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Abstract: This paper introduces structural models of the oxygen-evolving complex of photo-
system Il (PSII) in the dark-stable S; state, as well as in the reduced Sy and oxidized S, 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 A
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; 2 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 molecular mechanics (QM/MM) hybrid methdd$ are

The photosynthetic water-oxidation reaction in the thylakoid applied in conjunction with the X-ray crystal structure of
membranes of cyanobacteria and green-plant chloroplastsPSll from the cyanobacteriufihermosynechococcus elon-
releases gfg) into the atmosphere according to the four- gatus* explicitly addressing the perturbational influence of

electron water-splitting reaction the surrounding protein environment on the structural and
" B electronic properties of the OEC. The resulting structural
2H,0(l) =~ O,(g) + 4H" + 4e @) models are analyzed by comparison to a large body of

experimental data and mechanistic hypotheses of photosyn-

The water-oxidation reaction, given by eq 1, is catalyzed ) .
9 ¥ eq y thetic oxygen evolutiof.

by the so-called oxygen-evolving-complex (OEC) of pho-
tosystem Il (PSIl). This paper develops chemically sensible In contrast to chemical and electrochemical water oxidation
models of the OEC of PSII in which the MBaQMn cluster ~ reactions, which are thermodynamically highly demanding,
is completely ligated by amino acid residues, water, hydrox- the OEC-catalyzed water-splitting mechanism proceeds with
ide, and chloride ions. State-of-the-art quantum mechanics/very little driving force and requires only moderate activation
energie$:® Moreover, PSII turns over very rapidly, produc-
*Corresponding author fax: (203) 432-6144; e-mail: iNng up to 50 dioxygen molecules per second. The high
victor.batista@yale.edu. efficiency of the reaction has motivated extensive spectro-
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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 Qg, 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.

scopic and biochemical studies of PS§%However, the
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Figure 2. Kok cycle describing photosynthetic water oxidation
by the reduction of the OEC from the S, to the S state. Dotted
arrows indicate reactions that relax the system back to the
dark stable state S; within minutes. For simplicity, depro-
tonation reactions during the Sp — S3, S, — S3, and Sz — Sy
oxidation steps are omitted.

oxidized chlorophylia species P680is reduced by a redox-
active tyrosine (¥), which is, in turn, reduced by the
oxidation of water, catalyzed by the OEC.

The catalytic cycle of Joliot et al. and Kok et*af'® (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 tg &xidizes
the OEC to a higher S state. The most oxidized stafei¢S
quickly reduced to the sSstate by the four-electron water-
oxidation reaction, given in eq 1. In the dark, the §, and
S; states are meta-stable and transform into thetee within
minutes (Figure 2, dashed lines). Hence, extensively dark-
adapted samples contain only the state. Because this is
the most easily characterized S state, it is our starting point
for structural studies of the OEC of PSIl. A number of
structural models of the OBC»111217.18jjth mechanistic
implication$13141823 have been proposed in attempts to

complexity of the system and the lack of a complete and rationalize the catalytic cycle at the detailed molecular level.

unambiguous structure of the OEC have so far hindered the

However, many fundamental aspects of the proposed mech-

development of rigorous theoretical studies, limiting calcula- anisms and structure intermediates are the subject of current

tions to QM descriptions of inorganic complexes isolate
from the influence of the actual protein environment (see

d debate?*8%In fact, unequivocal functional models of the

OEC S states are yet to be established.

ref 12 and references therein), or more complete OEC models Until recently, all structural information regarding the OEC

built according to classical MM method%!4Therefore, the

and its local environment has been derived from a variety

development of computational studies in which both the Of spectroscopic and biochemical techniqti€$, including
intrinsic properties of the cluster and the influence of the €lectron paramagnetic resonance (EPR) spectrosédpy?
protein environment are explicitly considered has yet to be X-ray absorption spectroscopy (XA$);*® optical spec-

reported and is the subject of this paper.

troscopies? Fourier transform infrared spectroscd§y}* and

A complete functional model of the OEC remains elusive, Site-directed mutagenesfs*® In recent years, however,
although extensive work over many years of study has several groups have published X-ray diffraction structures
provided considerable insight into the OEC functionality and Of PSII from the cyanobacteriehermosynechococcus elon-
the underlying catalytic mechanism of photosynthetic water gatusand Thermosynechococcusilcanus yielding struc-
oxidation. It is, nowadays, established that photoabsorption tures at 3.6-3.8 A resolutiort:*>-52 In particular, the recently
by the Specia"zed Ch|or0phyﬂ Species’ P680, triggers a pUb'IShEd X—ray Crystal structure of Cyanobacterial PSilI (PDB
chain of electron transfer (ET) reactions (see Figure 1). The access code 1S5tjesolves most of the amino acid residues
excited singlet state of P680 decays to the oxidized statein the protein and nearly all cofactors at 3.5 A resolution
P680" by ET to a nearby pheophytin (Pheo) in about 2 ps and suggests an atomic model of the OEC metal center (see
after photoexcitation of P680. The charge-separated state id-igure 3), providing a great opportunity for rigorous theoreti-
stabilized by a subsequent ET to a primary quinone electroncal studies.

acceptor (Q), which functions as a one-electron carrier, and

There are many aspects of the X-ray diffraction structure

subsequently to a secondary quinone electron accepgdr (Q that have met with criticism, including both the geometric
which functions as a two-electron carrier, exchanging with features of the Mn clust&3® and the proposed ligation
free quinone upon two-electron reduction. The photo- schemé?314194244 |n addition to the moderate resolution,
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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 structurefunction relations in a variety of
other biological system®&® " it is expected that many of
the controversial aspects of PSIl 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
R structures of the OEC in the 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 S state with a complete coordination by water, protein

Figure 3. X-ray structure of the OEC of PSII.4 Upper and ligands, hydroxide, and Clions. The resulting QM/MM
lower panels show the OEC and surrounding residues in structural models are analyzed in terms of the intrinsic
mono- and stereoviews, respectively. Note that all amino acid structure of the proposed M@GaQMn unit, embedded in
residues correspond to the D1 protein subunit, unless other- the protein environment, as compared to structural XAS data.
wise indicated. Some of the important questions addressed by the structural

analysis are as follows: How many Min vectors of~2.7

the X-ray diffraction data might correspond to a photo- A are predicted by QM/MM models in the, State? What is
reduced Mn cluster due to the high doses of X-rays the most likely binding site for chloride? What proteinaceous
employed*53 Therefore, the proposed X-ray diffraction ligating motifs give rise to the observed MiMn distances?
models of the OEC remain rather controversial. Finally, considering that water is the substrate for the catalytic

