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Abstract: This paper introduces structural models of the oxygen-evolving complex of photo-
system II (PSII) in the dark-stable S1 state, as well as in the reduced S0 and oxidized S2 states,
with complete ligation of the metal-oxo cluster by amino acid residues, water, hydroxide, and
chloride. The models are developed according to state-of-the-art quantum mechanics/molecular
mechanics (QM/MM) hybrid methods, applied in conjunction with the X-ray crystal structure of
PSII from the cyanobacterium Thermosynechococcus elongatus, recently reported at 3.5 Å
resolution. Manganese and calcium ions are ligated consistently with standard coordination
chemistry assumptions, supported by biochemical and spectroscopic data. Furthermore, the
calcium-bound chloride ligand is found to be bound in a position consistent with pulsed electron
paramagnetic resonance data obtained from acetate-substituted PSII. The ligation of protein
ligands includes monodentate coordination of D1-D342, CP43-E354, and D1-D170 to Mn(1),
Mn(3), and Mn(4), respectively; η2 coordination of D1-E333 to both Mn(3) and Mn(2); and ligation
of D1-E189 and D1-H332 to Mn(2). The resulting QM/MM structural models are consistent with
available mechanistic data and also are compatible with X-ray diffraction models and extended
X-ray absorption fine structure measurements of PSII. It is, therefore, conjectured that the
proposed QM/MM models are particularly relevant to the development and validation of catalytic
water-oxidation intermediates.

1. Introduction
The photosynthetic water-oxidation reaction in the thylakoid
membranes of cyanobacteria and green-plant chloroplasts
releases O2(g) into the atmosphere according to the four-
electron water-splitting reaction

The water-oxidation reaction, given by eq 1, is catalyzed
by the so-called oxygen-evolving-complex (OEC) of pho-
tosystem II (PSII). This paper develops chemically sensible
models of the OEC of PSII in which the Mn3CaO4Mn cluster
is completely ligated by amino acid residues, water, hydrox-
ide, and chloride ions. State-of-the-art quantum mechanics/

molecular mechanics (QM/MM) hybrid methods1-3 are
applied in conjunction with the X-ray crystal structure of
PSII from the cyanobacteriumThermosynechococcus elon-
gatus,4 explicitly addressing the perturbational influence of
the surrounding protein environment on the structural and
electronic properties of the OEC. The resulting structural
models are analyzed by comparison to a large body of
experimental data and mechanistic hypotheses of photosyn-
thetic oxygen evolution.5

In contrast to chemical and electrochemical water oxidation
reactions, which are thermodynamically highly demanding,
the OEC-catalyzed water-splitting mechanism proceeds with
very little driving force and requires only moderate activation
energies.6-9 Moreover, PSII turns over very rapidly, produc-
ing up to 50 dioxygen molecules per second. The high
efficiency of the reaction has motivated extensive spectro-
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2H2O(l) f O2(g) + 4H+ + 4e- (1)
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scopic and biochemical studies of PSII.5,6,10,11However, the
complexity of the system and the lack of a complete and
unambiguous structure of the OEC have so far hindered the
development of rigorous theoretical studies, limiting calcula-
tions to QM descriptions of inorganic complexes isolated
from the influence of the actual protein environment (see
ref 12 and references therein), or more complete OEC models
built according to classical MM methods.13,14Therefore, the
development of computational studies in which both the
intrinsic properties of the cluster and the influence of the
protein environment are explicitly considered has yet to be
reported and is the subject of this paper.

A complete functional model of the OEC remains elusive,
although extensive work over many years of study has
provided considerable insight into the OEC functionality and
the underlying catalytic mechanism of photosynthetic water
oxidation. It is, nowadays, established that photoabsorption
by the specialized chlorophylla species, P680, triggers a
chain of electron transfer (ET) reactions (see Figure 1). The
excited singlet state of P680 decays to the oxidized state
P680+ by ET to a nearby pheophytin (Pheo) in about 2 ps
after photoexcitation of P680. The charge-separated state is
stabilized by a subsequent ET to a primary quinone electron
acceptor (QA), which functions as a one-electron carrier, and
subsequently to a secondary quinone electron acceptor (QB),
which functions as a two-electron carrier, exchanging with
free quinone upon two-electron reduction. The photo-

oxidized chlorophylla species P680+ is reduced by a redox-
active tyrosine (YZ), which is, in turn, reduced by the
oxidation of water, catalyzed by the OEC.

The catalytic cycle of Joliot et al. and Kok et al.15,16 (see
Figure 2) constitutes the basis of our current understanding
of photosynthetic water oxidation as well as the foundation
for further studies on the chemical nature of the reaction
intermediates. The Kok cycle includes five oxidation states
of the OEC, which are called storage states or simply “S
states”. Each photoinduced ET from P680 to QA oxidizes
the OEC to a higher S state. The most oxidized state (S4) is
quickly reduced to the S0 state by the four-electron water-
oxidation reaction, given in eq 1. In the dark, the S0, S2, and
S3 states are meta-stable and transform into the S1 state within
minutes (Figure 2, dashed lines). Hence, extensively dark-
adapted samples contain only the S1 state. Because this is
the most easily characterized S state, it is our starting point
for structural studies of the OEC of PSII. A number of
structural models of the OEC6-9,11,12,17,18with mechanistic
implications5,13,14,18-23 have been proposed in attempts to
rationalize the catalytic cycle at the detailed molecular level.
However, many fundamental aspects of the proposed mech-
anisms and structure intermediates are the subject of current
debate.14,18,19In fact, unequivocal functional models of the
OEC S states are yet to be established.

Until recently, all structural information regarding the OEC
and its local environment has been derived from a variety
of spectroscopic and biochemical techniques,11,24-27 including
electron paramagnetic resonance (EPR) spectroscopy,23,28-32

X-ray absorption spectroscopy (XAS),33-38 optical spec-
troscopies,39 Fourier transform infrared spectroscopy,40-44 and
site-directed mutagenesis.45-48 In recent years, however,
several groups have published X-ray diffraction structures
of PSII from the cyanobacteriaThermosynechococcus elon-
gatusand ThermosynechococcusVulcanus, yielding struc-
tures at 3.0-3.8 Å resolution.4,49-52 In particular, the recently
published X-ray crystal structure of cyanobacterial PSII (PDB
access code 1S5L)4 resolves most of the amino acid residues
in the protein and nearly all cofactors at 3.5 Å resolution
and suggests an atomic model of the OEC metal center (see
Figure 3), providing a great opportunity for rigorous theoreti-
cal studies.

There are many aspects of the X-ray diffraction structure
that have met with criticism, including both the geometric
features of the Mn cluster36,38 and the proposed ligation
scheme.13,14,19,42-44 In addition to the moderate resolution,

Figure 1. PSII complex and its antenna system, consisting
of more than 20 protein subunits, either embedded in the
thylakoid membrane or associated with its lumenal surface.
Light energy is trapped predominantly by the outer antenna
and transferred to the photochemically active reaction center,
via light-harvesting proteins CP47 and CP43, where it is used
to drive the water-splitting reaction at the OEC. The electrons
extracted from water are passed from the lumenally located
Ca/Mn cluster to P680+ via D1-Y161 (TyrZ or YZ), a process
that is coupled to ET from P680 to pheophytin (Pheo), to
quinone electron acceptor QA, and onto quinone electron
acceptor QB, near a nonheme iron group, defining the ET
pathway marked by the solid arrows. Broken arrows indicate
secondary ET pathways, which may play a photoprotective
role. The protons and molecular oxygen produced during the
water-splitting reaction are released into the lumen.

Figure 2. Kok cycle describing photosynthetic water oxidation
by the reduction of the OEC from the S4 to the S0 state. Dotted
arrows indicate reactions that relax the system back to the
dark stable state S1 within minutes. For simplicity, depro-
tonation reactions during the S0 f S1, S2 f S3, and S3 f S4

oxidation steps are omitted.
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the X-ray diffraction data might correspond to a photo-
reduced Mn cluster due to the high doses of X-rays
employed.4,53 Therefore, the proposed X-ray diffraction
models of the OEC remain rather controversial.

