagonaliza-
tion (label x enumerates all the possible combinations
S\ Mg,..., S,Ms,, Mg, =S5,...5).

(S:)
: (11)

C; =

<Szei> = Z !CS

K

ZMS‘,-,I':L R 7} (12)

The corresponding matrix elements are constructed in the
basis set of spin wave functions |S;Ms;...S,Mj,) within the
HDvV Hamiltonian. Therefore, calculation of the spin pro-
jection coefficients additionally requires a priori knowledge
of the Heisenberg exchange coupling constants, J;. To ex-
tract J;, we performed a series of broken-symmetry calcula-
tions on the Mn™™MnYMn'YMn'" cluster for all possible mul-
tiplicities generated by consequently flipping the total spin
on each center in addition to the high-spin (HS) state (Sys=

4
3 S;="), because S;=2, and S,=S;=S,=14). All calcula-
=1

tions were performed on the optimized structure of the HS
state. The parameters J;; are then found from the solution of
a system of eight linear equations within the framework of
the Ising approximation [Eq. (13)].

4
E(Sk) = 7ZZMSJMS,/JI'/';MSJ = £5,, ZMSJ > 0,K (13)
i<j i=

=13/2,3x7/2,5/2,3x1)2

The series of Equations (13) is overdetermined (eight lin-
early independent equations with six variables cannot be si-
multaneously exactly satisfied) and, as in ref. [66], singular
value decomposition has been used to find the optimal solu-
tion (a simple least-squares fitting algorithm gave numeri-
cally indistinguishable results). Analysis of literature data
(e.g., ref. [67]) confirmed the validity of the Ising model. In
particular, the so-called “spin correlation functions” (i.e., co-
efficients at J;) turned out to be very close to the corre-
sponding products +S,S; (as has been found previously for
Ni, and 8Fe-7S clusters®?). Inclusion of ZFS in the spin-
projection scheme is outside the scope of this work and will
be pursued elsewhere. Possible errors arising from this ap-
proximation for the isotropic manganese, nitrogen, and
carbon HFCs will be discussed below. For the much smaller
hyperfine anisotropies, it is clear that the ZFS-induced
transfer of Mn HFC anisotropy between the Mn™ and
Mn" centers will be significant if the intrinsic d; tensors are
not all coaxial. Although we will provide full spin-projected
HFC tensors in the Supporting Information (obtained with
the same scalar spin-projection coefficients c; as used for the
isotropic values), we expect them to be less reliable than the
isotropic HFCs. Moreover, we also regard reported “Mn
HFC anisotropies from spectral simulations to be less well
defined and we will thus base our discussion mainly on the

— 10427

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Kaupp et al.

A EUROPEAN JOURNAL

isotropic HFCs. Anisotropies will be discussed, however, for
the "N and C HFC tensors.

The numerical spin projection scheme of Equations (11)-
(13)14%] requires the explicit computation of the full set of
Heisenberg exchange coupling constants J; with sufficiently
high accuracy (see below). A more approximate scheme,
which allows a semi-quantitative estimate of the spin-projec-
tion coefficients without the need for explicit prior knowl-
edge of all the J; values, desirable for a fast screening of a
larger number of model systems, has also been evaluated for
comparison. Such a simplified scheme becomes possible®"
when the HDvV matrix satisfies certain internal symmetry
properties. For instance, in a tetrahedral system of equiva-
lent spins, deviations from the regular tetrahedron down to
C,, symmetry will not affect the spin projection. This refers
not to spatial symmetry but to internal relations between
the J;. Simplified schemes remain valid as long as certain
equalities or inequalities between parameters hold (see
below). In contrast to the dinuclear case (see above), for
multinuclear systems the actual coupling scheme has to be
considered as different states of the same overall spin multi-
plicity may now be constructed. In the Mn™(Mn'); cluster
of interest here, as many as seven linearly independent dou-
blet states are possible. However, the construction of the
broken-symmetry DFT solutions already allows us to restrict
considerations to only two coupling schemes.

Scheme A: A predominant antiferromagnetic interaction
couples the “spin-up” Mn™ (S, =2) to one of two remaining
“spin-down” Mn'" centers (for example, S;=3/ or S,=>4;
particular indices are given only for illustration purposes)
producing an intermediate dimer spin S;; (or Si) of /.
Then the remaining “spin-up” Mn" (S,=2/) couples in the
same way with “spin-down” Mn" (S,=%/ or S;="1}, respec-
tively) to give zero intermediate spin S,, (or Sy).

Scheme B: A predominant ferromagnetic interaction cou-
ples “spin-up” S;=2 and S,="/, to give S;,="/, and the two
“spin-down” S;="?/, and S,="/, also couple ferromagnetical-
ly to give S;;=3. The desired doublet state is then obtained
by antiferromagnetic coupling of S;, and Ss,.

Scheme A is not unique (one still has to choose between
S5 and §,, and the final assignment of spin-projection coeffi-
cients is ambiguous). It would lead to complete spin com-
pensation and thus zero spin-projection coefficients for the
second pair (8,4 or S,;, respectively). That is, the hyperfine
couplings for these two “singlet-coupled” centers should
vanish, in contradiction to the simulations of the EPR and
ENDOR spectra of the S, multiline signal (see below). On
the other hand, Scheme B is unique, and both §;, and S,
pairs remain paramagnetic. This will be the preferred
scheme in the following. It is supported further by estimates
of the properties of the BS solutions (e.g., S* expectation
values) based on Clebsch-Gordan coefficients. For this
Scheme B we have used the appropriate recursion formulae
of ref. [51], Equations (14), to obtain approximate spin-pro-
jection coefficients (cf. Table 4.6, Eq. (3.23), and Table 3.2 in
ref. [51]). The “intermediate coupling” coefficients ¢,(S;,S,,S)
for the dimer fragments are given by Equation (10) (we dis-
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tinguish capital C; to represent the spin-projection coeffi-
cients for the full cluster).

Ci(81,52,812; 83,84, 8345 8) = ¢1(S12, 34, 8)c1 (S, 52, S12)
(14a)

Cy(81,85, 8123 85,84, 8545.8) = ¢1(S12, 834, S)[1 — 1 (81,52, S12)]
(14b)

C5(81,8,,812; 85, 84,854, 8) = [1 - CI(S127S3475)}61 (83,84, 834)
(14c¢)

Cu(S1,82, 812 83,84, 8345 8) = [1 — ¢1(S12, S34, S)][1 — €1(83, 84, S3)]

(144)
¢ = +12/7, G = +9/77 CG=C=-1 (15)

Substituting $,=2, $,=8;=S,=%, S;,="/h, Sy=3, and
S="/, (Scheme B) into Equations (10) and (14), one easily
obtains Equation (15).