In fact, to date, the precise positions of the individual Mn reaction and that the positions of water molecules are unlikely
ions could not be resolved in any X-ray diffraction model to be resolved even by considerably higher-resolution X-ray
because the coordinate error in the resulting density maps isstructures, what are the implied locations of water molecules?
usually as high as 1®and the resolution of bridging ligands ~ Are those compatible with catalysis? The analysis of these
is typically out of reacl® Because of these limitations, the fundamental aspects suggests that QM/MM hybrid methods,
model of the OEC metal center in the 1S5L structure, applied in conjunction with the X-ray crystallographic data,
including the “3 + 1 Mn tetramer” proposed by EPR can considerably extend the description of the OEC into
spectroscopic studiéé®has been based both on the overall chemically sensible models with complete coordination of
electronic density maps and on the MKIn distances  the metal cluster.

reported by previous XAS studi€$>*>*The proposed Mn The paper is organized as follows. Section 2 describes the
tetramer (see Figure 3) takes the form of asaQ, cuboidal  methodology, including the preparation of QM/MM structural
cluster, including three closely associated manganese ionsnodels, the description of the QM/MM methodology, and
linked to a singleus-oxo-ligated Mn ion, often called the  the theoretical methods applied for simulations of extended
“dangling manganese ion”. The proposed cuboidal model is x-ray absorption fine structure (EXAFS) spectra. Section 3
still the subject of current debdfeand disagrees with  presents the results and a discussion with emphasis on

previously proposed structures in which three Mn ions were mechanistic implications. Section 4 summarizes and con-
placed roughly at three corners of an isosceles triangle, with ¢ des.

the fourth Mn ion at the center of the triangle either

protruding toward the lumenal surface of the membtatfe

or parallel to it®? The 1S5L crystallographic model also 2. Methodology

assigns potential protein ligands to the cluster (see Figure2.1. Molecular Models.Molecular models are based on the
3), including several amino acid residues already thought to 1S5L X-ray crystal structure of PSIl (see Figure*3jhe
be ligands on the basis of site-directed mutagenesis andmodels build upon previous wofg*explicitly considering
spectroscopic studig¢g® However, the number of protein 1987 atoms of PSII, including the proposed J@aQMn
ligands is surprisingly small, especially considering that Mn unit and all amino acid residues witlrcarbons within 15
ions in high-oxidation states are usually coordinated by five A from any atom in the OEC metal ion cluster, with the
or six ligands. The X-ray structure makes up for part of the addition of a buffer shell of amino acid residues with
ligand deficit by suggesting the presence of a bicarbonate a-carbons within 1520 A from any atom in the OEC ion
anion bridging C&" and Mn(4). Furthermore, a number of cluster. The coordination of the Mn ions was completed by
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active site

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

hydration, assuming a minimum displacement of the ligating
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molecular domain (region X) that includes the ¥aQ:-

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-

H3327% 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

E= EMM,X+Y + EQM,X _ EMM,X

)

residues from their crystallographic positions and the usual where EMMX+Y is the energy of the complete system

coordination of five or six ligands to Mn ions with oxidation
states Ill and 1V, 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 molecdles,
including C&" as suggested by®0O isotope exchange
measurement$.’? Hydrated models were constructed by
“soaking” the molecular structures in a large box containing

computed at the molecular-mechanics level of theory, while
EMX and EMMX 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 boERMedandEMMred,

at the quantum mechanical and molecular mechanical levels,
respectively. Therefore, the electrostatic interactions com-
puted at the MM level irEMMed and EMMUI cancel. Thus,

the resulting QM/MM evaluation of the total energy at the
ONIOM-EE level includes a quantum mechanical description

a thermal distribution of water molecules and keeping those of polarization of the reduced system due to the electrostatic

water molecules that did not sterically interfere with the
protein residues or with existing water molecules in the

influence of the surrounding protein environment. The
analogous QM/MM method where the polarization of the

model!* The complete structures were subsequently relaxed.reduced system is neglected is called ONIOM molecular
Because geometric optimization often creates new cavities,embedding (ME). The self-consistent polarization of the
a series of soaking and relaxation procedures was appliedprotein environment is modeled according to the “moving
until the number of water molecules converged. Such a domain-QM/MM” (MoD-QM/MM) approach? outlined in

computational protocol usually resulted in the addition of
~85 water molecules, with a few of them (up to six

section 2.3.
The efficiency of the QM/MM calculations is optimized

molecules) attached to calcium and manganese ions in theby using a combination of basis sets for the QM layer,

cuboidal MrRCaQMn cluster. Two of the ligated waters
bound to CA * and Mn(4) are probable substrate water
molecules, responsible for-@D bond formation in the S
— & transition. The resulting hydration of the cluster is,

including the lacvp basis set for Mn ions in order to consider
nonrelativistic electron core potentials, the 6-31G(2df) basis
set for bridging G~ ions in order to include polarization

functions onu-oxo bridging oxides, and the 6-31G basis set

thus, roughly consistent with pulsed EPR experiments, which for the rest of the atoms in the QM layer. Such a choice of
reveals the presence of several exchangeable deuterons nebmsis set has been validated through extensive benchmark

the Mn cluster in the § S;, and S states?®

2.2. QM/MM Hybrid Approach. QM/MM computations
are based on the two-layer ONIOM electronic-embedding
(EE) link-hydrogen atom approathas implemented in
Gaussian 032 The ONIOM QM/MM methodology could
only be efficiently applied to studies of the OEC of PSlI
after obtaining high-quality initial-guess states for the ligated

calculations on high-valent manganese complé%ésThe
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

cluster of Mn ions (i.e., the reduced system) according to a-carbons within 1520 A from any atom in the OEC ion

ligand field theory* as implemented in Jaguar 55The

cluster. These are subject to harmonic constraints in order

resulting combined approach allowed us to exploit important to preserve the natural shape of the system.

capabilities of ONIOM, including both the link-hydrogen
atom scheme for efficient and flexible definitions of QM

The electronic states of the structural models, fully relaxed
at the ONIOM QM/MM level of theory, involve antiferro-

layers and the possibility of modeling open-shell systems magnetic couplings between manganese centers. These

by performing unrestricted DFT (e.g., UB3LYP) calculations.
The ONIOM-EE method is applied by partitioning the

couplings define broken-symmetry states, providing multi-
configurational character to the singlet staté®® A typical

system, as described in Figure 4, according to a reducedoptimization procedure involves the preparation of the QM
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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 corrections1—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

Figure 5. Quantitative analysis of the effect of protein
polarization on the charge distribution of amino acid residues
surrounding the Mn3zCaO4Mn cuboidal cluster of the OEC. structure of the OEC of PSII.