In fact, to date, the precise positions of the individual Mn
ions could not be resolved in any X-ray diffraction model
because the coordinate error in the resulting density maps is
usually as high as 1 Å50 and the resolution of bridging ligands
is typically out of reach.36 Because of these limitations, the
model of the OEC metal center in the 1S5L structure,
including the “3 + 1 Mn tetramer” proposed by EPR
spectroscopic studies,23,35has been based both on the overall
electronic density maps and on the Mn-Mn distances
reported by previous XAS studies.20,54,55The proposed Mn
tetramer (see Figure 3) takes the form of a Mn3CaO4 cuboidal
cluster, including three closely associated manganese ions
linked to a singleµ4-oxo-ligated Mn ion, often called the
“dangling manganese ion”. The proposed cuboidal model is
still the subject of current debate36 and disagrees with
previously proposed structures in which three Mn ions were
placed roughly at three corners of an isosceles triangle, with
the fourth Mn ion at the center of the triangle either
protruding toward the lumenal surface of the membrane49,50

or parallel to it.52 The 1S5L crystallographic model also
assigns potential protein ligands to the cluster (see Figure
3), including several amino acid residues already thought to
be ligands on the basis of site-directed mutagenesis and
spectroscopic studies.47,48 However, the number of protein
ligands is surprisingly small, especially considering that Mn
ions in high-oxidation states are usually coordinated by five
or six ligands. The X-ray structure makes up for part of the
ligand deficit by suggesting the presence of a bicarbonate
anion bridging Ca2+ and Mn(4). Furthermore, a number of

small, nonprotein ligands, such as substrate and nonsubstrate
water molecules, as well as hydroxide and chloride ions, are
not visible at the current resolution.

Considering that QM/MM studies have played an essential
role in revealing structure-function relations in a variety of
other biological systems,3,56-71 it is expected that many of
the controversial aspects of PSII could be resolved by
combining the analysis and interpretation of experiments with
rigorous QM/MM studies. Despite the incomplete and
somewhat provisional nature of the 1S5L crystallographic
structure, the proposed cluster architecture constitutes the
most valuable point of departure for developing complete
functional models of the OEC. The structural models
developed in this paper, therefore, build upon the 1S5L
structure. Density functional theory (DFT) QM/MM hybrid
methods are applied to obtain completely ligated model
structures of the OEC in the S1 state, in an effort to determine
whether the proposed 1S5L architecture can lead to a
chemically sensible molecular structure of the hydrated OEC
in the S1 state with a complete coordination by water, protein
ligands, hydroxide, and Cl- ions. The resulting QM/MM
structural models are analyzed in terms of the intrinsic
structure of the proposed Mn3CaO4Mn unit, embedded in
the protein environment, as compared to structural XAS data.
Some of the important questions addressed by the structural
analysis are as follows: How many Mn-Mn vectors of∼2.7
Å are predicted by QM/MM models in the S1 state? What is
the most likely binding site for chloride? What proteinaceous
ligating motifs give rise to the observed Mn-Mn distances?
Finally, considering that water is the substrate for the catalytic
reaction and that the positions of water molecules are unlikely
to be resolved even by considerably higher-resolution X-ray
structures, what are the implied locations of water molecules?
Are those compatible with catalysis? The analysis of these
fundamental aspects suggests that QM/MM hybrid methods,
applied in conjunction with the X-ray crystallographic data,
can considerably extend the description of the OEC into
chemically sensible models with complete coordination of
the metal cluster.

The paper is organized as follows. Section 2 describes the
methodology, including the preparation of QM/MM structural
models, the description of the QM/MM methodology, and
the theoretical methods applied for simulations of extended
X-ray absorption fine structure (EXAFS) spectra. Section 3
presents the results and a discussion with emphasis on
mechanistic implications. Section 4 summarizes and con-
cludes.

2. Methodology
2.1. Molecular Models.Molecular models are based on the
1S5L X-ray crystal structure of PSII (see Figure 3).4 The
models build upon previous work,13,14explicitly considering
1987 atoms of PSII, including the proposed Mn3CaO4Mn
unit and all amino acid residues withR-carbons within 15
Å from any atom in the OEC metal ion cluster, with the
addition of a buffer shell of amino acid residues with
R-carbons within 15-20 Å from any atom in the OEC ion
cluster. The coordination of the Mn ions was completed by

Figure 3. X-ray structure of the OEC of PSII.4 Upper and
lower panels show the OEC and surrounding residues in
mono- and stereoviews, respectively. Note that all amino acid
residues correspond to the D1 protein subunit, unless other-
wise indicated.
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hydration, assuming a minimum displacement of the ligating
residues from their crystallographic positions and the usual
coordination of five or six ligands to Mn ions with oxidation
states III and IV, respectively. The variable coordination of
calcium, typically with six to eight ligands, was satisfied by
the coordination resulting from geometry optimization of the
water molecules and negative counterions.

The 1S5L X-ray crystal structure of the OEC is consistent
with several possible binding sites for water molecules,4

including Ca2+ as suggested by18O isotope exchange
measurements.26,72 Hydrated models were constructed by
“soaking” the molecular structures in a large box containing
a thermal distribution of water molecules and keeping those
water molecules that did not sterically interfere with the
protein residues or with existing water molecules in the
model.14 The complete structures were subsequently relaxed.
Because geometric optimization often creates new cavities,
a series of soaking and relaxation procedures was applied
until the number of water molecules converged. Such a
computational protocol usually resulted in the addition of
∼85 water molecules, with a few of them (up to six
molecules) attached to calcium and manganese ions in the
cuboidal Mn3CaO4Mn cluster. Two of the ligated waters
bound to Ca2 + and Mn(4) are probable substrate water
molecules, responsible for O-O bond formation in the S4
f S0 transition. The resulting hydration of the cluster is,
thus, roughly consistent with pulsed EPR experiments, which
reveals the presence of several exchangeable deuterons near
the Mn cluster in the S0, S1, and S2 states.23

2.2. QM/MM Hybrid Approach. QM/MM computations
are based on the two-layer ONIOM electronic-embedding
(EE) link-hydrogen atom approach2 as implemented in
Gaussian 03.73 The ONIOM QM/MM methodology could
only be efficiently applied to studies of the OEC of PSII
after obtaining high-quality initial-guess states for the ligated
cluster of Mn ions (i.e., the reduced system) according to
ligand field theory74 as implemented in Jaguar 5.5.75 The
resulting combined approach allowed us to exploit important
capabilities of ONIOM, including both the link-hydrogen
atom scheme for efficient and flexible definitions of QM
layers and the possibility of modeling open-shell systems
by performing unrestricted DFT (e.g., UB3LYP) calculations.

The ONIOM-EE method is applied by partitioning the
system, as described in Figure 4, according to a reduced

molecular domain (region X) that includes the Mn3CaO4-
Mn complex and the directly ligating proteinaceous car-
boxylate groups of D1-D189, CP43-E354, D1-A344, D1-
E333, D1-D170, D1-D342, and the imidazole ring of D1-
H332,76 as well as bound water molecules, hydroxide, and
chloride ions. The rest of the system defines region Y. The
QM/MM boundaries are defined for the corresponding amino
acid residues (i.e., D1-D189, CP43-E354, D1-A344, D1-
E333, D1-D170, D1-D342, and D1-H332), by completing
the covalency of frontier atoms according to the standard
link-hydrogen atom scheme depicted in Figure 4.

The total energyE of the system is obtained at the
ONIOM-EE level from three independent calculations as
follows

where EMM,X +Y is the energy of the complete system
computed at the molecular-mechanics level of theory, while
EQM,X and EMM,X correspond to the energy of the reduced
system computed at the QM and MM levels of theory,
respectively. Electrostatic interactions between layers X and
Y are included in the calculation of bothEQM,red andEMM,red,
at the quantum mechanical and molecular mechanical levels,
respectively. Therefore, the electrostatic interactions com-
puted at the MM level inEMM,red andEMM,full cancel. Thus,
the resulting QM/MM evaluation of the total energy at the
ONIOM-EE level includes a quantum mechanical description
of polarization of the reduced system due to the electrostatic
influence of the surrounding protein environment. The
analogous QM/MM method where the polarization of the
reduced system is neglected is called ONIOM molecular
embedding (ME). The self-consistent polarization of the
protein environment is modeled according to the “moving
domain-QM/MM” (MoD-QM/MM) approach,3 outlined in
section 2.3.