Numerical experiments (see also below) with the full di-
agonalization scheme of ref. [66] [Egs. (11)-(13)] suggest
that spin-projection coefficients similar to those of Equa-
tion (15) are in fact obtained to a good approximation in a
rather wide range of relative parameter values provided that
certain relationships are fulfilled: 1) Both J,, and J3, are
either positive or, at least, less negative than the remaining
exchange coupling constants (thus justifying predominant
ferromagnetic coupling between spins 1 and 2, and between
3 and 4, as required by Scheme B) and 2) J;~J,; and J,~
J4. This reduces the number of different exchange coupling
constants. Even if condition (2) is only fulfilled crudely, the
final spin-projection coefficients deviate at most by a few
percent from those in Equation (15). Note that the spin-pro-
jection coefficients from Equation (15) are obtained exactly,
irrespective of the actual values of the exchange-coupling
constants if Ji3=Jy3=J,<0; Jyu=Ju=J;<0; JpJu>J;
JioJ34> ;. We will discuss the validity of these approxima-
tions further below for the two main model clusters studied.

Construction of Model Systems

We will focus on the two model systems shown in Figure 1
and will mention results for other models only in passing (cf.
also the Supporting Information). Evaluation of the cluster
model $G2009~" from ref. [47] (Figure 1, left) is most inter-
esting given its energetic superiority relative to other
models proposed in the literature® (see the Introduction).
It is related to the models 11 and 12 studied in ref. [45]
except that the protein residues are slightly more truncated
(truncation sites were saturated by hydrogen atoms, the po-
sitions of which were optimized). In our experience, the
level of truncation used does not affect the intrinsic HFCs
and simplifies analyses. To make sure that the spin projec-
tion is not affected, we have also computed the exchange
coupling constants explicitly for the larger models 11 and 12

Chem. Eur. J. 2010, 16, 10424 -10438
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Ala344
-

Figure 1. Two model systems of the S, state: $G2009~" (left) and YII-1°
(right). Assignments of specific amino acid residues to certain binding
sites on the cluster are partly tentative (see discussion below regarding
D1-Ala344 binding modes).

(see below). The coordinates were taken directly from
ref. [47]. They are based on unrestricted B3LYP*/lacvp* op-
timization of the HS state in a surrounding dielectric
medium with dielectric constant 6.0 (for further details, see
ref. [47]).

Among the models with “twisted-pair topology”, we have
selected as the most promising for closer comparison model
YII-1° (Figure 1, right) from a larger number of models
based on EXAFS and/or X-ray data. It is derived from the
core Ila structure based on the polarized high-resolution
EXAFS studies of Yano et al® on oriented PSII mem-
branes or single crystals and is thus most closely related to
model 3 of ref. [45]. In the initial stages of the present work,
we combined the three basic cores of ref. [24] with ligand
environments deduced from X-ray structures determined at
resolutions of 3.0 and 3.5 A.P! The resulting ligand spheres
are similar but not identical to those used by Pantazis et al.
(in fact, ref. [45] appeared after our first EPR calculations
on these systems). Moreover, in contrast to ref. [45], the
structure has been fully optimized without constraints on
the manganese and calcium positions. Seven amino acid resi-
dues are directly coordinated. Only two carboxylato ligands
are bound terminally, the others bridge two manganese cen-
ters or a manganese and calcium. Thus, only four water-de-
rived ligands are needed to complete the coordination. No
chloride ions have been included. A model similar to YII-1°
has recently been studied by further quantum-chemical cal-
culations.®®*®! It differs mainly by having one less water
ligand on the calcium atom.

Coordinates of the two models can be found in Table S1
in the Supporting Information. Data for other models based
on the three twisted-core structures of ref. [24] and for a few
other models are compared and discussed in the Supporting
Information (Section S1, Table S1, and Figure S1).

Computational Details

Structure optimizations of model YII-1’, and of the additional models
given in the Supporting Information, were performed by using the Turbo-
mole 5.9.1 code."” Based on the initial coordinates obtained, as described
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above, the full structure optimizations employed the B3LYP!"" hybrid
functional with SVP basis sets” and unrestricted Kohn-Sham wavefunc-
tions. We have been able to construct various different BS states for all
models in addition to the HS state. With suitable initial-guess wavefunc-
tions, the states remained stable, as confirmed by Mulliken spin-density
analyses (see below). It was thus possible to optimize all these different
states separately. However, after many test calculations, we decided to
compute all the exchange coupling constants and hyperfine tensors for
the optimized HS structure. Use of identical structures for the different
spin states is consistent with the subsequent application of the HDvV
Hamiltonian for spin projection.

At these optimized structures, as well as for model SG2009' (see
above), unrestricted Kohn-Sham single-point calculations of the relative
energies of different BS and HS states and of the HFC tensors were per-
formed with Turbomole by using a 9s7p4d basis set for manganese (spe-
cifically designed for hyperfine calculations™™!) and flexible IGLO-
117 basis sets for the ligand atoms. Previous computational studies on
both mono-"! and dinuclear®**%! manganese complexes have indicated
that B3LYP calculations provide reasonable agreement with experiment
for the manganese HFC anisotropies and for the ligand EPR parameters.
Isotropic transition-metal hyperfine couplings are typically underestimat-
ed in absolute values at this level due to an insufficient description of
core-shell spin polarization.”™! Fortunately, the deviations for the iso-
tropic manganese HFCs turned out to be systematic®*%7! and may be
corrected by scaling the computed results with a factor of 1.45%! (similar
scaling factors have been used by Pantazis et al. at the B3LYP level,1*
different factors have been employed for different functionals). For cal-
culation of the Heisenberg exchange coupling constants discussed in the
context of spin-projection schemes (see below), we have used both
B3LYP and the meta-GGA hybrid functional TPSShI™! as the latter has
been singled out from a number of functionals by Pantazis et al.[%]

The unrestricted Kohn-Sham orbitals were transferred to the MAG-Re-
spect property package!™ by suitable interface routines to compute the
HFC and NQC parameters. The atomic mean-field approximation
(AMFI)®-% was used to compute the matrix elements of the Breit-Pauli
SO operator for the SO corrections to the manganese HFC tensors [cf.
Eq. (3)]. Mulliken spin-density analyses were used to verify convergence
to the proper BS and HS states. Spin-density isosurfaces were computed
and displayed by using the Molekel program.*!