Blue (red) colors indicate an increase (decrease) in electronic

density due to polarization effects (maximum differences, 2.4. EXAFS Simulations.Simulations of EXAFS spectra

indicated by bright coloring, correspond to changes of atomic of the proposed structural models allow one to make direct
charges of about +15—20%). Note that all amino acid comparisons with experimental data. Simulations of EXAFS
residues correspond to the D1 protein subunit, unless other- spectra consider that a monochromatic X-ray beam is directed
wise indicated. at a sample and that the photon energy of the X-rays is
gradually increased such that it traverses one of the absorp-
layer in various possible initial spin states, stabilized by tion edges of the elements contained within the sample. When

specific arrangements of ligands. The subsequent geometry€ €Nergy is below the absorption edge, the photons cannot
relaxation, carried out at the ONIOM DFTQOM/MM level excite the electrons of the relevant atomic level, and thus,
of theory, locally minimizes the energy of the system by gbsorptl_on is Iovy. On the other hand, when Fhe phpton energy
finding the optimized geometry and spin-electronic state. The IS sufficiently high, a deep core electron is excited into a
purity of the state is preserved throughout the geometry state apovg the Fermi energy. Thg resulting increase in
optimization process, in the event that the initial-guess 20SOrption is known as the absorption edge. The ejected
electronic state is compatible with the geometry of theMn  Photoelectrons usually have low kinetic energy and can be
CaQMn cluster and the specific arrangement of ligands, and backscatterec_i by the atoms surroundlng_the emitting atom
there are no other spin states of similar energy found a|ongsqurce. The interference of these outgoing photoelectrons
the optimization process. Otherwise, the optimization processW'th the scattered waves from ato_ms surrounding thg central
changes the electronic spin state to the ground electronic-20M causes EXAFS. The regions of constructive and
state symmetry of the corresponding nuclear configuration. destructive interference are seen as local maxima and minima
The resulting optimized structures are analyzed and evaluatedVing rise to oscillations in EXAFS intensities. These
not only on the basis of the total energy of the system but oscillations can be used to determine the atomic number,

also as compared to structural, electronic, and mechanisticthe distance and coordination number of the atoms surround-

features that should be consistent with experimental data.iNd the element whose absorption edge is being examined,
2.3. Polarization of the Protein Environment.Modeling ~ the nature of neighboring atoms (their approximate atomic

the electrostatic interactions between the QM and MM layers "Umber), and changes in central-atom coordination with
of the OEC of PSll is a challenging task because the high- changes in experimental conditions.
valent multinuclear oxomanganese clusters@aQMn is The theory of the oscillatory structure, due to scattering
embedded in a polarizable protein environment, ligated by of the photoelectron (emitted upon absorption of the X-ray)
protein ligands, water, hydroxide, and chloride ions. To by atoms surrounding the emitting atom, was originally
describe the resulting self-consistent polarization of the Proposed by Kroni§#3and worked out in detail by Sayers
system, the ONIOM-EE method has been applied in con- et al.?* Stern?® Lee and Pendr§;®” and Ashley and
junction with the MoD-QM/MM computational protocdl.  Doniach?® Here, we outline only briefly the calculation of
The protocol MoD-QM/MM involves a simple space @ typical EXAFS experiment, where a monochromatic X-ray
domain decomposition scheme where electrostatic potentialbeéam passes through a homogeneous sample of uniform
(ESP) atomic charges of the constituent molecular domainsthicknessx.
are computed, to account for mutual polarization effects, and The absorption coefficient(E) is related to the transmitted
iterated until obtaining a self-consistent point-charge model (1) and incident Ip) fluxes byl = Iy exp[-u(E)X]. In the
of the electrostatic potential. This is particularly relevant for weak-field limit, it is assumed that the main contribution to
systems where polarization effects make inappropriate the XAS comes from a dipole-mediated transition. In particular,
use of standard molecular mechanics force fields. when an electron in a deep core state excited into an
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unoccupied staté the absorption probability is given by The total absorption coefficiemt(E) can be conveniently
time-dependent perturbation theory and is proportional to the described as the isolated atom absorptie(E) times a
square of the transition matrix element: correction factor:u = uo(1 + y), wherey is the fractional

change in absorption coefficient induced by neighboring

o . atoms. Within the context of the single scattering approxima-
u(E) ~ Z |- exp(x-T)|ico(E) ®) tion, a simple expression fgr is known as ‘the standard

EXAFS equation’ for K-edge excitatid. According to such

whereEr is the Fermi energy and andx are the X-ray an equation, the contribution to EXAFS of an atom (index

electric polarization and the wave vector, respectively. In i) is given by

the dipole approximation, the exponential is neglected and

the absorption probability is independent of the direction of Nis)z Fi(kK)

the sample axes with respect&o x(K) = Imz ——— exfi[2«R + @ (K]}

There are two ways to solve eq 3. One method involves ! kR

finding an adequate representation of ttendf states and

then evaluating the integral directly. The other approach exp(—20,°k%) exp[-2R/A(K)] | (7)

involves multiple scattering theory, where eq 3 can be written

as follows:

Ef<Er

1 wherek is the wave vector modulus for the photoelectron;
u(E) 0 — ZImile*-T G, .(E) e T'[IOE — E) (4) Ni is the number of atoms of typeat distanceR from the
T absorber; the DebyeWaller factor expf-20;°k?) takes ac-
with G and © representing the Green and Heaviside count of fluctuations of distances due to a structural or
functions, respectively. thermal disorder, under the assumption of small displace-
The results reported in this paper are based on the reaiMents and Gaussian distributions of distances; the exponen-

space Green’s function (RSGF) appro&tihich has several  fial term expf-2R/4(k)] takes account of finite elastic mean
advantages over traditional electronic-structure methods, free paths of photoelectrorigk) (between 5 and 10 A for
especially for complex systems. The RSGF approach is Photoelectron energies from 30 to 1000 eSff;is an average
essential for processes such as X-ray absorption, whereamplitude reduction factor (its value, usually 8@&9, is the
symmetry-breaking effects (e.g., the photoelectron mean freePercent weight of the main excitation channel with respect
path damping due to core-hole and inelastic losses) must bel® all possible excitation channelsf;i(k) is a scattering
taken into account. amplitude function characteristic of tlih atom;®;(k) is a
The central quantity in RSGF calculations is the matrix Phase function that takes account of the varying potential
form of the propagatof, & r(E) in a representatiofLR0 field along which the photoelectron moves. Equation 7 is
= iljy(kre) Yim(TR), for site R and angular momentuin = (, valid in the case of nonoriented samples.
m), wherefr =T — RandL = (I, m). The matrix elements In this paper, the Fourier transform (FT) &fy(k) is
represent the transition amplitudes for an electron to propa-Performed with a KaiserBessel-type window. The FT
gate between statésROand |L'R [ satisfying the multiple- amplitude is normalized so that the maximum amplitude of

scattering equatiofisfor a cluster withNg sites, the simulated spectrum coincides with the maximum am-
plitude of the experimental spectrum. To model the total