The efficiency of the QM/MM calculations is optimized
by using a combination of basis sets for the QM layer,
including the lacvp basis set for Mn ions in order to consider
nonrelativistic electron core potentials, the 6-31G(2df) basis
set for bridging O2- ions in order to include polarization
functions onµ-oxo bridging oxides, and the 6-31G basis set
for the rest of the atoms in the QM layer. Such a choice of
basis set has been validated through extensive benchmark
calculations on high-valent manganese complexes.12,77 The
molecular structure beyond the QM layer is described by
the Amber MM force field. Fully relaxed QM/MM molecular
structures are obtained at the ONIOM-EE (UHF B3LYP/
lacvp,6-31G(2df),6-31G:AMBER) level of theory by geom-
etry optimization of the complete structural models in the
presence of a buffer shell of amino acid residues with
R-carbons within 15-20 Å from any atom in the OEC ion
cluster. These are subject to harmonic constraints in order
to preserve the natural shape of the system.

The electronic states of the structural models, fully relaxed
at the ONIOM QM/MM level of theory, involve antiferro-
magnetic couplings between manganese centers. These
couplings define broken-symmetry states, providing multi-
configurational character to the singlet state S1.78-81 A typical
optimization procedure involves the preparation of the QM

Figure 4. Partition of the biomacromolecular system into a
reduced system (region X) and the surrounding molecular
environment (region Y).

E ) EMM,X +Y + EQM,X - EMM,X (2)

1122 J. Chem. Theory Comput., Vol. 2, No. 4, 2006 Sproviero et al.



layer in various possible initial spin states, stabilized by
specific arrangements of ligands. The subsequent geometry
relaxation, carried out at the ONIOM DFT-QM/MM level
of theory, locally minimizes the energy of the system by
finding the optimized geometry and spin-electronic state. The
purity of the state is preserved throughout the geometry
optimization process, in the event that the initial-guess
electronic state is compatible with the geometry of the Mn3-
CaO4Mn cluster and the specific arrangement of ligands, and
there are no other spin states of similar energy found along
the optimization process. Otherwise, the optimization process
changes the electronic spin state to the ground electronic-
state symmetry of the corresponding nuclear configuration.
The resulting optimized structures are analyzed and evaluated
not only on the basis of the total energy of the system but
also as compared to structural, electronic, and mechanistic
features that should be consistent with experimental data.

2.3. Polarization of the Protein Environment.Modeling
the electrostatic interactions between the QM and MM layers
of the OEC of PSII is a challenging task because the high-
valent multinuclear oxomanganese cluster Mn3CaO4Mn is
embedded in a polarizable protein environment, ligated by
protein ligands, water, hydroxide, and chloride ions. To
describe the resulting self-consistent polarization of the
system, the ONIOM-EE method has been applied in con-
junction with the MoD-QM/MM computational protocol.3

The protocol MoD-QM/MM involves a simple space
domain decomposition scheme where electrostatic potential
(ESP) atomic charges of the constituent molecular domains
are computed, to account for mutual polarization effects, and
iterated until obtaining a self-consistent point-charge model
of the electrostatic potential. This is particularly relevant for
systems where polarization effects make inappropriate the
use of standard molecular mechanics force fields.

Figure 5 shows a color map of the OEC residues,
displaying differences in atomic charges obtained by con-
sidering, or neglecting, the mutual electrostatic influence at
the ONIOM-EE and ONIOM-ME levels of theory, respec-
tively. The residues that are more significantly polarized by
the oxomanganeses cluster are CP43-R357, D1-H337, D1-
Q165, D1-Y161, D1-N87, D1-H190, D1-D61, and D1-V185,
in addition to the residues directly ligated to Mn ions.
Furthermore, it is shown that protein polarization, induced
by the high-valent multinuclear oxomanganese cluster ions,
usually introduces small corrections (∼7-20) to the values
of atomic charges of surrounding amino acid residues.
However, summing these corrections over the whole QM-
MM interface typically corrects the total QM/MM energy
by 10-15 kcal/mol. The overall energy correction is, thus,
significant (e.g., comparable to the energy-level splitting
between high-spin and low-spin states of the Mn tetramer)
and, therefore, necessary for accurate descriptions of the
structure of the OEC of PSII.

2.4. EXAFS Simulations.Simulations of EXAFS spectra
of the proposed structural models allow one to make direct
comparisons with experimental data. Simulations of EXAFS
spectra consider that a monochromatic X-ray beam is directed
at a sample and that the photon energy of the X-rays is
gradually increased such that it traverses one of the absorp-
tion edges of the elements contained within the sample. When
the energy is below the absorption edge, the photons cannot
excite the electrons of the relevant atomic level, and thus,
absorption is low. On the other hand, when the photon energy
is sufficiently high, a deep core electron is excited into a
state above the Fermi energy. The resulting increase in
absorption is known as the absorption edge. The ejected
photoelectrons usually have low kinetic energy and can be
backscattered by the atoms surrounding the emitting atom
source. The interference of these outgoing photoelectrons
with the scattered waves from atoms surrounding the central
atom causes EXAFS. The regions of constructive and
destructive interference are seen as local maxima and minima
giving rise to oscillations in EXAFS intensities. These
oscillations can be used to determine the atomic number,
the distance and coordination number of the atoms surround-
ing the element whose absorption edge is being examined,
the nature of neighboring atoms (their approximate atomic
number), and changes in central-atom coordination with
changes in experimental conditions.

The theory of the oscillatory structure, due to scattering
of the photoelectron (emitted upon absorption of the X-ray)
by atoms surrounding the emitting atom, was originally
proposed by Kronig82,83 and worked out in detail by Sayers
et al.,84 Stern,85 Lee and Pendry,86,87 and Ashley and
Doniach.88 Here, we outline only briefly the calculation of
a typical EXAFS experiment, where a monochromatic X-ray
beam passes through a homogeneous sample of uniform
thicknessx.

The absorption coefficientµ(E) is related to the transmitted
(I) and incident (I0) fluxes by I ) I0 exp[-µ(E)x]. In the
weak-field limit, it is assumed that the main contribution to
XAS comes from a dipole-mediated transition. In particular,
when an electron in a deep core statei is excited into an

Figure 5. Quantitative analysis of the effect of protein
polarization on the charge distribution of amino acid residues
surrounding the Mn3CaO4Mn cuboidal cluster of the OEC.
Blue (red) colors indicate an increase (decrease) in electronic
density due to polarization effects (maximum differences,
indicated by bright coloring, correspond to changes of atomic
charges of about (15-20%). Note that all amino acid
residues correspond to the D1 protein subunit, unless other-
wise indicated.
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unoccupied statef, the absorption probability is given by
time-dependent perturbation theory and is proportional to the
square of the transition matrix element:

whereEF is the Fermi energy andε̂ and κb are the X-ray
electric polarization and the wave vector, respectively. In
the dipole approximation, the exponential is neglected and
the absorption probability is independent of the direction of
the sample axes with respect toε̂.

There are two ways to solve eq 3. One method involves
finding an adequate representation of thei and f states and
then evaluating the integral directly. The other approach
involves multiple scattering theory, where eq 3 can be written
as follows:

with G and Θ representing the Green and Heaviside
functions, respectively.

The results reported in this paper are based on the real
space Green’s function (RSGF) approach,89 which has several
advantages over traditional electronic-structure methods,
especially for complex systems. The RSGF approach is
essential for processes such as X-ray absorption, where
symmetry-breaking effects (e.g., the photoelectron mean free
path damping due to core-hole and inelastic losses) must be
taken into account.

The central quantity in RSGF calculations is the matrix
form of the propagatorGL′R′,LR(E) in a representation|LR〉
) i lj l(krR)Ylm(r̂R), for siteR and angular momentumL ) (l,
m), whererbR ) rb - RB andL ) (l, m). The matrix elements
represent the transition amplitudes for an electron to propa-
gate between states|LR〉 and|L′R′〉, satisfying the multiple-
scattering equations90 for a cluster withNR sites,

Here, the matrix indices are suppressed for simplicity,GC

represents the central atom contribution,GSC is the scattering
part from the surroundings,G0 represents the damped free
propagators, andT is the dimensionless scattering matrix
which incorporates the spherical scattering potentials in terms
of partial phase shifts for individual sites.

Once the propagator is obtained by solving eq 5, many
physical quantities can be calculated. For example, the
contribution to the X-ray absorption spectra from a given
site and final state angular momentumL (with a relaxed core
hole) is given by the golden rule expression

where ML(E) ) 〈L, 0|ε̂rb|c〉 is a transition dipole matrix
element between the atomic core state and a local final state
|L, 0〉, with ε̂ being the X-ray polarization vector.