Results and Discussion

Exchange coupling constants, spin-coupling schemes, and
energy spectra: Figure 2 shows for both models the spin con-
figurations and spin-density distributions of the HS state
and of the three BS states with §="'/. Although the energies
of the BS states are very similar (the relative energies for all
relevant BS and HS states are given in Table S2 in the Sup-
porting Information), the calculations generally gave a clear
preference for a certain distribution of the three Mn' and
single Mn" oxidation states. For model SG20097', the
unique Mn"™ center is Mnc (cf. Figure 1). In ref. [45] this as-
signment for the closely related models 11 and 12 was made
to Mnp, but this arises from different labeling: We prefer to
assign Mn¢ consistently to the center to which D1-His332 is
coordinated. For YII-1°, Mn™ is Mny,, consistent with the re-
sults of Pantazis et al.l*”! for all EXAFS-based twisted-core
models (our calculations also agree with this for the other
twisted-core models, see Section S1 in the Supporting Infor-
mation). The spin-coupling patterns are nicely confirmed by
the spin-density plots (Figure2) as well as by computed
Mulliken atomic spin densities (provided below in Table 3).
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Figure 2. Spin configurations and spin-density distributions (isosurfaces #+0.003 a.u.) for HS (S="/,) and BS (S='/,) states. The shorthand notation for
the spin configurations uses a horizontal bar to indicate “spin down” on the given center and italics to specify the Mn'" d@* center. a) Model $G2009~".

b) Model YII-1".

The Heisenberg coupling constants J; obtained from
Equation (13), and the energies of the low-lying excited
states, obtained after diagonalization of the HDvV matrix,
are given in Table 1. Results based on B3LYP and TPSSh
are compared. In their recent work on a synthetic model
complex, Pantazis et al.*! singled out the TPSSh functional
as superior to, for example, pure GGA functionals or PBEO
in computing these quantities, but the differences between
B3LYP and TPSSh for exchange coupling constants and
energy spectra were small. Indeed, both functionals provide
qualitatively similar exchange coupling constants and cou-
pling patterns for a given model, with a maximum deviation
of 2cm™ for $G2009™" and of 9cm™ (Jyc) for YII-1°. The
character of the ground state of a given model is also unaf-
fected by the choice of functional. However, the energy
spectra are somewhat more influenced: For SG20097',
B3LYP gives smaller energy separations than TPSSh, where-
as the situation is reversed for YII-1° (Table 1). In general,
the energy gap to the lowest excited state (generally S=7/,
for both models) is only a few cm™' with both functionals,
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Table 1. Calculated exchange coupling constants, J, and energies of dif-
ferent multiplets relative to the doublet ground state for models
$G2009 " and YII-1°.1"

Heisenberg coupling constants [cm™']

JAB JAC JAD ']BC JBD JCD

$G2009' B3LYP 0 5 3 8 22 -31

TPSSh -2 4 9 22 -33

YII-1° B3LYP 10 4 -1 —22 —18 13

TPSSh 7 5 -2 -31 —26 8

Spin-state energies relative to ground state [cm™']

SG2009 B3LYP S='f, S=% S=% S=7p S§=% S=%
0 1.2 3.8 9.5 33.0 34.8

TPSSh Szl/z 513/2 515/2 Szl/z 517/2 st/z
0 4.0 11.6 233 239 31.1

YII-1 B3LYP S='4 S=3%, S=%, S=7, S=°% S='%
0 6.3 18.4 39.5 132.2 148.4

TPSSh S:I/z 513/2 5:5/2 S:7/z S:l/z S:3/z
0 42 12.9 28.6 137.5 147.9

[a] Obtained from SVD fit of the HDvV matrix and subsequent diagonal-
ization, see the Theory section.
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much smaller than the approximate 35cm™' elucidated by

EPR saturation and temperature-dependence studies.**5+%]
The resulting exchange coupling constants are also much
smaller than found, for example, for dinuclear Mn™Mn"
complexes.™ This is understandable for both geometrical
arrangements from the unavoidable spin frustration for the
given spin couplings and an S="'/, ground state. The energy
separations to the lowest excited state, obtained by Pantazis
et al. at the TPSSh level for the various models studied,
range from 3 to 92 cm™' (up to 78 cm™! for systems with an
§="4 ground state)."! Moreover, in some cases the ground
state obtained after fitting the HDvV matrix was not a dou-
blet. This shows that the spin-coupling patterns depend cru-
cially on rather small structural details. In the synthetic
model complex studied earlier by Pantazis et al.,’* larger
antiferromagnetic couplings and less low-lying excited states
were computed. This likely reflects the somewhat more
open structure of that cluster.

The structures of the two model complexes (Figure 1)
provide indications of the origin of the different preferred
manganese oxidation-state distributions: In S$G20091, Mn,
has an open coordination site trans to the carboxylato ligand
(Figure 1), which in mechanistic considerations acts as a
water binding site. This favors creation of the Mn™ center at
this five-coordinate Mn, site. In model YII-1°, Mny, is five-
coordinate and the site of Mn', albeit coordination of a
water molecule to this site does not alter the oxidation-state
distribution (cf. model YII-2’ in Section S1 in the Supporting
Information).