G=G"+G*° number of electrons, the Fermi energy is taken as a free

GSC— g [1—G°T] G o 5) parameter to fit the relative peaks of the simulated spectrum

to the experiment. EXAFS simulations on benchmark model

Here, the matrix indices are suppressed for simplicag, compounds, for Which.high-resolution X-ray structures are
represents the central atom contributiGiCis the scattering ~ Known, tend to overestimate the apparent distances by about
part from the surrounding&° represents the damped free 0.15 A._Thus, this shift was also applied to the EXAFS
propagators, and is the dimensionless scattering matrix calculations reported here. The QM/MM s_tructurql models
which incorporates the spherical scattering potentials in terms©f the OEC of PSII are analyzed and partially validated by
of partial phase shifts for individual sites. performing simulations of EXAFS spectra, explicitly con-

Once the propagator is obtained by solving eq 5, many s@enngNR ~ 10 atomic sites W|th_ s, p, and d electrons.
physical quantities can be calculated. For example, the Slmu_lat|ons are carried out by_ using the program EEFFS
contribution to the X-ray absorption spectra from a given (version 8.2P1 and 'Fhe resyltmg S|mula_ted spectra are directly
site and final state angular momentungwith a relaxed core ~ compared to readily available experimental dt&.
hole) is given by the golden rule expression

3. Results and Discussion
o E . The results are presented in eight subsections. Section 3.1
“(®) nlmZM“ (E) Grouo(E) ML(E) ©) describes QM/MM models of the OEC of PSII in thesEate
' that are consistent with a broad range of experimental data.
where M (E) = [, OJéf|cOis a transition dipole matrix  The electronic and structural properties of the models,
element between the atomic core state and a local final statantroduced in section 3.1, are analyzed in sections 3.2 and
IL, OC] with € being the X-ray polarization vector. 3.3, respectively. Section 3.4 analyzes the coordination of
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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 Il for
Mn(2), with a Jahra-Teller elongation along the MAN(D1-
H332) axis. Therefore, the resulting state is,i111,111,1V).

Note that, in contrast to the 1S5L structure (see Figure
3), Mn ions with oxidation states Ill and IV have the usual
number of coordinated ligands (i.e., five or six, respectively)
and C&" has seven ligands. The QM/MM ligation of amino

T ' VT _ . acid residues, however, is slightly different from the ligation
g . 1 g | N . W ¢ : v} - scheme suggested by the X-ray diffraction strucfufde
S ‘} “ Nyl A<¥ Wy proteinaceous ligation in the QM/MM models includgs
' ‘ 4 _/i! ‘;'- coordination of D1-E333 to both Mn(3) and Mn(2) and
) 1 ¢ -‘m i.—;’; " hydrogen bonding to the protonated (neutral) state of CP43-
FL ;&.-‘-' \ él!"' \ E354; monodentate coordination of D1-D342, CP43-E354,
-"i;m{*g\_ N =0 S # and D1-D170 to Mn(1), Mn(3), and Mn(4), respectively; and
it ) \ i = i N ; ligation of D1-E189 and D1-H332 to Mn(2).
J \ . able 1 presents a comparative analysis of interatomic
bond lengths and bond orientation angles relative to the
Figure 6. DFT QM/MM minimum energy geometry of the membrane normal, including modefsand B, obtained at

OEC of PSIl, obtained at the ONIOM-EE (UHF B3LYP/ the ONIOM-EE (UHF B3LYP/lacvp,6-31G(2df),6-31G:
lacvp,6-31G(2df),6-31G:AMBER) level of theory. Upper and AMBER) level of theory, the X-ray diffraction structure
lower panels show the OEC and surrounding residues in 1S5L, solved at 3.5 A resolutichEXAFS date®* and a
mono- and stereoviews, respectively. Putative subs?rate reduced model system in the absence of the surrounding
waters are labeled *slow and *fast (see text for explanation). protein environment? It is shown that the configuration of
Note that all amino acid residues correspond to the D1 protein the cuboidal MgCaQMn complex in both QM/MM hybrid
subunit, unless otherwise indicated. models is very similar to the structural model proposed by

the oxomanganese complex by substrate water molecules irf €Ieéira et at.In fact, for both models, the root-mean-squared
the presence of Gaand CI ions. The positioning of amino  displacement of the QM/MM structural models, relative to
acid residues D1-Y161 and CP43-R357, relative to the the X-ray diffraction structure, is 0.6 A. Therefore, it is
oxomanganese complex, is discussed in section 3.6. Thedifficult to judge whether the oxomanganese complex in the
effect of oxidation and reduction of the OEC of PSIl is QM/MM models and 3.5 A resolution X-ray structure are
analyzed in section 3.7 in terms of the resulting structural truly identical or whether there are any significant differ-
and electronic rearrangements as compared to readily avail€nces. In addition, as discussed in sections-3.8, the
able experimental data. Finally, section 3.8 describes a family underlying structural and electronic properties of the QM/
of molecular structures, closely related to the QM/MM MM model are found to be in very good agreement with a
models discussed in sections 33.7, that are found to be  Wide range of experimental data of PSII. Furthermore, the
also largely consistent with a wide range of experiments. Comparison presented in Table 1 also indicates that there
3.1. QM/MM Structural Models. Several QM/MM are only minor structural rearrangements in the oxomanga-
structural models have good agreement with the X-ray N€se complex when the configuration of the system is relaxed
structure of Ferreira et a differing only in the protonation ~ &fter substituting the surrounding protein environment by a
states, or number of ligated water molecules, or the coordi- reduced model with ligands that mimic the proteinaceous
nation of labile ligands. However, only two combinations chelation scheme introduced by the QM/MM hybrid model.

of spin states were found for the, $esting state. These These results suggest that the proposed cuboidal model
include modelA, with Mny(IV,IV,IIL 1) or Mn(1) = IV, of the inorganic core of the OEC of PSII, completely ligated
Mn(2) = IV, Mn(3) = lll, Mn(4) = IIl, in which the dangling with water, OH, and CI and proteinaceous ligands, is a
manganese is pentacoordinated, and mdjelvith Mn;- stable molecular structure not only in two possible states
(IV,IILILIV), in which the dangling manganese has an (models A and B) associated with a slightly different
additional ligated water molecule completing the six- coordination of the dangling Mn(4) but also in the absence
coordination shell. of the surrounding protein environmehtTherefore, it is