The total absorption coefficientµ(E) can be conveniently
described as the isolated atom absorptionµ0(E) times a
correction factor:µ ) µ0(1 + ø), whereø is the fractional
change in absorption coefficient induced by neighboring
atoms. Within the context of the single scattering approxima-
tion, a simple expression forø is known as ‘the standard
EXAFS equation’ for K-edge excitation.84 According to such
an equation, the contribution to EXAFS of an atom (index
i) is given by

wherek is the wave vector modulus for the photoelectron;
Ni is the number of atoms of typei at distanceRi from the
absorber; the Debye-Waller factor exp(-2σi

2k2) takes ac-
count of fluctuations of distances due to a structural or
thermal disorder, under the assumption of small displace-
ments and Gaussian distributions of distances; the exponen-
tial term exp[-2Ri/λ(k)] takes account of finite elastic mean
free paths of photoelectronsλ(k) (between 5 and 10 Å for
photoelectron energies from 30 to 1000 eV);S0

2 is an average
amplitude reduction factor (its value, usually 0.8-0.9, is the
percent weight of the main excitation channel with respect
to all possible excitation channels);Fi(k) is a scattering
amplitude function characteristic of theith atom;Φi(k) is a
phase function that takes account of the varying potential
field along which the photoelectron moves. Equation 7 is
valid in the case of nonoriented samples.

In this paper, the Fourier transform (FT) ofk3ø(k) is
performed with a Kaiser-Bessel-type window. The FT
amplitude is normalized so that the maximum amplitude of
the simulated spectrum coincides with the maximum am-
plitude of the experimental spectrum. To model the total
number of electrons, the Fermi energy is taken as a free
parameter to fit the relative peaks of the simulated spectrum
to the experiment. EXAFS simulations on benchmark model
compounds, for which high-resolution X-ray structures are
known, tend to overestimate the apparent distances by about
0.15 Å. Thus, this shift was also applied to the EXAFS
calculations reported here. The QM/MM structural models
of the OEC of PSII are analyzed and partially validated by
performing simulations of EXAFS spectra, explicitly con-
sideringNR ∼ 103 atomic sites with s, p, and d electrons.
Simulations are carried out by using the program FEFF8
(version 8.2),91 and the resulting simulated spectra are directly
compared to readily available experimental data.36,38

3. Results and Discussion
The results are presented in eight subsections. Section 3.1
describes QM/MM models of the OEC of PSII in the S1 state
that are consistent with a broad range of experimental data.
The electronic and structural properties of the models,
introduced in section 3.1, are analyzed in sections 3.2 and
3.3, respectively. Section 3.4 analyzes the coordination of

µ(E) ∼ ∑
f

Ef<EF

|〈f|ε̂‚ rb exp(iκb· rb)|i〉2δ(Ef) (3)

µ(E) ∝ - 1
π

Im〈i|ε̂* ‚ rb Gr,r′(E) ε̂‚ rb′|i〉 Θ(E - EF) (4)

G ) GC + GSC

GSC ) eiδ [1 - G0T]-1G0 eiδ′ (5)

µ(E) ∼ -
1

π
Im∑

L,L′
ML′*(E) GL′0,L0(E) ML(E) (6)

ø(k) ) Im∑
i (NiS0

2 Fi(k)

kRi
2

exp{i[2κRi + Φi (k)]}

exp(-2σi
2k2) exp[-2Ri /λ(k)]) (7)
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the oxomanganese complex by substrate water molecules in
the presence of Ca2+ and Cl- ions. The positioning of amino
acid residues D1-Y161 and CP43-R357, relative to the
oxomanganese complex, is discussed in section 3.6. The
effect of oxidation and reduction of the OEC of PSII is
analyzed in section 3.7 in terms of the resulting structural
and electronic rearrangements as compared to readily avail-
able experimental data. Finally, section 3.8 describes a family
of molecular structures, closely related to the QM/MM
models discussed in sections 3.1-3.7, that are found to be
also largely consistent with a wide range of experiments.

3.1. QM/MM Structural Models. Several QM/MM
structural models have good agreement with the X-ray
structure of Ferreira et al.,4 differing only in the protonation
states, or number of ligated water molecules, or the coordi-
nation of labile ligands. However, only two combinations
of spin states were found for the S1 resting state. These
include modelA, with Mn4(IV,IV,III,III) or Mn(1) ) IV,
Mn(2) ) IV, Mn(3) ) III, Mn(4) ) III, in which the dangling
manganese is pentacoordinated, and modelB, with Mn4-
(IV,III,III,IV), in which the dangling manganese has an
additional ligated water molecule completing the six-
coordination shell.

Figure 6 shows modelA, a fully relaxed QM/MM
structural model of the OEC of PSII in the S1 resting state
Mn4(IV,IV,III,III), obtained at the ONIOM-EE (UHF B3LYP/
lacvp,6-31G(2df),6-31G:AMBER) level of theory, including
complete ligation of the Mn tetramer. ModelB includes an
additional water molecule ligated to the dangling Mn(4) that
completes the hexacoordination of the dangling manganese

in the stabilization of a high-valent oxidation state IV.
Because of the slightly strained coordination of D1-H332 to
Mn(2) in the Mn cluster, the hexacoordination of Mn(2)
becomes less favorable when the coordination sphere of Mn-
(4) is complete, and this stabilizes an oxidation state III for
Mn(2), with a Jahn-Teller elongation along the Mn-N(D1-
H332) axis. Therefore, the resulting state is Mn4(IV,III,III,IV).

Note that, in contrast to the 1S5L structure (see Figure
3), Mn ions with oxidation states III and IV have the usual
number of coordinated ligands (i.e., five or six, respectively)
and Ca2+ has seven ligands. The QM/MM ligation of amino
acid residues, however, is slightly different from the ligation
scheme suggested by the X-ray diffraction structure.4 The
proteinaceous ligation in the QM/MM models includesη2

coordination of D1-E333 to both Mn(3) and Mn(2) and
hydrogen bonding to the protonated (neutral) state of CP43-
E354; monodentate coordination of D1-D342, CP43-E354,
and D1-D170 to Mn(1), Mn(3), and Mn(4), respectively; and
ligation of D1-E189 and D1-H332 to Mn(2).

Table 1 presents a comparative analysis of interatomic
bond lengths and bond orientation angles relative to the
membrane normal, including modelsA andB, obtained at
the ONIOM-EE (UHF B3LYP/lacvp,6-31G(2df),6-31G:
AMBER) level of theory, the X-ray diffraction structure
1S5L, solved at 3.5 Å resolution,4 EXAFS data,54 and a
reduced model system in the absence of the surrounding
protein environment.77 It is shown that the configuration of
the cuboidal Mn3CaO4Mn complex in both QM/MM hybrid
models is very similar to the structural model proposed by
Ferreira et al.4 In fact, for both models, the root-mean-squared
displacement of the QM/MM structural models, relative to
the X-ray diffraction structure, is 0.6 Å. Therefore, it is
difficult to judge whether the oxomanganese complex in the
QM/MM models and 3.5 Å resolution X-ray structure are
truly identical or whether there are any significant differ-
ences. In addition, as discussed in sections 3.2-3.8, the
underlying structural and electronic properties of the QM/
MM model are found to be in very good agreement with a
wide range of experimental data of PSII. Furthermore, the
comparison presented in Table 1 also indicates that there
are only minor structural rearrangements in the oxomanga-
nese complex when the configuration of the system is relaxed
after substituting the surrounding protein environment by a
reduced model with ligands that mimic the proteinaceous
chelation scheme introduced by the QM/MM hybrid model.77

These results suggest that the proposed cuboidal model
of the inorganic core of the OEC of PSII, completely ligated
with water, OH-, and Cl- and proteinaceous ligands, is a
stable molecular structure not only in two possible states
(models A and B) associated with a slightly different
coordination of the dangling Mn(4) but also in the absence
of the surrounding protein environment.77 Therefore, it is
expected that significant insight could be provided by reduced
model systems once the proteinaceous chelation scheme is
elucidated by applying QM/MM hybrid methods in conjunc-
tion with moderate-resolution X-ray diffraction structures.