Closer examination and comparison of the exchange cou-
pling constants for the two models (and for the models of
ref. [45]) reveal a number of interesting points. Structural ar-
guments (cf. Figure 1) suggest near zero values for J,c and
Jap as the dangler Mn, is remote from Mn. and Mnp,. These
exchange coupling constants are indeed small (also for most
of the models in ref. [45]). For model YII-1°, we see J,5 and
Jep as the two most positive exchange couplings (the latter
involves the Mn™ center), independent of the functional,
whereas the clearly most negative values are Jgc and Jgp.
This Y-shaped pattern is not only consistent with the struc-
ture of the model, but also with the qualitative spin-projec-
tion Scheme B outlined in the Theory section. That is, we
expect spin-projection coefficients close to the idealized
ones in Equation (15), as is indeed found (see below). In
contrast, only one clearly antiferromagnetic coupling (Jcp)
is found for model SG2009! and no clear S,,/S;, pattern, as
required by Scheme B, is present. This points to even larger
spin frustration in this model, consistent with the even
smaller energy differences to the lowest excited states
(Table 1). We note that the slightly larger, closely related
model 11 of ref. [45] also gives a doublet ground state but
slightly different exchange couplings, whereas the even
larger model 12 does not provide a doublet ground state (cf.
Table S3 in the Supporting Information). Clearly, the very
small energy spacings between the BS and HS states, and
thus the results of diagonalizing the HDvV Hamiltonian,
are sensitive to small modifications of the models.
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In dinuclear Mn™Mn" complexes, bis-u-oxo-carboxylato
bridges like those computed in both models between Mnc
and Mnj, (and between Mn, and Mng) usually give rise to
exchange coupling constants close to —100cm™."} The
present observation of much smaller absolute Heisenberg
coupling constants for the tetranuclear OEC models relative
to most Mn™'Mn" dinuclear S='/, complexes with similar
bridging ligand sets is most notable and is also consistent
with the values for most models in ref. [45] (the largest abso-
lute value for any exchange coupling constant for an S='/,
ground state in ref. [45] is Jy5=48 cm™' for model 1, which
has no carboxylato bridge between Mn, and Mng). We
expect that this is an intrinsic feature of the spin frustration
in the S, state and that further refinements of the models
will most likely not change this picture fundamentally. This
observation has significant consequences for the interpreta-
tion of the EPR spectra. For example, in ref. [34], a struc-
ture filter for acceptable spin coupling patterns assumed J g
to be between —250 and —100 cm™'. This assumption (and
some further assumptions for other exchange couplings) is
clearly not borne out by the computed patterns for any of
the models studied here or in ref. [45]. Other simulations for
the S, state also assumed far larger antiferromagnetic cou-
plings than found here,”” which led to a number of structur-
al conclusions (favoring a dangler model). The present
values for J,5 are either slightly positive (YII-1*) or close to
zero (SG20097'). Although Pantazis etal. attributed the
small J,5 values for most models with hydrogen bonding to
one of the p-oxo bridges between Mn, and Mn;*! we note
that no such hydrogen bonding is present in YII-1°. Only
the very unlikely model 1 in ref. [45] gave a somewhat
larger antiferromagnetic = Mn,-Mng coupling (Jag=
—48 cm ™). The transfer of certain observations concerning
Heisenberg exchange coupling constants from dinuclear sys-
tems to the OEC thus has to be viewed critically. We also
note that YII-1° has a positive J,; but nevertheless exhibits
an S='/, ground state, contrary to observations made in
ref. [45].

Another point raised by the computed exchange coupling
constants pertains to the strong exchange limit implied by
the spin-projection scheme used here (see the Theory sec-
tion) and by Pantazis et al.,**! and implicitly also in the
discussion of ref. [34]. The neglect of ZFS contributions for
the spin projection of the isotropic HFCs becomes a ques-
tionable approximation in view of the small values of J;, as
conceded in ref. [45]. For a dinuclear Mn™Mn'"Y system,
Orio et al.® recently estimated that for absolute exchange
couplings of less than 75 cm™, neglect of ZFS (with typical
values of d; for Mn™ between 1 and 4 cm™) in the spin pro-
jection may lead to significant errors in the computed **Mn
HFCs (see also the earlier work of Zheng et al.l). Given
the overall small energy separations, none of the models
studied here or in ref. [45] is safely on the strong-exchange
side. This has to be borne in mind when considering the reli-
ability of spin-projection schemes assuming a strong ex-
change limit (see below).
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Spin-projection coefficients: With these limitations in mind,
we focus on the spin-projection coefficients (Table 2) ob-
tained from the numerical scheme®! of Equations (11)-(13)

Table 2. Calculated on-site spin expectation coefficients C; for models
$G2009 ' and YII-1".

Mn, Mng Mn¢ Mnp Coupling
$G2009 ' B3LYP® 41512 —0995 +1270 -0.786 ABCD
TPSSh®®)  +1.368 —0.987 +1477 —0.857
Eq. (15" 41286 —1.000 +1.714 —1.000
YII-1° B3LYPE  —0.996 —1.000 41312 +1.682 ABCD
TPSSh®l  —0.990 —1.000 +1.339 +1.651
Eq. (15)®  —1.000 —-1.000 41286 +1.714

[a] Spin-projection coefficients obtained numerically from Equa-
tions (11)—(13). [b] Simplified spin-projection coefficients from Equa-
tion (15).

with J;; values from either B3LYP or TPSSh calculations and
compare them with the coefficients from the simpler scheme
of Equation (15), which does not require the explicit calcu-
lation of exchange couplings. We note first of all that for
both structural models spin-coupling schemes in agreement
with Figure 2 and a doublet ground state are obtained irre-
spective of the functional (see above). As expected from the
pattern of the exchange couplings in YII-1° (see above and
Table 1), the numerically computed spin-projection coeffi-
cients for this model are very close to the idealized values
derived from Equation (15) with both functionals. This indi-
cates a topologically stable situation in which the small dif-
ferences between the exchange coupling constants (cf.
Table 1) for the different functionals do not affect the spin-
projection coefficients much.

The situation is different for the topologically less clear-
cut distribution (see above) of exchange coupling constants
in SG2009~L. Here, in particular, the spin-projection coeffi-
cients for the “spin-up” sites Mn, and Mn_ show a large de-
pendence on the functional. At the TPSSh level, the coeffi-
cients for these two centers agree qualitatively and semi-
quantitatively with the topology intrinsic to Equation (15),
with the larger spin-projection coefficient for the Mn™ site
(Mng), that is, Co> C,. The B3LYP exchange coupling con-
stants, in contrast, give C, > C. [Table 2; with both function-
als, Cy is close to —1 as predicted by Equation (15), whereas
Cp deviates somewhat more]. This indicates a very large
sensitivity of the numerically computed spin-projection coef-
ficients to very small changes in the Heisenberg coupling
constants for $G2009~", but not for YII-1°. The largest dif-
ference in an exchange coupling constant for $G2009~" be-
tween B3LYP and TPSSh is only 2 cm™, yet the spin-projec-
tion coefficients change notably. As J,p exhibits the largest
change on a relative scale, we have varied this constant over
a larger range of around +10 cm™' while keeping the other
J;; values fixed to the TPSSh results. When setting J,p to
Ocm™', as obtained with B3LYP, we obtain C; values of
+1.492, —0.999, +1.281, and —0.794, that is, close to the
B3LYP data, with C, > Cc. That is, a change in the one ex-
change coupling constant by only 2 cm™' may change the
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spin-projection coefficients drastically. In contrast, Jyg=
—5cm! gives coefficients of 41.180, —0.925, 4+1.677, and
—0.932, close to the idealized values deduced from Equa-
tion (15). It is also possible to judge the sensitivity of the
spin-projection coefficients to changes in the exchange cou-
pling constants by computing partial derivatives (provided
in Table S4 in the Supporting Information). The results con-
firm a significantly larger dependence of the spin projection
on the exchange couplings for SG2009~! relative to YII-1°
and furthermore give an idea of the dependencies of specific
spin-projection coefficients on specific exchange couplings.
We note in passing that the slightly larger model 11 from
ref. [45] again presents a more stable situation, with comput-
ed spin-projection coefficients near those deduced from
Equation (15) for both B3LYP and TPSSh results (Table S3
in the Supporting Information).