Figure 6 shows modeA, a fully relaxed QM/MM expected that significant insight could be provided by reduced
structural model of the OEC of PSII in the Besting state model systems once the proteinaceous chelation scheme is
Mn4(IV, IV, 11, 111), obtained at the ONIOM-EE (UHF B3LYP/  elucidated by applying QM/MM hybrid methods in conjunc-
lacvp,6-31G(2df),6-31G:AMBER) level of theory, including  tion with moderate-resolution X-ray diffraction structures.
complete ligation of the Mn tetramer. ModBlincludes an Considering the structural similarities between the cuboidal
additional water molecule ligated to the dangling Mn(4) that MnzCaQMn complexes in the reduced model and those in
completes the hexacoordination of the dangling manganesehe QM/MM hybrid structures, it is natural to conjecture that
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Figure 7. Comparison between the experimental EXAFS spectrum of the OEC of PSIl in the S; state (red dots)3638 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 S; State (Described in the Text), Including Comparisons to the X-ray
Diffraction Structure,* EXAFS Data,> and the Configuration of the Reduced Quantum Mechanical Model in the Absence of

the Protein Environment?’

bond lengths bond angles
bond vector A B X-ray EXAFS2 red. model? A B X-ray
Mn(1)—Mn(2) 2.76 A 2.71A 2.65 A 2.7A 277 A 57° 59° 59°
Mn(1)—Mn(3) 2.76 A 2.75A 2.67 A 2.7A 2.76 A 85° 82° 79°
Mn(2)—Mn(3) 2.82 A 2.78 A 2.72 A 2.87A 63° 65° 71°
Mn(2)—Mn(4) 3.34A 3.79A 3.25A 3.3A 3.42 A 54° 49° 58°
Mn(3)—Mn(4) 3.72A 3.61A 3.26 A 3.74A 29° 24° 38°
Ca—Mn(2) 3.31A 3.41A 3.40A 3.4A 3.42 A 53° 55° 59°
Ca—Mn(3) 3.95A 3.61A 3.38A 3.51A 35° 38° 39°

a EXAFS data®* include only two Mn—Mn distances of 2.7 A, one Mn—Mn distance of 3.3 A, and one Ca—Mn distance of 3.4 A. b Interatomic
distances in a reduced quantum mechanical model of the OEC computed at the UB3LYP level of theory.””

the biomolecular environment must conform to the intrinsic

EXAFS spectrum of the OEC of PSIl in the State (red

properties of the ligated inorganic oxomanganese core,dots)338The simulations are based on the real space Green’'s

achieving catalytic functionality simply by positioning suit-

function methodology described in Section 2.4. It is shown

able sources and sinks of electrons and protons. The extenthat the simulated EXAFS spectrum Afis in very good
to which these results are significant is associated with the agreement with experimental data, including the description

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 1S3lyjth three
Mn—Mn distances of about 2.7 A, the DFT QM/MM hybrid
models described in section 3.1 suggest that thet&e of
the OEC has two short MaMn distances of 2.742.76 A
per Mn tetramer (one of which is oriented at abouf 60
relative to the membrane normal), one slightly longer-Mn
Mn distance of 2.782.82 A, one~3.3 A Mn—Mn distance,
and one~3.3—-3.4 A Mn—Ca distancé? These results are
roughly consistent with most XAS data, often interpreted in
terms of two 2.7 A vectors per Mrncomplex oriented at
60°33.93.94(79°) 55 This important structural feature, however,
remains controversidf. In fact, it has been proposed that
there might be three MaMn vectors of 2.72.8 A per Mny
complex already in the ;Sstate?’

To make direct comparisons with readily available XAS

of the widths and positions of multiscattering peaks associ-
ated with Mn-ligand distances of1.8 A (reduced distance

of ~1.6 A) and Mn-Mn distances of~2.7 A (reduced
distance of~2.5 A). 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 MaMn distances,
splitting a single peak at a reduced distance-@f5 A into

a bimodal structure.

3.3. Electronic Structure of the § State.Table 2 shows
that the DFF-QM/MM hybrid models predict high-valent
configurations of the Sstate of the OEC of PSII, with
oxidation numbers MiIV, IV, 11111T1) and Mn 41V, 11L111L,IV)
for model structure®\ and B, respectively. These results
are consistent with EPR and X-ray spectroscopic evi-
dencé>%4+9 put disagree with low-valent M1
proposalgo0.101

Table 2 indicates that both modefs and B involve

experimental data, Figure 7a compares the simulated spectrantiferromagnetic coupling between Mn(1) and Mn(2),

of the DFT QM/MM modelsA andB and the experimental

between Mn(2) and Mn(3), and between Mn(3) and Mn(4)
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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 S; 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
0(5),0(6) -2, -2 —-2,-2 —0.00, —0.02 +0.02, —0.01 —0.60, —0.80 —0.71, —0.89
0O(7),0(8) -2,-2 -2,-2 +0.08, —0.07 —0.04, +0.04 —0.67, —0.98 —0.64, —1.14