Considering the structural similarities between the cuboidal
Mn3CaO4Mn complexes in the reduced model and those in
the QM/MM hybrid structures, it is natural to conjecture that

Figure 6. DFT QM/MM minimum energy geometry of the
OEC of PSII, obtained at the ONIOM-EE (UHF B3LYP/
lacvp,6-31G(2df),6-31G:AMBER) level of theory. Upper and
lower panels show the OEC and surrounding residues in
mono- and stereoviews, respectively. Putative substrate
waters are labeled *slow and *fast (see text for explanation).
Note that all amino acid residues correspond to the D1 protein
subunit, unless otherwise indicated.
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the biomolecular environment must conform to the intrinsic
properties of the ligated inorganic oxomanganese core,
achieving catalytic functionality simply by positioning suit-
able sources and sinks of electrons and protons. The extent
to which these results are significant is associated with the
intrinsic limitations of moderate resolution X-ray diffraction
models, obtained under conditions of unavoidable photo-
reduction of Mn ions and the rapid exchange of labile
substrate ligands.

3.2. Mn-Mn Distances: EXAFS Spectra.In contrast
to the symmetric configuration of the X-ray diffraction model
of the OEC of PSII (PDB access code 1S5L),4 with three
Mn-Mn distances of about 2.7 Å, the DFT QM/MM hybrid
models described in section 3.1 suggest that the S1 state of
the OEC has two short Mn-Mn distances of 2.71-2.76 Å
per Mn tetramer (one of which is oriented at about 60°
relative to the membrane normal), one slightly longer Mn-
Mn distance of 2.78-2.82 Å, one∼3.3 Å Mn-Mn distance,
and one∼3.3-3.4 Å Mn-Ca distance.92 These results are
roughly consistent with most XAS data, often interpreted in
terms of two 2.7 Å vectors per Mn4 complex oriented at
60°33,93,94(79°).55 This important structural feature, however,
remains controversial.36 In fact, it has been proposed that
there might be three Mn-Mn vectors of 2.7-2.8 Å per Mn4

complex already in the S1 state.37

To make direct comparisons with readily available XAS
experimental data, Figure 7a compares the simulated spectra
of the DFT QM/MM modelsA andB and the experimental

EXAFS spectrum of the OEC of PSII in the S1 state (red
dots).36,38The simulations are based on the real space Green’s
function methodology described in Section 2.4. It is shown
that the simulated EXAFS spectrum ofA is in very good
agreement with experimental data, including the description
of the widths and positions of multiscattering peaks associ-
ated with Mn-ligand distances of∼1.8 Å (reduced distance
of ∼1.6 Å) and Mn-Mn distances of∼2.7 Å (reduced
distance of∼2.5 Å). In contrast, the simulated EXAFS
spectrum based on the X-ray diffraction model (see Figure
7b) is in much worse agreement with the experimental
EXAFS spectrum. This disagreement is partly due to the
different proteinaceous ligation scheme and the incomplete
coordination of metal ions in the cluster. The discrepancies
in model B are due to inequivalent Mn-Mn distances,
splitting a single peak at a reduced distance of∼2.5 Å into
a bimodal structure.

3.3. Electronic Structure of the S1 State.Table 2 shows
that the DFT-QM/MM hybrid models predict high-valent
configurations of the S1 state of the OEC of PSII, with
oxidation numbers Mn4(IV,IV,III,III) and Mn 4(IV,III,III,IV)
for model structuresA and B, respectively. These results
are consistent with EPR and X-ray spectroscopic evi-
dence55,94-99 but disagree with low-valent Mn4(III,III,III,III)
proposals.100,101

Table 2 indicates that both modelsA and B involve
antiferromagnetic coupling between Mn(1) and Mn(2),
between Mn(2) and Mn(3), and between Mn(3) and Mn(4)

Figure 7. Comparison between the experimental EXAFS spectrum of the OEC of PSII in the S1 state (red dots)36,38 and the
calculated EXAFS spectra for (a) the DFT QM/MM models and (b) the X-ray diffraction structure.

Table 1. Interatomic Bond Lengths and Bond Orientation Angles (Relative to the Membrane Normal) in DFT-QM/MM
Structural Models A and B of the OEC of PSII in the S1 State (Described in the Text), Including Comparisons to the X-ray
Diffraction Structure,4 EXAFS Data,54 and the Configuration of the Reduced Quantum Mechanical Model in the Absence of
the Protein Environment77

bond lengths bond angles

bond vector A B X-ray EXAFSa red. modelb A B X-ray

Mn(1)-Mn(2) 2.76 Å 2.71 Å 2.65 Å 2.7 Å 2.77 Å 57° 59° 59°
Mn(1)-Mn(3) 2.76 Å 2.75 Å 2.67 Å 2.7 Å 2.76 Å 85° 82° 79°
Mn(2)-Mn(3) 2.82 Å 2.78 Å 2.72 Å 2.87 Å 63° 65° 71°
Mn(2)-Mn(4) 3.34 Å 3.79 Å 3.25 Å 3.3 Å 3.42 Å 54° 49° 58°
Mn(3)-Mn(4) 3.72 Å 3.61 Å 3.26 Å 3.74 Å 29° 24° 38°
Ca-Mn(2) 3.31 Å 3.41 Å 3.40 Å 3.4 Å 3.42 Å 53° 55° 59°
Ca-Mn(3) 3.95 Å 3.61 Å 3.38 Å 3.51 Å 35° 38° 39°

a EXAFS data54 include only two Mn-Mn distances of 2.7 Å, one Mn-Mn distance of 3.3 Å, and one Ca-Mn distance of 3.4 Å. b Interatomic
distances in a reduced quantum mechanical model of the OEC computed at the UB3LYP level of theory.77
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but frustrated coupling between Mn(1) and Mn(3). It is
important to note, however, that predicting the correct relative
stability of low-lying spin states in multinuclear oxoman-
ganese complexes might be beyond the capabilities of the
implemented DFT/B3LYP methodology.77 For completeness,
Table 2 compares the formal oxidation numbers (columns 2
and 3) as determined by the spin-population analysis
(columns 4 and 5) to the actual ESP atomic charges (columns
6 and 7) of the corresponding ions. It is shown that the
relation between oxidation numbers and atomic charges is
complicated by the fact that there is charge transfer between
bridging oxygen and manganese ions, similar to charge
delocalization mechanisms observed in synthetic oxoman-
ganese complexes.77 Therefore, it is natural to expect that
rationalizing certain properties of the oxomanganese complex
of the OEC of PSII, such as ligand-exchange rates and the
effect of changes in oxidation states on the vibrational
spectroscopy of specific ligands,42-44 might require a com-
plete electronic analysis in which both atomic charges and
Mulliken spin populations are considered. Otherwise, these
properties might be difficult to interpret by using an analysis
based solely on formal oxidation numbers. As an example,
Table 2 shows that the atomic charge of Ca2+ of modelA
(+1.77), with a formal oxidation number of II, is higher than
the atomic charges of Mn3+ and Mn4+ (1.08-1.35; with
oxidation numbers III and IV, respectively), suggesting that
Ca2+ with its smaller oxidation number may actually bind
theslowlyexchanging substrate water molecule, in agreement
with experimental observations.72

3.4. Substrate Water Binding. The QM/MM hybrid
models rationalize the 1S5L electronic density, initially
assigned to bicarbonate (see Figure 3), to substrate water
molecules bound to Mn(4) and Ca2+ (see Figure 6). This
arrangement is consistent with mechanistic proposals,4,5,14,19,21

because the respective substrate oxygen atoms are 2.72 Å
apart and may be brought yet closer together in the S4 state
(following deprotonation of the Mn-bound water) to achieve
O-O bond formation in the S4 f S0 transition. Further,
hydration of the cluster is broadly in line with pulsed EPR
experiments which reveal the presence of several exchange-
able deuterons near the Mn cluster in the S0, S1, and S2

states.23 However, the number of water molecules ligated to
Mn ions is larger than would be expected from the analysis
of exchangeable deuterons, as observed in pulsed EPR
studies.23 Therefore, the substitution of ligated water mol-
ecules by bicarbonate elsewhere in the OEC19,102cannot be
discounted. In the absence of bicarbonate, however, models

constructed by completing the Mn coordination numbers
according to the principle ofminimum number of additional
water moleculeshave been dismissed, because such struc-
tures require unrealistic displacements of the ligating amino
acid residues relative to their corresponding positions in the
crystallographic 1S5L structure.13,14

Possible binding positions for bicarbonate have been
analyzed in the DFT-QM/MM hybrid models, including (i)
bidentate coordination to Mn(1), (ii) chelation between Mn-
(3) and Mn(4), and (iii) coordination to Mn(4) and calcium
(analogous to Ferreira’s X-ray structure). In each case,
bicarbonate replaces two water molecules (or a water
molecule and a hydroxide ligand) bound to the OEC model,
as shown in Figure 6. It is found that, in the first ligation
scheme (i.e., case i), bicarbonate ligates by splitting into CO2

and OH- (the C-O distance is 0.4 Å longer than the
equilibrium value in vacuo). In the second and third schemes
(i.e., cases ii and iii), the resulting structure is stable.
However, higher-resolution crystal structures51,52 have not
corroborated the presence of bicarbonate. Further, it has been
recently shown that bicarbonate is not the substrate.103

Therefore, bicarbonate has not been included in the proposed
QM/MM structural modelsA andB.