We may thus ask if the HDvV Hamiltonian obtained by
fitting to the results of BS-DFT calculations is sufficiently
accurate to obtain numerically reliable spin-projection coef-
ficients. It seems that the answer to this question depends
on the topological stability of the spin-coupling pattern for a
given structural model. Note that the energy gap to the
lowest-lying excited spin state (S="2) is computed to be too
small in comparison with experimental estimates for both
functionals and both models (see above and Table 1). How
much would the exchange coupling constants have to
change to find agreement with these experiments? Not
much in fact. For the spin-coupling topology and oxidation-
state distribution of the $G2009~ model, idealized exchange
coupling constants of Jyz=—15, Jgp=+20, Jop=-20, and
Jac=Jsp=Jpc=0 (in cm™') would give a lowest-energy gap
of 28.7cm™, close to the experimental value of around
35cm . For the topology of YII-1°, an idealized coupling
pattern of Jyg=Jcp =430, Jgc=Jpp=—30, and Jyc=J,p=0
(in cm™") would provide a gap of 24.1 cm™', also close to the
experimental value. Both of these coupling schemes require
only relatively moderate changes in the exchange coupling
constants compared with the actually computed values but
provide improved energy gaps and spin-projection coeffi-
cients close to those of Equation (15).

We thus conclude that for complicated spin-coupled clus-
ters like those treated here, with very low-lying excited
states, the currently available accuracy of BS-DFT calcula-
tions is not sufficiently high to derive in all cases very relia-
ble Heisenberg coupling constants and therefore spin-pro-
jection coefficients from Equations (11)—(13) or to predict
the energy spectrum of the excited states with very high ac-
curacy. Apart from the limitations of the accuracy of the
BS-DFT approach itself (functionals, basis sets), we have to
take into account (see the discussion above) that the inclu-
sion of ZFS in the spin-projection scheme might affect the
computed hyperfine tensors more than differences between
the numerically computed spin-projection coefficients de-
rived from Equations (11)-(13) and the simplified ones from
Equation (15).

In the following discussion of hyperfine couplings, we thus
will prefer the simpler scheme based on Equation (15) for
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the spin projection. At the present level of accuracy of BS-
DFT calculations, we expect no significant loss of reliability
of computed hyperfine couplings in comparison with the nu-
merical procedure of refs. [45,66]. The simpler scheme has
the advantage of not requiring extra computations of inter-
mediate spin BS states and the numerical schemes of Equa-
tions (11)—(13). We emphasize that this does not invalidate
the full numerical fit, which is clearly the more complete
procedure provided that very accurate Heisenberg exchange
couplings are available. Moreover, inclusion of ZFS pre-
cludes simplifying assumptions based on spin topology and
will require a start from the full numerical treatment in any
case.

Mn hyperfine couplings: As discussed in the Theory sec-
tion, the very small manganese HFC anisotropies may be
critically affected by the neglect of the ZFS and are not ex-
pected to be very reliable. We note in passing that only the
computed anisotropies of the Mn™ site are significant
(Table S5 in the Supporting Information), whereas in the
simulations of the experimental spectra, the anisotropy is
more spread out towards the Mn'" centers, possibly due to
ZFS-related anisotropy transfer neglected in the present cal-
culations. While work on extended spin-projection schemes
including ZFS is ongoing, in its absence we will here con-
centrate on the computed isotropic HFCs, which are sum-
marized in Table 3 (scaled B3LYP results), for our two cen-
tral model complexes, comparing in both cases the three
possible S='/, BS states. The spin projection is based on
Equation (15), that is, ¢,=", (Mg;=+2), ;=" (Mg,=
+°h), c=c,=—1 (Mg3=Mg,=—>}). By using these generic
spin-projection coefficients, we have computed HFCs for all
three S='/, BS states of a given model. This allows further
insights into the dependence on the spin-coupling patterns.

Comparison with experiment should be made for A;,*,
empirically scaled by 1.45 (see the Computational Details
section).[”! We note in passing that spin—orbit corrections to
the isotropic HFCs (A"¢) are non-negligible, in the range of
5-10% of the nonrelativistic Fermi contact term (A"), a
typical magnitude for manganese HFCs.[**4%7] Scaled site
values a;,* are also given to see how the spin densities of
Mn™ and Mn" centers (see last column in Table 3 for Mul-
liken spin densities) correlate with the intrinsic hyperfine
values.

Three different sets of experimental HFC tensors ob-
tained in different simulations of the EPR and ENDOR
spectra are also given.’"? Their differences reflect not only
the different way in which the simulations were performed,
but also, in part, aspects of sample preparation. We thus
regard these data (Table 3) for the moment as a range to
compare with. All three sets feature one HFC near
300 MHz. Two of the sets have two HFCs near 200 MHz
and one near 250 MHz,?**l whereas the data of Charlot
et al.’! feature two HFCs near 250 MHz and only one near
200 MHz. Neither sign information nor any assignment of
the HFCs to specific manganese centers can be derived with
certainty experimentally. The additional value of 312 MHz

Chem. Eur. J. 2010, 16, 10424 -10438

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Table 3. Computed **Mn hyperfine tensors (in MHz) for different
broken-symmetry states of models $G2009~' and YII-1° and compared
with the results of EPR/ENDOR simulations.!!