but frustrated coupling between Mn(1) and Mn(3). It is constructed by completing the Mn coordination numbers
important to note, however, that predicting the correct relative according to the principle ahinimum number of additional
stability of low-lying spin states in multinuclear oxoman- water moleculehave been dismissed, because such struc-
ganese complexes might be beyond the capabilities of thetures require unrealistic displacements of the ligating amino
implemented DFT/B3LYP methodologyFor completeness,  acid residues relative to their corresponding positions in the
Table 2 compares the formal oxidation numbers (columns 2 crystallographic 1S5L structufé!*
and 3) as determined by the spin-population analysis Possible binding positions for bicarbonate have been
(columns 4 and 5) to the actual ESP atomic charges (columnsanalyzed in the DFFQM/MM hybrid models, including (i)
6 and 7) of the corresponding ions. It is shown that the bidentate coordination to Mn(1), (ii) chelation between Mn-
relation between oxidation numbers and atomic charges is(3) and Mn(4), and (iii) coordination to Mn(4) and calcium
complicated by the fact that there is charge transfer between(analogous to Ferreira’s X-ray structure). In each case,
bridging oxygen and manganese ions, similar to charge bicarbonate replaces two water molecules (or a water
delocalization mechanisms observed in synthetic oxoman-molecule and a hydroxide ligand) bound to the OEC model,
ganese complexés.Therefore, it is natural to expect that as shown in Figure 6. It is found that, in the first ligation
rationalizing certain properties of the oxomanganese complexscheme (i.e., case i), bicarbonate ligates by splitting inte CO
of the OEC of PSII, such as ligand-exchange rates and theand OH (the C-O distance is 0.4 A longer than the
effect of changes in oxidation states on the vibrational equilibrium value in vacuo). In the second and third schemes
spectroscopy of specific ligand%,** might require a com-  (i.e., cases ii and iii), the resulting structure is stable.
plete electronic analysis in which both atomic charges and However, higher-resolution crystal structlf€s have not
Mulliken spin populations are considered. Otherwise, these corroborated the presence of bicarbonate. Further, it has been
properties might be difficult to interpret by using an analysis recently shown that bicarbonate is not the substfte.
based solely on formal oxidation numbers. As an example, Therefore, bicarbonate has not been included in the proposed
Table 2 shows that the atomic charge ofPCaf model A QM/MM structural modelsA andB.
(+1.77), with a formal oxidation number of Il, is higher than 3.5. Chloride Binding. The QM/MM hybrid models
the atomic charges of Mh and Mrft (1.08-1.35; with include a calcium-bound chloride ion (see Figure 6): 8l
oxidation numbers Il and IV, respectively), suggesting that 3.1 A from C&" and 3.2 A from the phenoxy oxygen of
Ca&* with its smaller oxidation number may actually bind D1-Y161. Such an arrangement of ligands completes a
theslowlyexchanging substrate water molecule, in agreement coordination sphere of seven ligands foPCgoften chelated
with experimental observatiors. by up to eight ligands), including C|two water molecules,
3.4. Substrate Water Binding. The QM/MM hybrid the monodentate carboxylate terminus of D1-A344, and the
models rationalize the 1S5L electronic density, initially three bridging oxides of the cuboidal structure.
assigned to bicarbonate (see Figure 3), to substrate water The presence of the chloride ion has not been resolved by
molecules bound to Mn(4) and &a(see Figure 6). This  X-ray diffraction experiments. However, the binding site
arrangement is consistent with mechanistic propdSts!®2! suggested by the QM/MM hybrid models is consistent with
because the respective substrate oxygen atoms are 2.72 Ahe experimental observation that acetate binds competitively
apart and may be brought yet closer together in thst&e with chloride’® and blocks catalysis at the State! It has
(following deprotonation of the Mn-bound water) to achieve also been suggested that chloride is required for transitions
O—0 bond formation in the S— S transition. Further, beyond the $state!® Furthermore, the direct binding of
hydration of the cluster is broadly in line with pulsed EPR chloride to calcium is consistent with the proposal that
experiments which reveal the presence of several exchangechloride is part of a proton relay netwot€In addition, the
able deuterons near the Mn cluster in thg S, and S QM/MM models are consistent with pulsed EPR experiments
states® However, the number of water molecules ligated to of the OEC in which chloride has been replaced by acetate,
Mn ions is larger than would be expected from the analysis revealing a distance of 3.1 A from the methyl deuterons of
of exchangeable deuterons, as observed in pulsed EPRhe bound acetate to the phenoxy oxygen of D1-Y¥61.
studies?® Therefore, the substitution of ligated water mol-  The chloride/acetate substitution has been analyzed in the
ecules by bicarbonate elsewhere in the @2 cannot be QM/MM computational models, to partially validate the
discounted. In the absence of bicarbonate, however, modelgroposed Cl binding site. The chloride/acetate substitution
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: phenoxy oxygen of ¥ is close to the chloride ligand
\e (3.4 A) and that the Ca—CI~ bound length is 3.14 A.

e P2

CPAZ-R35Z

Furthermore, the QM/MM structure shown in Figure 8
indicates that the ¥ phenol group is hydrogen-bonded to
the imidazole:-N of the D1-H190 side chain (see also Figure
6). This hydrogen-bonding partnership is consistent with
mutational and spectroscopic studfédt11%as well as with
earlier studies based on MM modéfs?#

The possibility that the oxidized radical might simul-
taneously oxidize and deprotonate the hydrated &EC
would require a mechanism in which, bstracts 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

e, likely that D1-H190 accepts a proton from; ¥uring the
N~ s oxidation of Yz and returns the proton to zYupon its
craRas g reduction. Consistently, the QM/MM structural models
s » suggest that other amino acid residues (e.g., CP43-R357)
“xN‘/;c*hu/H e might be more favorably placed for proton abstractibt;'®
! \., TN b because substrate water molecules are not directly exposed
oo o .
wmw.]/n;}%wm:-i ’H\:l,:o—qg fmﬂ_ﬂ*:;} % to Yz.
ai'fgp’" S e AV ™ The QM/MM hybrid models show that a network of
“&':,L_ . N & hydrogen bonds is formed around the catalytically active face
\'i:fd :EC w?"”\‘l::/h’ of the OEC cluster (see Figure 8), including both substrate
0 woen 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 cycigA recent computational
study indicates that thekp of D1-R357 is indeed particularly
sensitive to an increase in the charge of the Mn/Ca cldter.

required the removal of two water molecules (originally We will present our calculations of values of acid/base
coordinated to CH) in order to avoid strong repulsive 9roups along the proton exit channel elsewhere. Itis expected
interactions. The removal of bound water molecules is thata fKagradient along the channel should facilitate proton
consistent with the experimental evidence that adding acetateffansfer into an entropically favored (i.e., irreversible) state
to the OEC displaces several water molecules from the in the lumenal bulk solution.
protein cavity!%8 After geometry optimization, the carboxy- 3.7.  and S, States.The DFT-QM/MM hybrid models
late group of acetate replaces Chnd the G-C bond of the OEC of PSII in the Sstate, reported in previous
becomes collinear with the previously modeled-€Ca* sections, allow for the investigation of structural changes
bond. Furthermore, the phenoxy oxygen of D1-Y161 is found induced by oxidation/reduction of the OEC and the effect
to be 3.2 A from the averaged position of the acetate methyl of such electronic changes on the underlying ligation scheme.
hydrogens (3.1 A from the methyl carbon), in excellent The § — S, transition involves oxidatiof> ! without
agreement with experimental observations. deprotonation. This can be achieved by the oxidation of one
3.6. Function of D1-Y161 (¥%) and CP43-R357.Ty- of the two manganese ions with oxidation state Ill [i.e., Mn-
rosine D1-Y161 has long been viewed as an electron- (3) or Mn(4), in modelA, and Mn(2) or Mn(3), in model
transport cofactor. As mentioned in section 1, the oxidized Bl.
state P680 is thought to be reduced by the redox-active ~ Minimum-energy structures, obtained by optimizations
tyrosine D1-Y161 (%), which is in turn reduced by an initialized with both possible spin configurations for each
electron from the OE@%110The QM/MM structural models ~ model, indicate that the more likely configurations involve
of PSII seem to be consistent with such a postulated redoxthe oxidation of Mn(3) in modeA and the oxidation of Mn-
mechanism, especially judging by the proximity of % (2) in modelB (see Table 3 and Figure 9).
the Mn cluster, although this remains to be demonstrated by Therefore, DFT QM/MM modelA and B predict that
rigorous calculations of redox potentials, which we will the S state, obtained at the ONIOM-EE (UHF B3LYP/
present elsewhere. Simple inspection of the QM/MM struc- lacvp,6-31G(2df),6-31G:AMBER) level of theory, in-
tural models (see Figure 8), however, reveals that the volves the high-valent configuration M@V,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 W5 and W,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 W, W4,
W;, and W;. Note that all amino acid residues correspond to
the D1 protein subunit, unless otherwise indicated.
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Figure 9. Schematic representation of the proteinaceous ligation scheme in the DFT QM/MM models A and B of the OEC of
PSIl in the Sy (left panel) and S; (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