3.5. Chloride Binding. The QM/MM hybrid models
include a calcium-bound chloride ion (see Figure 6): Cl- is
3.1 Å from Ca2+ and 3.2 Å from the phenoxy oxygen of
D1-Y161. Such an arrangement of ligands completes a
coordination sphere of seven ligands for Ca2+ (often chelated
by up to eight ligands), including Cl-, two water molecules,
the monodentate carboxylate terminus of D1-A344, and the
three bridging oxides of the cuboidal structure.

The presence of the chloride ion has not been resolved by
X-ray diffraction experiments. However, the binding site
suggested by the QM/MM hybrid models is consistent with
the experimental observation that acetate binds competitively
with chloride104 and blocks catalysis at the S2 state.105 It has
also been suggested that chloride is required for transitions
beyond the S2 state.105 Furthermore, the direct binding of
chloride to calcium is consistent with the proposal that
chloride is part of a proton relay network.106 In addition, the
QM/MM models are consistent with pulsed EPR experiments
of the OEC in which chloride has been replaced by acetate,
revealing a distance of 3.1 Å from the methyl deuterons of
the bound acetate to the phenoxy oxygen of D1-Y161.107

The chloride/acetate substitution has been analyzed in the
QM/MM computational models, to partially validate the
proposed Cl- binding site. The chloride/acetate substitution

Table 2. Formal Oxidation Numbers, Mulliken Spin-Population Analysis, and ESP Atomic Charges in the QM/MM Models of
the OEC of PSII in the S1 State

oxidation # spin population ESP charge

ion center A B A B A B

Mn(1) +4 +4 +2.80 +2.81 +1.11 +1.16
Mn(2) +4 +3 -2.75 -3.84 +1.08 +1.43
Mn(3) +3 +3 +3.82 +3.82 +1.26 +1.30
Mn(4) +3 +4 -3.80 -2.80 +1.35 +1.41
Ca +2 +2 -0.01 +0.01 +1.77 +1.60
O(5),O(6) -2, -2 -2, -2 -0.00, -0.02 +0.02, -0.01 -0.60, -0.80 -0.71, -0.89
O(7),O(8) -2, -2 -2, -2 +0.08, -0.07 -0.04, +0.04 -0.67, -0.98 -0.64, -1.14
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required the removal of two water molecules (originally
coordinated to Ca2+) in order to avoid strong repulsive
interactions. The removal of bound water molecules is
consistent with the experimental evidence that adding acetate
to the OEC displaces several water molecules from the
protein cavity.108 After geometry optimization, the carboxy-
late group of acetate replaces Cl- and the C-C bond
becomes collinear with the previously modeled Cl--Ca2+

bond. Furthermore, the phenoxy oxygen of D1-Y161 is found
to be 3.2 Å from the averaged position of the acetate methyl
hydrogens (3.1 Å from the methyl carbon), in excellent
agreement with experimental observations.

3.6. Function of D1-Y161 (YZ) and CP43-R357.Ty-
rosine D1-Y161 has long been viewed as an electron-
transport cofactor. As mentioned in section 1, the oxidized
state P680+ is thought to be reduced by the redox-active
tyrosine D1-Y161 (YZ), which is in turn reduced by an
electron from the OEC.109,110The QM/MM structural models
of PSII seem to be consistent with such a postulated redox
mechanism, especially judging by the proximity of YZ to
the Mn cluster, although this remains to be demonstrated by
rigorous calculations of redox potentials, which we will
present elsewhere. Simple inspection of the QM/MM struc-
tural models (see Figure 8), however, reveals that the

phenoxy oxygen of YZ is close to the chloride ligand
(3.4 Å) and that the Ca2+-Cl- bound length is 3.14 Å.
Furthermore, the QM/MM structure shown in Figure 8
indicates that the YZ phenol group is hydrogen-bonded to
the imidazoleε-N of the D1-H190 side chain (see also Figure
6). This hydrogen-bonding partnership is consistent with
mutational and spectroscopic studies45,111,112as well as with
earlier studies based on MM models.13,14

The possibility that the oxidized YZ radical might simul-
taneously oxidize and deprotonate the hydrated OEC113

would require a mechanism in which YZ abstracts hydrogen
atoms and delivers protons to the protein surface via D1-
H190. However, on the basis of the lack of a H-bonding
pathway leading from D1-H190 to the lumen, it is more
likely that D1-H190 accepts a proton from YZ during the
oxidation of YZ and returns the proton to YZ upon its
reduction. Consistently, the QM/MM structural models
suggest that other amino acid residues (e.g., CP43-R357)
might be more favorably placed for proton abstraction,13,14,19

because substrate water molecules are not directly exposed
to YZ.

The QM/MM hybrid models show that a network of
hydrogen bonds is formed around the catalytically active face
of the OEC cluster (see Figure 8), including both substrate
water molecules, the side chain of CP43-R357, and the
calcium-bound chloride ion. Nearby, two hydrogen-bonded
nonligating water molecules are found to fit easily into the
structure between Mn(4) and D61, the first residue of the
putative proton-transfer channel leading to the lumenal
surface of PSII. The proximity of CP43-R357 to the Mn
cluster in the QM/MM hybrid models suggests that CP43-
R357 might play the role of the redox-coupled catalytic base
in the latter half of the S-state cycle.19 A recent computational
study indicates that the pKa of D1-R357 is indeed particularly
sensitive to an increase in the charge of the Mn/Ca cluster.114

We will present our calculations of pKa values of acid/base
groups along the proton exit channel elsewhere. It is expected
that a pKa gradient along the channel should facilitate proton
transfer into an entropically favored (i.e., irreversible) state
in the lumenal bulk solution.

3.7. S0 and S2 States.The DFT-QM/MM hybrid models
of the OEC of PSII in the S1 state, reported in previous
sections, allow for the investigation of structural changes
induced by oxidation/reduction of the OEC and the effect
of such electronic changes on the underlying ligation scheme.
The S1 f S2 transition involves oxidation115-117 without
deprotonation. This can be achieved by the oxidation of one
of the two manganese ions with oxidation state III [i.e., Mn-
(3) or Mn(4), in modelA, and Mn(2) or Mn(3), in model
B].

Minimum-energy structures, obtained by optimizations
initialized with both possible spin configurations for each
model, indicate that the more likely configurations involve
the oxidation of Mn(3) in modelA and the oxidation of Mn-
(2) in modelB (see Table 3 and Figure 9).

Therefore, DFT QM/MM modelsA and B predict that
the S2 state, obtained at the ONIOM-EE (UHF B3LYP/
lacvp,6-31G(2df),6-31G:AMBER) level of theory, in-
volves the high-valent configuration Mn4(IV,IV,IV,III) or

Figure 8. Proton exit channel toward the lumenal surface of
the membrane, suggested by the DFT QM/MM structural
models, involving an extended network of hydrogen bonds
from the substrate water molecules Ws and Wf to CP43-R357
and from CP43-R357 to D1-D61, which is the first residue of
the putative proton-transfer channel leading to the lumenal
surface of PSII via hydrogen-bonded water molecules Wg, Wh,
Wi, and Wj. Note that all amino acid residues correspond to
the D1 protein subunit, unless otherwise indicated.
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Mn4(IV,IV,III,IV). The analysis of the configurations of the
relaxed S1 and S2 QM/MM hybrid models (see Tables 1 and
4) indicates that the S1 f S2 oxidation is not expected to
involve any significant rearrangement of ligands, or structural

changes in the Mn cluster (Table 4). These results are, thus,
in agreement with recent findings of EXAFS studies.38

The S0 f S1 transition involves the oxidation of a
manganese ion and the deprotonation of a ligand (probably

Figure 9. Schematic representation of the proteinaceous ligation scheme in the DFT QM/MM models A and B of the OEC of
PSII in the S0 (left panel) and S2 (right panel) states. Elongated bonds due to Jahn-Teller distortion are represented in magenta.
Note that all amino acid residues correspond to the D1 protein subunit, unless otherwise indicated.