BS state A *(site) At Ao Ape  Apc P
(AE)“’]
$G2009! ABCD A -233 —-299 —-206 —-191 —-15 293
(0) B —-191 191 132 120 12 -2.89
C -151 -259 —-179 -167 —-12 393
D -222 222 153 141 12 =297
ABCD A -236 236 163 151 12 -2091
(134) B -235 —-302 —-208 —-193 —-15 2.85
C —-144 247 —-170 —-159 —-12 393
D -243 243 168 156 12 —-2.96
ABCD A -180 180 124 113 12 -2.95
(619) B -201 201 139 127 12 -2.87
C —-100 -171 —-118 —-106 —12 3.92
D -191 —-245 —-169 —-154 —-15 2.99
YII-1 ABCD A -219 282 —195 —-179 —-15 295
0) B 207 207 143 130 13 -2.92
C —-190 190 131 119 12 -2.99
D -187 —-321 —222 -210 —12 3.84
ABCD A 222 222 153 141 12 -2.90
(401) B -262 —-337 =232 -216 -16 291
C -243 243 168 156 12 -—-2.84
D —-178 -305 -210 —198 —-12 3.80
ABCD A -181 181 125 114 11 290
(702) B —-199 199 137 124 —12 -2.84
C -219 —281 —194 —-179 —15 294
D -154 —-264 —-182 —-170 -11 3.80
exp.
Kulik 1 193
etall
2 205
3 245
4 295
Peloquin 1 245
et alld
2 200
3 297
4 217
Charlot 1 186
etall"
2 243
3 257
4 329
Teutloff 312
et al.ll

[a] Aj,* is the isotropic HFC after spin projection [according to the spin-
projection coefficients in Eq. (15)] and scaling by the empirical factor of
1.45 (cf. Computational Details), a;,* is the corresponding scaled site
value. Apc and Apc are the isotropic first-order Fermi contact and the
second-order pseudo-contact (spin-orbit) contributions to A;,. p** is the
Mulliken spin density at the manganese atom. [b] Spin-coupling pattern
of the BS states and energy relative to the lowest computed BS state (in
cm™) for a given model. [c] Simulation results from ref. [31]. [d] Simu-
lation results from ref. [30]. [e] Simulation results from ref. [32]. [f] HFC
for the site with the largest isotropic value, as obtained from the simula-
tion of single-crystal Q-band *Mn ENDOR for PSII from Th. elonga-
tus. ¥

of Teutloff et al.,*”! determined from single-crystal Q-band
ENDOR experiments, refers specifically to the largest HFC
(see also Table S5 for the corresponding tensor). We note in
passing that even a change in species from spinach to Th.
elongatus PSII or treatment with MeOH may visibly affect
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the splitting in the spectra in the order of about 10 MHz for
a given site.[""]

Examining first the site values, we note that the Mn™ site
(Mn¢ for $G2009~", Mnp, for YII-1°) provides in fact the
smallest absolute a;,*, in spite of the largest absolute site
spin density at this center (Table 3). This most likely arises
from some s character and thus direct contributions to the
spin density at the nucleus for this structurally distorted,
five-coordinate center.” Small intrinsic site values for pen-
tacoordinated manganese sites have also been found compu-
tationally for dinuclear Mn"Mn'"Y complexes.™ As the
Mn'" site is projected with the largest spin-projection coeffi-
cient (4'%;), the corresponding projected A;,* is not the
smallest absolute value anymore for most states, but it also
does not necessarily have to be the largest HFC. In fact, it
turns out to be the largest value for the lowest BS state of
YII-1°, but only the second largest for the lowest BS state of
SG2009~". This seems to be a notable result as it puts into
question the generally made assumption that the largest iso-
tropic HFC of the S, state pertains necessarily to the Mn™
site. The different BS states for a given model provide some-
what different patterns of HFCs, albeit the absolute values
for the two lowest-energy states do not differ very much
(ABCD and ABCD for $G2009', ABCD and ABCD for
YII-1°). Taking the lowest-energy BS state for both models
provides HFCs in reasonable agreement with the experi-
mental range. In fact, SG2009~" then provides almost perfect
agreement with the results of simulations presented in
refs. [30,31], with one HFC near 300 MHz, one near 250 Hz,
and two near 200 MHz, whereas YII-1° exhibits two HFCs
in the 300 MHz range. For the other models studied, results
for the lowest-energy BS state are summarized in Table S6
in the Supporting Information. Some models give agreement
with experiment that is similar to that of the two models
studied here in greater detail. The other twisted-core
models give values close to 400 MHz for Mny, likely due to
a six-coordination at this center, in contrast to model YII-1°
selected here for closer scrutiny (most models in ref. [45]
also gave one larger value). None of the other models pro-
vides better agreement than the energy-competitive model
SG2009~". However, in view of the approximations involved
currently in the spin projection (see the discussion above),
one should probably not over-rate the significance of the
exact values obtained.

11

Histidine N EPR parameters: As the computed isotropic
“Mn HFCs currently do not
seem to provide sufficiently

bound to the Mn™ center (Figure 1), in contrast to all other
models studied here or in ref. [45]. It is therefore of interest
to explore whether the computed HFC and NQC tensors
provide a means of distinguishing between a histidine bound
to an Mn™ or Mn'"v center. Experimentally, Yeagle et al.
found that, depending on the projection factors, the ob-
served N HFC could be assigned to either an Mn™ or an
Mn'V site, but the latter required more unusual intrinsic site
values.’”) No sign information has been deduced so far. Pre-
vious computations on dinuclear Mn"™Mn"" systems suggest-
ed that B3LYP without any scaling should provide reasona-
ble “N HFCs and NQC parameters after spin projec-
tion.*® The isotropic nitrogen HFC depends both on
SOMO spin delocalization onto s-type valence orbitals on
nitrogen and on spin polarization, two effects that may not
necessarily move in the same direction in different bonding
situations. It is thus more difficult to describe accurately
than HFC anisotropy. The histidine is modeled by an imida-
zole, which according to our experience® should provide
sufficiently accurate EPR parameters for the directly coordi-
nating N1 atom.

Model $G2009~! exhibits a smaller absolute isotropic site
value than YII-1°, but due to a larger spin-projection coeffi-
cient (4+'%, for Mn™ compared with —1 for spin-down
Mn"), the projected values are almost the same, about
4 MHz. This is too small in comparison with the approxi-
mate 7 MHz available from the ESEEM data. We may com-
pare this to our previous calculations on manganese catalase
at the same computational level,® which provided an abso-
lute N A, value of 4.7 MHz and may be compared with
the recent experimental value of 5.75 MHZz®™ (for Lactoba-
cillus plantarum). There is a tendency for too small isotropic
HFCs to be also computed for the other models examined
(see Table S7 in the Supporting Information), albeit one of
the dangler models (F-2*!) and two of the twisted-core
models give somewhat larger A, values close to 6 MHz.