Sy and S, States

So SZ
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
0o(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
0o(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 PSIl in the Sg and S, States
So SZ
bond length bond angle bond length bond angle
bond vector A B A B A B A B

Mn(1)—Mn(2) 270 A 2.70 A 58° 58° 2.78 A 271 A 58° 58°
Mn(1)—Mn(3) 2.78 A 291 A 82° 82° 2.76 A 2.73A 81° 81°
Mn(2)—Mn(3) 2.78 A 2.92 A 68° 68° 2.86 A 2.79 A 65° 65°
Mn(2)—Mn(4) 352 A 3.59 A 58° 58° 3.31A 3.79A 59° 59°
Mn(3)—Mn(4) 3.43A 2.94 A 32° 32° 3.55 A 3.67A 35° 35°
Ca—Mn(2) 3.40 A 351A 57° 57° 3.78 A 3.36 A 57° 57°
Ca—Mn(3) 3.71A 3.52A 38° 38° 3.98 A 3.77A 36° 36°

Mn4(IV,IV,I1L1V). The analysis of the configurations of the
relaxed $and S QM/MM hybrid models (see Tables 1 and
4) indicates that the S~ S, 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 studiés.

The § — S transition involves the oxidation of a
manganese ion and the deprotonation of a ligand (probably
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a water molecufe!* or bridging oxidé®), a process that o R
induces structural rearrangements in the oxomanganese o e e
[¢]
/

o

cluster, shortening a MaMn distance by approximately /. _H

0.15 A37 c|%‘ /M“<4) CI//" /Mn(4)---o
To elucidate the nature of the, State and the specific “_‘:‘_O/C"a\<" IN.-0=7 T o /Ci\/—?\o/és

electronic and structural changes induced upon oxidation of 0’\§M)\*’r"‘”’ ° }l o—\?%r"ﬁf'o

the system, several DFT QM/MM hybrid models have been ° A ° oM

investigated. The analysis of QM/MM structures indicates /k A /K B

that Mn(2) is oxidized in modeA, and Mn(4) is oxidized © ©

in model B, during the $ — S, step (see Tables 2 and 3).

Therefore, both DFT QM/MM models, obtained at the er-/ﬂ .

ONIOM-EE  (UHF  B3LYP/lacvp,6-31G(2df),6-31G: g Wwf‘/'

AMBER) level of theory, predict that the,State has the o Mﬁu)‘__o pd

high-valent configuration MgIV, 111111 11). s a_d %
Considering that the proposed DFT QM/MM hybrid model %o/ \\,I\III)\;,}\;IS@) £33 \#O/Cai’?\l/'j__?;

. . . . . H oo™\ A N\~ MnaMing;

does not involve the protonation of bridging oxides, the \Jln/o k N

potential ligands responsible for deprotonation are water o P

molecules ligated to Mn(3) or Mn(4), because Mn(2) has 0_./*'KD169 C O-—/‘QBQ D

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, modesuggests D”"»/ mb’,./-

that a water molecule ligated to Mn(3) is the best candidate / g

because the ligated molecule is deprotonated (H® the ol /“"““>~~9 o /»'Af(.,

S, state, while modeB points to deprotonation of a water T >—, UV o

molecule ligated to Mn(4). ,,-""O/ \0\6@’1\"?@6’ >’°/ \O\BQ;J}T,HJ;
Table 4 summarizes the configurations of mod&land o o>n'nng © s )’mo

B in the $ state, indicating that the DFT QM/MM hybrid /ng E '_/;'QBQ F

models predict a single 2.7 A MrVin distance per Mn o* ©

tetramer (oriented at about 58elative to the membrane

normal), which is 0.06 A shorter than that in the Sate. D1F>r‘/'

Furthermore, the QM/MM models of the, State indicate /°'

that the JahnTeller effect in Mn(3) elongates the distance o, /“ﬁ”“) )\

Mn(1)—Mn(3), ma_\klng it spghtly longer than thg distance e /da—"‘,)\l/_@_o,mo

Mn(1)—Mn(2). This effect is more pronounced in mod| oGRS Ess

than in model, because in modd@ the elongation is along ° 0}»560

the direction of thec-oxo bridge linking Mn(3-Mn(1) and O’_/,’ng G

Mn(3)—Mn(2). In contrast, modeA involves elongation
along the coordination axis with D1-E333. Such a distortion Figure 10. Possible ligation schemes for the carboxylate
is also responsible for moving the D1-E333 ligand away from terminus of amino acid residue D1-E333 and a water molecule

Mn(3), partially forming an oxo-bridge with Mn(4) (see ligated to the OEC of PSII. Note that all amino acid residues
Figure 9). correspond to the D1 protein subunit, unless otherwise

3.8. Ligation of D1-E333.The 1S5L crystal structure indicated.

indicates that the amino acid residue D1-E333 is ligated at  gchemes A and B correspond to the QM/MM structures
an intermediate position between Mn(2) and Mn(4), with its 5 andB  introduced in section 3.1. These structures involve

carl:_)oxylate group in close contact with the_ carboxylate side- 52 coordination of D1-E333 to Mn(2) and Mn(3). Scheme
chain of CP43-E354. The QM/MM analysis of the OEC of ¢ jyyolves D1-E333 chelation to both Mn(4) and Mn(2),
PSIl in the S state indicates that the intrinsic stability of \yith a minimum displacement of the side chain of D1-E333
the pair of amino acid residues D1-E333 and CP43-E354, e|ative to the X-ray configuration. Schemes B correspond
in close contact with each other, is not only due to {4 p1-E333 coordination to Mn(2) or Mn(3), competing with
coordination to the oxomanganese complex but also due tog water molecule for the other metal center. It is found that
hydrogen bonding between the protonated (neutral) CP43-5)| of the ligation schemes described in Figure 10 are within
E354 and the carboxylate group of D1-E333. the resolution limits of the X-ray structure because the
Several other ligation schemes for the amino acid residue displacement of each carboxylate oxygen is smaller than
D1-E333 have been analyzed in an effort to investigate the 1 A, relative to their configuration in the X-ray structure.
influence of chelation on the geometry of the OEC cluster  Direct comparisons between the resulting structural models
in the § state. Relevant geometrical parameters for fully obtained with each of these possible ligation schemes and
optimized QM/MM models, with ligation schemes depicted readily available EXAFS data are not straightforward. On
in Figure 10, are reported in Table 5. the basis of EXAFS studies, it was initially concluded that
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Table 5. Interionic Distances in the OEC of PSIlI in the S; State for Different Ligation Schemes of the Amino Acid Residue
D1-E333