Table 3. Mulliken Spin Population Analysis and ESP Atomic Charges in the DFT QM/MM Models of the OEC of PSII in the
S0 and S2 States

S0 S2

spin population oxidation # ESP charge spin population oxidation # ESP charge

ion center A B A B A B A B A B A B

Mn(1) -2.75 -2.86 +4 +4 +1.41 +1.33 -2.79 -2.76 +4 +4 +1.14 +1.25
Mn(2) +3.76 +3.78 +3 +3 +1.36 +1.35 +2.92 +3.15 +4 +4 +1.02 +1.52
Mn(3) -3.81 -3.85 +3 +3 +1.43 +1.33 -2.74 -3.82 +4 +3 +1.59 +1.11
Mn(4) +3.76 +3.82 +3 +3 +1.39 +1.47 +3.79 +3.17 +3 +4 +1.49 +1.50
O(5) 0.00 -0.03 -2 -2 -0.75 -0.60 +0.09 -0.07 -2 -2 -0.53 -0.78
O(6) -0.04 -0.07 -2 -2 -0.99 -0.86 +0.02 -0.01 -2 -2 -0.81 -0.80
O(7) +0.08 +0.03 -2 -2 -0.75 -0.73 -0.03 -0.03 -2 -2 -0.78 -0.67
O(8) -0.04 +0.01 -2 -2 -1.14 -1.14 -0.09 -0.05 -2 -2 -0.86 -1.22
Ca -0.00 -0.00 +2 +2 +1.62 +1.62 -0.00 -0.02 +2 +2 +1.56 +1.66
Cl -0.00 -0.00 -1 -1 -0.77 -0.75 +0.00 +0.28 -1 -1 -0.67 -0.41

Table 4. Interionic Distances and Bond Angles, Relative to the Membrane Normal, in the DFT QM/MM Structural Models of
the OEC of PSII in the S0 and S2 States

S0 S2

bond length bond angle bond length bond angle

bond vector A B A B A B A B

Mn(1)-Mn(2) 2.70 Å 2.70 Å 58° 58° 2.78 Å 2.71 Å 58° 58°
Mn(1)-Mn(3) 2.78 Å 2.91 Å 82° 82° 2.76 Å 2.73 Å 81° 81°
Mn(2)-Mn(3) 2.78 Å 2.92 Å 68° 68° 2.86 Å 2.79 Å 65° 65°
Mn(2)-Mn(4) 3.52 Å 3.59 Å 58° 58° 3.31 Å 3.79 Å 59° 59°
Mn(3)-Mn(4) 3.43 Å 2.94 Å 32° 32° 3.55 Å 3.67 Å 35° 35°
Ca-Mn(2) 3.40 Å 3.51 Å 57° 57° 3.78 Å 3.36 Å 57° 57°
Ca-Mn(3) 3.71 Å 3.52 Å 38° 38° 3.98 Å 3.77 Å 36° 36°
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a water molecule5,14 or bridging oxide38), a process that
induces structural rearrangements in the oxomanganese
cluster, shortening a Mn-Mn distance by approximately
0.15 Å.37

To elucidate the nature of the S0 state and the specific
electronic and structural changes induced upon oxidation of
the system, several DFT QM/MM hybrid models have been
investigated. The analysis of QM/MM structures indicates
that Mn(2) is oxidized in modelA, and Mn(4) is oxidized
in modelB, during the S0 f S1 step (see Tables 2 and 3).
Therefore, both DFT QM/MM models, obtained at the
ONIOM-EE (UHF B3LYP/lacvp,6-31G(2df),6-31G:
AMBER) level of theory, predict that the S0 state has the
high-valent configuration Mn4(IV,III,III,III).

Considering that the proposed DFT QM/MM hybrid model
does not involve the protonation of bridging oxides, the
potential ligands responsible for deprotonation are water
molecules ligated to Mn(3) or Mn(4), because Mn(2) has
no water ligands and changes in protonation states of water
molecules ligated to Mn(1) would not involve changes in
the active site of the cluster. In particular, modelA suggests
that a water molecule ligated to Mn(3) is the best candidate
because the ligated molecule is deprotonated (HO-) in the
S1 state, while modelB points to deprotonation of a water
molecule ligated to Mn(4).

Table 4 summarizes the configurations of modelsA and
B in the S0 state, indicating that the DFT QM/MM hybrid
models predict a single 2.7 Å Mn-Mn distance per Mn
tetramer (oriented at about 58° relative to the membrane
normal), which is 0.06 Å shorter than that in the S1 state.
Furthermore, the QM/MM models of the S0 state indicate
that the Jahn-Teller effect in Mn(3) elongates the distance
Mn(1)-Mn(3), making it slightly longer than the distance
Mn(1)-Mn(2). This effect is more pronounced in modelB
than in modelA, because in modelB the elongation is along
the direction of theµ-oxo bridge linking Mn(3)-Mn(1) and
Mn(3)-Mn(2). In contrast, modelA involves elongation
along the coordination axis with D1-E333. Such a distortion
is also responsible for moving the D1-E333 ligand away from
Mn(3), partially forming an oxo-bridge with Mn(4) (see
Figure 9).

3.8. Ligation of D1-E333. The 1S5L crystal structure
indicates that the amino acid residue D1-E333 is ligated at
an intermediate position between Mn(2) and Mn(4), with its
carboxylate group in close contact with the carboxylate side-
chain of CP43-E354. The QM/MM analysis of the OEC of
PSII in the S1 state indicates that the intrinsic stability of
the pair of amino acid residues D1-E333 and CP43-E354,
in close contact with each other, is not only due to
coordination to the oxomanganese complex but also due to
hydrogen bonding between the protonated (neutral) CP43-
E354 and the carboxylate group of D1-E333.

Several other ligation schemes for the amino acid residue
D1-E333 have been analyzed in an effort to investigate the
influence of chelation on the geometry of the OEC cluster
in the S1 state. Relevant geometrical parameters for fully
optimized QM/MM models, with ligation schemes depicted
in Figure 10, are reported in Table 5.

Schemes A and B correspond to the QM/MM structures
A andB, introduced in section 3.1. These structures involve
η2 coordination of D1-E333 to Mn(2) and Mn(3). Scheme
C involves D1-E333 chelation to both Mn(4) and Mn(2),
with a minimum displacement of the side chain of D1-E333
relative to the X-ray configuration. Schemes D-F correspond
to D1-E333 coordination to Mn(2) or Mn(3), competing with
a water molecule for the other metal center. It is found that
all of the ligation schemes described in Figure 10 are within
the resolution limits of the X-ray structure because the
displacement of each carboxylate oxygen is smaller than
1 Å, relative to their configuration in the X-ray structure.

Direct comparisons between the resulting structural models
obtained with each of these possible ligation schemes and
readily available EXAFS data are not straightforward. On
the basis of EXAFS studies, it was initially concluded that

Figure 10. Possible ligation schemes for the carboxylate
terminus of amino acid residue D1-E333 and a water molecule
ligated to the OEC of PSII. Note that all amino acid residues
correspond to the D1 protein subunit, unless otherwise
indicated.
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the S1 state has two 2.7 Å Mn-Mn distances, one 3.3-3.4
Å Mn-Ca distance, and one 3.3 Å Mn-Mn distance.118

However, it was recently reported that a third 2.7 Å
Mn-Mn distance may be present.37,54 Dau et al.38 reported
that a third, longer Mn-Mn distance of about 2.8 Å might
also be present, but this was disfavored because its inclusion
lowered the fit quality of the EXAFS spectrum simulations.36

Furthermore, there also seems to be no agreement on the
number of 3.3-3.4 Å Mn-Ca distances, reported as one or
two 3.4 Å distances by the Berkeley group54 and two or three
3.3 Å distances by the Berlin group.38

All structures in Table 1 show two short Mn-Mn distances
and a third Mn-Mn distance that is longer by 0.06-0.17 Å.
The calculations also show one Mn-Ca distance and one
Mn-Mn distance of ca. 3.3 Å, consistent with both the
Berkeley and Berlin groups’ EXAFS analyses. Accordingly,
all ligation schemes show qualitative accordance with the
number and relative magnitudes of Mn-Mn and Mn-Ca
distances proposed by both experimental groups. In particu-
lar, the coordination scheme that includes the ligation of D1-
E333 to Mn(2) and Mn(3) has the smallest “long” Mn-Mn
distance (2-3 in Table 1), making the three Mn-Mn
distances lie within the uncertainty of the DFT QM/MM
method. In this way, the models introduced in sections 3.1-
3.7 are consistent with a whole set of measurements, both
of the Berkeley group and of the Berlin group. The other
possibilities discussed in this section, however, cannot be
ruled out on either experimental or current computational
grounds.