Strikingly, however, model SG20097! is the only one
(Tables 4 and S7) that provides a reasonable N hyperfine
anisotropy. All other models give anisotropies lower by
more than a factor 2, including YII-1’. Note that the avail-
able ESEEM experiments have been simulated by axially
symmetrical HFC tensors,*®*! but the spectra do not ex-
clude rhombic tensors as found computationally. The larger
anisotropy for $G2009~! compared with the other models is
in part due to the larger projection factor for the Mn'
center and partly to a larger intrinsic anisotropy, consistent

Table 4. Comparison of the computed N HFC and NQC tensors with ESEEM data (in MHz).

diagnostic probes at the cur-

rent level of spin projection to BS  a,(site) A, T, T, T; eqQOlh 7] o?

distinguish between different state

structural models. we have ex. SG2009" ABCD —22 38 ~08 0.5 12 2.6 0.56 ~0.04
’ .. YII-1° ABCD —42 4.2 -0.4 0.1 0.2 1.91 0.99 0.05

te.nded the ‘study |t40 the histi- expl 74 063 063 126 23 08

dine (D1-His332) “N EPR pa- oy, 734020 —0.54+0.10 —054+0.10 1.04020 1.98+0.05 0.84+0.06

rameters (for N1 directly coor-
dinating Mn.). Notably, model
SG2009' has the histidine
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[a] Spin projection of the HFCs using the spin-projection coefficients of Equation (15), that is, +'% for
$G2009" and —1 for YII-1°. [b] Simulations based on Q- and K,-band ESEEM data®®! (no error bars given).
[c] Simulations based on X-, P-, and K,-band ESEEM data.*”!
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with recent calculations on dinuclear Mn™Mn'"Y complexes
in which clearly larger anisotropies of the nitrogen hyperfine
tensors were found for ligands bound to the Mn™ than to
the Mn'" center.” Very recent ESEEM results for two di-
manganese catalases identified two histidine ligands coordi-
nated to manganese, one to the Mn", and one to the Mn™
center.™ In this case, both the larger A, and A, were as-
signed to the Mn'" site. These results for the N HFC ten-
sors are thus consistent with the histidine being bound to
the unique Mn™ center, as suggested by the ESEEM re-
sults.” Although we bear in mind the approximate spin
projection (neglect of ZFS), this agreement is further sup-
port for the energetically favorable model SG2009~! as this
is the only one of those considered so far that is computed
to have Mn'™ at the Mnc site. Notably, in the most recently
suggested reaction mechanism associated with the model,
Mn is the center that binds an external water molecule and
is oxidized to Mn"" during the S,-S; reconstruction step and
the site at which a crucial oxygen radical is formed in the
S;-S, transition.

The nuclear quadrupole coupling constant e’gQ/h is re-
produced well by all models (Tables4 and S7, with
SG2009~" too high and the other models too low by about
0.4 MHz) and it is in a similar range as found for superoxi-
dized dimanganese catalase!™
and for other imidazole imino
nitrogen atoms coordinated to

FULL PAPER

plied “C ENDOR to the S, state for PSII preparation in
which either all the alanine carboxylate carbons or all the
carbon atoms were “C-labelled for comparison with the
bridging carboxylate in a dinuclear Mn™Mn" complex.
They concluded that the D1 polypeptide terminus is bound
to manganese. In the simulations of the ENDOR spectra,
Stull et al. had to make a number of assumptions, which in-
volved dipolar HFCs estimated by the point-dipole approxi-
mation from the different known X-ray structures. For both
models evaluated here, D1-Ala344 is most likely coordinat-
ed as a bridging ligand between Mnp, and the calcium atom.
However, in view of the uncertainties in the X-ray structure
determinations due to radiation damage, this is so far a
highly speculative assignment. To see to what extent the hy-
perfine couplings could be characteristic of the bonding
mode, we compute here the *C HFC tensors for all carbox-
ylate ligands present in the $G2009 ! and YII-1° models.
Table 5 summarizes the computational results obtained
for the lowest BS state of each model (as for "N HFCs, no
scaling of the B3LYP HFCs was carried out here), in which
the alanine is bonded to one manganese center (in the
London X-ray structure, the alanine is suggested to be
bonded only to calcium, an alternative disfavored in
ref. [40]), and compares them with ENDOR data. For car-

Table 5. Comparison of computed *C HFC tensors for different carboxylato ligands with ENDOR data for
BC-labelled PSII D1-Ala344 (in MHz).

metal centers.’!! The asymme-

try parameter |77| is less well : Position Projection a;o(site) Aigo T, T, T, fokad
reproduced. The experimental 5G2009 Mnp-Ca'” 2.1 —2.1 -15 0.7 0.8 —0.005
. ABCD Mn,—term.! 1.8 2.3 -1.3 -0.9 2.3 0.009
value of around 0.8 is larger Mn—term. 31 53 _14 11 75 0.005
than for dimanganese cata- Mn,—Mng Mn Al —0.1 —0.1 29 0.5 23
lase® and other metal-coordi- Mn B9 0.1 —0.1 22 0.4 18
nated imidazole ligands.”! Weighte[d|[°] -0.1 25 0.5 2.1 —0.002
1. Mngz-Mnp, Mn B 1.9 -1.9 -1.5 0.2 1.3
Model SG2009" gives a l(f)wer Mn DU 19 _19 15 02 13
value and model YII-1 a weightedM 19 ~15 0.2 13 —0.002
higher one (Table 4). The other Mn—Mny, Mn Cll 1.4 -23 -2.8 -0.5 33
models provide a rather large Mn DI 18 -18 22 -04 2.6
spread for this parameter VL " u welghtedM 2.1 =25 —-0.4 3.0 —0.003
. - nD-Ca 0.6 1.1 -1.0 -0.8 1.8 0.003
(Table S7) with none of the ,pcp Mn —term.! 18 24 —09  -08 17 0.003
twisted-core models reproduc- Mnterm.™ 28 2.8 -18 0.5 1.3 ~0.003
ing experimental values very Mn,-Mng Mn Al -0.1 -0.1 -2.2 -0.3 2.5
well. However, it appears that Mn B 0.1 —0.1 —17 —03 20
the uncertainties obtained for weighted' -0l -20 -03 23 -0.003
) ; ) Mng-Mny, Mn B —-1.1 1.1 -22 —0.5 2.7
|7]| in the ESEEM simulations Mn DI 0.8 14 28 —07 35
are also considered larger than weighted!(®! 12 -25 —-0.6 3.1 —0.002
those for e’qQ/h. For example, Mn-Mny, Mn C[:] —0.3 0.3 -22 —0.1 2.3
for the Mn' site in two differ- Mn D 02 0.3 -28 0L 30
. weighted!(®! 0.3 -25 -0.1 2.6 —0.001
ent dimanganese catalases exp. structurel
(from Lactobacillus plantarum Loll 12 22 0.8 1.4
and Thermus thermophilus), the Guskov 1.0 2.0 -1.5 35

measured |7| values differed
significantly,®’  whereas the
€’qQ/h values agreed closely.