ref.2 scheme? 1-2¢ 1-3¢ 2-3¢ 2—4¢ 3-4¢ Ca-2¢ Ca-3¢
A(1) 2-3 2.76 A 2.76 A 2.82 A 334 A 3.72A 331A 3.95A
A(2) 2—3 + OH(4) 2.70 A 2.73A 2.80 A 3.79A 3.66 A 3.34 A 3.44 A
B 2—4 2.76 A 277 A 3.00 A 3.27A 3.68 A 3.49 A 3.42A
C 3—4 + w(2)e 2.79 A 2.73A 2.86 A 3.61A 3.59 A 3.10 A 420 A
D w(3)—2—4f 2.75 A 279 A 3.02A 3.40 A 3.89 A 337A 3.68 A
E w(2)—3 2.77A 2.76 A 3.01A 3.14 A 3.64 A 3.19A 437A
F 34+ w(2) 2.79 A 2.78 A 2.93A 2.95 A 3.49 A 3.12A 4.44 A

aSchemes are labeled according to Figure 10. ? 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. ¢ For simplicity, Mn symbols in table headers are omitted, e.g.,
1—2 stands for Mn(1)—Mn(2), etc. @ The oxidation state is Mn4(IV,I11,1V,111). € The optimization of the structure without a water ligated to Mn(2)
(i.e., 3—4) converged to 2—3.

the S state has two 2.7 A MaMn distances, one 3-33.4 scopic data, including a calcium-bound chloride ligand which
A Mn—Ca distance, and one 3.3 A MiMn distancée!!® is docked consistently with pulsed EPR data obtained from
However, it was recently reported that a third 2.7 A acetate-substituted PSII. Proteinaceous ligation includes the
Mn—Mn distance may be presefit>* Dau et a8 reported monodentate coordination of D1-D342, CP43-E354, and D1-
that a third, longer Ma-Mn distance of about 2.8 A might D170 to Mn(1), Mn(3), and Mn(4), respectively; the coor-
also be present, but this was disfavored because its inclusiordination of D1-E333 to both Mn(3) and Mn(2) and hydrogen
lowered the fit quality of the EXAFS spectrum simulatidhs.  bonding of D1-E333 to CP43-E354, which is in the proto-
Furthermore, there also seems to be no agreement on theated (neutral) form; and the ligation of D1-D189 and D1-
number of 3.3-3.4 A Mn—Ca distances, reported as one or H332 to Mn(2). The proposed models are found to be stable
two 3.4 A distances by the Berkeley gr&tipnd two or three and entirely consistent with available mechanistic data as
3.3 A distances by the Berlin grodp. well as compatible with EXAFS measurements and X-ray
All structures in Table 1 show two short MiMn distances diffraction models of PSIl (i.e., with root-mean-squared
and a third Ma-Mn distance that is longer by 0.6®.17 A. displacement smaller thal A relative to the X-ray structure).
The calculations also show one Mga distance and one Therefore, it is concluded that the proposed QM/MM
Mn—Mn distance of ca. 3.3 A, consistent with both the structures are particularly relevant to the investigation and
Berkeley and Berlin groups’ EXAFS analyses. Accordingly, validation of reaction intermediates of photosynthetic water
all ligation schemes show qualitative accordance with the oxidation.
number and relative magnitudes of MWn and Mn—Ca We have found a family of closely related QM/MM
distances proposed by both experimental groups. In particu-structural models which are partially consistent with a wide
lar, the coordination scheme that includes the ligation of D1- range of experiments. Most of these structures differ only
E333 to Mn(2) and Mn(3) has the smallest “long” MNIn in the protonation state of water molecules ligated to the
distance (23 in Table 1), making the three MrMn Mn cluster, or in the coordination of a proteinaceous ligand
distances lie within the uncertainty of the DFT QM/MM  (D1-E333). It is, therefore, concluded that the intrinsic
method. In this way, the models introduced in sections-3.1 degeneracy of protonation states and coordination patterns
3.7 are consistent with a whole set of measurements, both(as well as low-lying spin states) might be necessary to
of the Berkeley group and of the Berlin group. The other ensure the robustness of the functionality in the presence of
possibilities discussed in this section, however, cannot bethermal fluctuations.
ruled out on either experimental or current computational \We have found that the DFT QM/MM level of theory
grounds. predicts high-valent electronic configurations with oxidation
Other possible QM/MM structures have been analyzed, numbers Mg(II1,111111,1V) for the S ¢ state, Ma(IlL,IV,1V,1V)
differing in the protonation state of ligated water molecules for the S state, and Mg(I11,111,1V,IV) or Mn 4(1V,I1L,111,1V)
or in the coordination of labile ligands. For simplicity, for the S state, consistent with EPR and X-ray spectroscopic
however, the presentation has been limited to the fully evidence®%4% However, we caution that further studies
optimized QM/MM models whose structural features are exploring the relative stability of different spin states are

most consistent with EXAFS measurements. required, because predicting the correct relative stability of
low-lying spin states in multinuclear oxomanganese com-
4., Conclusions plexes might be beyond the current capabilities of the DFT

We have developed chemically sensible structural modelsB3LYP hybrid functional’” This problem adds one more
of the OEC of PSII with complete ligation of the metal-oxo example to the list of high-valent transition-metal complexes
cluster by amino acid residues, water, hydroxide, and in which DFT might provide an unreliable description of
chloride. The models were developed at the DFT QM/MM the energetics of the low-lying spin-electronic stafds'?
ONIOM-EE  (UHF  B3LYP/lacvp,6-31G(2df),6-31G: In agreement with experimentéwe found that the S5—
AMBER) level of theory. Manganese and calcium ions are S, oxidation does not involve any significant rearrangement
ligated consistently with standard coordination chemistry of ligands, or structural changes in the Mn cluster. In contrast,
assumptions, supported by much biochemical and spectrothe $ — S; oxidation step deprotonates a water molecule
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