Other possible QM/MM structures have been analyzed,
differing in the protonation state of ligated water molecules
or in the coordination of labile ligands. For simplicity,
however, the presentation has been limited to the fully
optimized QM/MM models whose structural features are
most consistent with EXAFS measurements.

4. Conclusions
We have developed chemically sensible structural models
of the OEC of PSII with complete ligation of the metal-oxo
cluster by amino acid residues, water, hydroxide, and
chloride. The models were developed at the DFT QM/MM
ONIOM-EE (UHF B3LYP/lacvp,6-31G(2df),6-31G:
AMBER) level of theory. Manganese and calcium ions are
ligated consistently with standard coordination chemistry
assumptions, supported by much biochemical and spectro-

scopic data, including a calcium-bound chloride ligand which
is docked consistently with pulsed EPR data obtained from
acetate-substituted PSII. Proteinaceous ligation includes the
monodentate coordination of D1-D342, CP43-E354, and D1-
D170 to Mn(1), Mn(3), and Mn(4), respectively; the coor-
dination of D1-E333 to both Mn(3) and Mn(2) and hydrogen
bonding of D1-E333 to CP43-E354, which is in the proto-
nated (neutral) form; and the ligation of D1-D189 and D1-
H332 to Mn(2). The proposed models are found to be stable
and entirely consistent with available mechanistic data as
well as compatible with EXAFS measurements and X-ray
diffraction models of PSII (i.e., with root-mean-squared
displacement smaller than 1 Å relative to the X-ray structure).
Therefore, it is concluded that the proposed QM/MM
structures are particularly relevant to the investigation and
validation of reaction intermediates of photosynthetic water
oxidation.

We have found a family of closely related QM/MM
structural models which are partially consistent with a wide
range of experiments. Most of these structures differ only
in the protonation state of water molecules ligated to the
Mn cluster, or in the coordination of a proteinaceous ligand
(D1-E333). It is, therefore, concluded that the intrinsic
degeneracy of protonation states and coordination patterns
(as well as low-lying spin states) might be necessary to
ensure the robustness of the functionality in the presence of
thermal fluctuations.

We have found that the DFT QM/MM level of theory
predicts high-valent electronic configurations with oxidation
numbers Mn4(III,III,III,IV) for the S 0 state, Mn4(III,IV,IV,IV)
for the S2 state, and Mn4(III,III,IV,IV) or Mn 4(IV,III,III,IV)
for the S1 state, consistent with EPR and X-ray spectroscopic
evidence.55,94-99 However, we caution that further studies
exploring the relative stability of different spin states are
required, because predicting the correct relative stability of
low-lying spin states in multinuclear oxomanganese com-
plexes might be beyond the current capabilities of the DFT
B3LYP hybrid functional.77 This problem adds one more
example to the list of high-valent transition-metal complexes
in which DFT might provide an unreliable description of
the energetics of the low-lying spin-electronic states.119-125

In agreement with experiments,38 we found that the S1 f
S2 oxidation does not involve any significant rearrangement
of ligands, or structural changes in the Mn cluster. In contrast,
the S0 f S1 oxidation step deprotonates a water molecule

Table 5. Interionic Distances in the OEC of PSII in the S1 State for Different Ligation Schemes of the Amino Acid Residue
D1-E333

ref.a schemeb 1-2c 1-3c 2-3c 2-4c 3-4c Ca-2c Ca-3c

A(1) 2-3 2.76 Å 2.76 Å 2.82 Å 3.34 Å 3.72 Å 3.31 Å 3.95 Å
A(2) 2-3 + OH(4)d 2.70 Å 2.73 Å 2.80 Å 3.79 Å 3.66 Å 3.34 Å 3.44 Å
B 2-4 2.76 Å 2.77 Å 3.00 Å 3.27 Å 3.68 Å 3.49 Å 3.42 Å
C 3-4 + w(2)e 2.79 Å 2.73 Å 2.86 Å 3.61 Å 3.59 Å 3.10 Å 4.20 Å
D w(3)-2-4f 2.75 Å 2.79 Å 3.02 Å 3.40 Å 3.89 Å 3.37 Å 3.68 Å
E w(2)-3 2.77 Å 2.76 Å 3.01 Å 3.14 Å 3.64 Å 3.19 Å 4.37 Å
F 3 + w(2) 2.79 Å 2.78 Å 2.93 Å 2.95 Å 3.49 Å 3.12 Å 4.44 Å

a Schemes are labeled according to Figure 10. b Atom numbers correspond to the Mn center to which Glu333 is ligated; w(#) or OH(#)
indicate a water molecule or OH-, respectively, ligated to Mn(#), see Figure 10. c For simplicity, Mn symbols in table headers are omitted, e.g.,
1-2 stands for Mn(1)-Mn(2), etc. d The oxidation state is Mn4(IV,III,IV,III). e The optimization of the structure without a water ligated to Mn(2)
(i.e., 3-4) converged to 2-3.
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ligated to Mn(3) and oxidizes Mn(2) from III to IV in model
A or oxidizes Mn(4) and deprotonates a water molecule
ligated to Mn(4) in modelB. The resulting Jahn-Teller effect
in the S0 state elongates the Mn(1)-Mn(3) distance relative
to Mn(1)-Mn(2). In agreement with EXAFS experiments,
the proposed DFT-QM/MM structures predict that the S0

state involves a single Mn-Mn vector close to 2.7 Å.
We conclude that the relation between oxidation numbers

and atomic charges is complicated by charge transfer between
µ-O and Mn ions, similar to charge delocalization mecha-
nisms observed in synthetic oxomanganese complexes.77

Therefore, we found that joint charge- and spin-population
analysis might be necessary in order to rationalize certain
mechanistic and structural properties of the system, including
water exchange rates and the vibrational spectroscopy of
ligated residues. In fact, in agreement with experimental
measurements of exchange rates, the charge-population
analysis indicates that Ca2+ carries the highest positive charge
and, therefore, might bind the slow exchanging substrate
water molecule, even though its formal oxidation number is
smaller than that of the dangling manganese.

We have found that the proximity of D1-Y161 (YZ) to
the Mn cluster in the QM/MM structural model of PSII is
consistent with the electron-transfer role of D1-Y161 (YZ).
However, the actual calculation of redox potentials will be
necessary to address this fundamental aspect. These calcula-
tions involve work in progress in our group and will be
presented elsewhere. In particular, the synergistic modulation
of protonation and redox states will be addressed in terms
of continuum electrostatic calculations based on the DFT
QM/MM molecular structures reported herein. Furthermore,
we have found that the substrate water molecules are directly
exposed to CP43-R357 in the QM/MM structural models.
We found an extended network of hydrogen bonds linking
CP43-R357 with D1-D61, suggesting a proton exit channel
toward the lumenal surface of the membrane.

We have found only minor structural rearrangements in
the oxomanganese complex after substituting the surrounding
protein environment by a reduced model with ligands that
mimic the proposed QM/MM proteinaceous ligation scheme.
These results suggest that the cuboidal model of the inorganic
core of the OEC of PSII, completely ligated with water, OH-,
Cl- and proteinaceous ligands, is a stable molecular structure
even in the absence of the surrounding protein environment.
Therefore, it is natural to conjecture that the biomolecular
environment must conform to the intrinsic properties of the
ligated inorganic oxomanganese complex, achieving catalytic
functionality simply by positioning suitable sources and sinks
of electrons and protons.
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