[a] Results for carboxylate bridging Mnp, and Ca. [b] Results for terminal carboxylate. [c] HFC data for bridg-
ing carboxylate using spin-projection coefficient for the first center. [d] HFC data for bridging carboxylate
using spin-projection coefficient for the second center. [e] HFC tensor for bridging carboxylate calculated by

weighting the differently projected tensors with the corresponding Mn—"*C distances. [f] Simulations based on

Carboxylate C hyperfine ten-
sors: Recently, Stull et al.*! ap-
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Q-band Mims ENDOR data.l*” The results are based on a weighted spin projection using distances from dif-
ferent X-ray structures by Loll et al.’! and Guskov et al. (A. Guskov, J. Kern, A. Gabdulkhakov, M. Broser,
A. Zouni, W. Saenger, Nat. Struct. Mol. Biol. 2009, 16, 334-342 (see text).!*!
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boxylates that symmetrically bridge two manganese sites, we
have spin-projected the intrinsic HFC tensors first for either
of the two sites [according to the spin-projection coefficients
of Eq.(15)] and then averaged the two resulting coupled
tensors. A distance-weighted averaging gave identical results
due to the essentially symmetrical bridge (no spectral simu-
lations along these lines are available so far). For terminal
or Mn-Ca bridging carboxylates, spin-projection factors
were taken only for the directly bonded manganese site in
the given BS state.

The data in Table 5 indicate that it is difficult to give a
unique assignment for two reasons: 1) Several bonding sit-
uations provide rather similar projected tensors and 2) the
uncertainties and approximations involved in the ENDOR
simulations are too large. We may, however, exclude a few
possibilities. In particular, it appears 1) that a terminal car-
boxylate on Mn without compensation of its negative
charge gives isotropic HFCs that are much too large. This
holds particularly for $G2009™" in which Mn is the Mn™
site. 2) A carboxylate bridging the antiferromagnetically
coupled Mn"-Mn"" pair, Mn,—Mnj, exhibits a vanishing iso-
tropic HFC for both models. This also seems to be in disa-
greement with the ENDOR spectra.”

The apparently best overall agreement with the simula-
tion results would be for an Mng-Mny, bridging site in YII-
1°. Carboxylates bridging Mng and Mnp, or Mn¢ and Mnp, in
SG2009 ! give larger A, values than the ENDOR simula-
tions, but this may be within the combined uncertainties of
the computations and simulations.*”) Symmetrically bridging
carboxylates generally provide larger HFC anisotropies and
larger rhombicities than terminal or Mnp—Ca bridging li-
gands, but this may also be outside the current accuracy of
the measurements.

Conclusion

The computation of EPR parameters for different structural
models of the OEC and their comparison with experimental
data provides the intriguing possibility of reducing the
number and type of acceptable structural models. Owing to
the electronic complexity of the spin-coupled tetranuclear
cluster, BS-DFT calculations followed by spin projection are
currently the only way to access the parameters of the EPR,
ENDOR, or ESEEM spectra of the OEC in a meaningful
way by quantum-chemical methods. Close analysis of a re-
cently suggested procedure for obtaining the necessary spin-
projection coefficients by a numerical fit of the HDvV Ham-
iltonian indicates that the currently available accuracy of
BS-DFT is not generally sufficient to arrive at very reliable
coefficients. Together with the possible importance of the
currently neglected ZFS contributions to the spin-projection
matrices, this limits the accuracy of computed hyperfine cou-
pling tensors. Alternative spin-projection coefficients based
on the consideration of some inter-relations between the
Heisenberg exchange coupling constants provide a simpli-
fied and more easily applicable projection scheme with little
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loss of accuracy. We also found that the exchange coupling
constants computed here overall exhibit far smaller values
than assumed before from the knowledge of dinuclear
Mn™Mn" complexes. This is an important observation, as
substantial structural conclusions have frequently been
based on the assumed, much larger antiferromagnetic cou-
plings.

Computed *Mn HFCs for a recently refined, energetically
feasible, and mechanistically based model cluster, SG2009~!,
agree excellently with the results of EPR and ENDOR spec-
tra simulations for the S, state, but other models provide
almost as good agreement within the expected accuracy of
the computational scheme. Current work concentrates on
improved projection schemes, including zero-field splitting
effects for improved accuracy and access to the HFC aniso-
tropies. An interesting observation of this work is that, due
to the relatively small intrinsic HFC for the five-coordinate
Mn'™ site, the computed projected value is not guaranteed
to be the largest of the four manganese HFCs. The latter as-
sumption seems to be intrinsic to previous interpretations of
the spectral simulations, a point that may have to be recon-
sidered.

Most notably, the present extension to ligand magnetic
resonance parameters provides further insights: Although
the computed isotropic N HFCs for a coordinated histidine
tend to underestimate experimental values somewhat, the
“N HFC anisotropies appear particularly informative.
S$G2009 ' is singular among the more widely considered
models in having the histidine residue D1-His332 bound to
the unique Mn'" center of the S, state. The computed “N
HFC anisotropy for this model is more than a factor of two
larger than for all other models and agrees closely with the
simulation of the ESEEM spectra. This is partly due to an
intrinsically larger anisotropy and partly due to the larger
spin-projection coefficient for the Mn' site, and it agrees
with the interpretation of the experiments. Even with the
limitations of the spin-projection procedures in mind, this
provides support for the SG2009~" model and for the consid-
erations attached to it regarding the reaction mechanism of
water oxidation by the OEC. This indicates furthermore
that hyperfine couplings of ligands bonded to the OEC may
provide even more diagnostic probes than the Mn HFCs.
As a further example, *C HFCs have been computed for a
variety of carboxylate carbon nuclei in the ligand framework
of the models. The introduction and study of specifically iso-
tope-labeled amino acids or substrate analogues into the
OEC is currently a very active area of research. In combina-
tion with quantum-chemical calculations like those present-
ed here, such experiments may provide substantial further
insights into all S states of the OEC observable by magnetic
resonance techniques.
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