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Theoretical EXAFS Studies of a Model of the
Oxygen-Evolving Complex of Photosystem I
Obtained with the Quantum Cluster Approach

Xichen Li,**"< Eduardo M. Sproviero, UIf Ryde,® Victor S. Batista,'®! and Guangju Chen®

The oxygen-evolving complex (OEC) of photosystem Il is the
only natural system that can form O, from water and sunlight
and it consists of a MnyCa cluster. In a series of publications,
Siegbahn has developed a model of the OEC with the quantum
mechanical (QM) cluster approach that is compatible with
available crystal structures, able to form O, with a reasonable
energetic barrier, and has a significantly lower energy than
alternative models. In this investigation, we present a method

Introduction

In nature, photosystem Il (PSIl) is the only system capable of
forming O, from water and sunlight. The oxygen-evolving
complex (OEC) located at the lumenal side of the thylakoid
membrane of chloroplasts contains a MnsCa cluster that cata-
lyzes the key step of O—O bond formation in the photosyn-
thetic process.

To elucidate the water oxidation mechanism, extensive
studies have been carried out to determine the geometric
structure of the OEC. In the past few years, breakthroughs
in X-ray diffraction (XRD) have considerably clarified this
issue,l"# suggesting a MnsCa cuboidal core with the fourth
manganese ion situated outside the cube (Fig. 1a). However,
it has been suggested that the XRD structures of the OEC are
strongly affected by photoreduction and, therefore, not rep-
resentative. Instead, alternative topological motifs have been
suggested,'®® based on polarized extended X-ray absorption
fine structure (EXAFS) studies of PSII single crystals, but it has
been difficult to fit these motifs into the XRD framework of
PSILE]

Parallel to the experimental structural work, significant pro-
gress has been made theoretically. Combined quantum
mechanics and molecular mechanics (QM/MM) models have
been developed from the XRD models,""®'" assuming a mini-
mum displacement of the metal cluster and ligating residues
from their crystallographic positions after completing the coor-
dination spheres of the metals by hydration. The resulting
QM/MM models of the OEC have also been further refined
based on the available high-resolution polarized EXAFS data,
using a simple harmonic restraint toward the QM/MM struc-
ture in the EXAFS fit""'? In parallel, QM optimizations of the
isolated MnyCa cluster with the aim of obtaining minimum
energy structures and a reasonable activation energy for the
formation of the O—O bond have suggested a structure (here-
after termed the cluster model) that initially was topologically
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to restrain a QM geometry optimization toward experimental
polarized extended X-ray absorption fine structure (EXAFS) data.
With this method, we show that the cluster model is
compatible with the EXAFS data and we obtain a refined
cluster model that is an optimum compromise between QM
and polarized EXAFS data. © 2012 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24143

quite different from the structures suggested by polarized
EXAFS or by low-resolution XRD structures.>'*'"? However,
this topology was recently confirmed by the 1.9 A XRD struc-
ture of the OEC™—only a minor change of the binding pat-
tern of Asp-170 was needed to make the cluster model fully
compatible with the 1.9 A XRD model.””’

In this article, we develop a method to combine QM geome-
try optimizations and a fit to the polarized EXAFS data, based
on similar approaches for isotropic EXAFS data. We use this
method to the cluster model of the OEC, thereby, obtaining a
structure that is an ideal compromise between the QM and
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Figure 1. The 1.9 A XRD structure®® a) and the cluster model™ b) of the OEC. The OEC core is shown
with balls and sticks and the ligands with sticks for clarity. The figures were prepared using XYZViewer.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

EXAFS data, showing that the cluster model is compatible
both with the XRD and polarized EXAFS data.!'®'?

Methodology

Instead of merely using the proposed Mn—Mn distances as
discrimination criteria, techniques have been developed to uti-
lize the polarized EXAFS spectra directly in the QM geometry
optimization. In the present approach, a standard QM geome-
try optimization is performed in which the QM gradients are
enhanced by EXAFS pseudogradients. The latter are obtained
by numerical differentiation of the EXAFS %* “‘goodness-of-fit”
parameter for each intermediate structure.''? Thereby, the
final structure (called the refined cluster model below) will be
an optimal compromise between the QM and the polarized
EXAFS spectra.

Polarized EXAFS fit

We used the program FEFF 8.312%2" to calculate the theoretical
polarized EXAFS scattering amplitudes and phase shifts. All
polarized EXAFS fits were performed with IFEFFIT 1.2.11c.?%
Sample input files were kindly provided Junko Yano.® In
essence, all possible paths with up to eight scattering legs
(NLEG = 8) and a default path half-length value (RPATH) were
considered, and the Debye-Waller parameters was fixed at
0.002 A=2 in the calculations. Paths with y and curved-wave
amplitudes less than 4 and 2.5%, respectively, of that of the
largest path (CRITERIA) were neglected.

Coordinates for FEFF calculations were obtained by trans-
forming one monomer of the PSII crystal from Thermosynecho-
coccus elongatus (PDB: 1S5L) into all the eight polarized-
EXAFS-active OEC sites by a combination of the local C, axis
rotation and P2,2,2; space group transformations. Polarized
EXAFS spectra in k-space were then directly calculated by FEFF
(POLARIZATION keyword). The energy axis was converted into

@WILEY i@ ONLINE LIBRARY

was applied to the k*-weighted EXAFS
data. The windowed spectra obtained
for a grid of k-points, equally spaced
at 0.05 A" in the 35-11.5 A" k-
range, were then Fourier transformed
(FT) with a factor of 0.85 to obtain the
FT-amplitudes in the reduced distance
R space. The calculated and experi-
mental EXAFS spectra were compared
in the R range 1.0-4.5 A.

Structural refinement based on
polarized-EXAFS simulations

We have developed a technique to
utilize the high-resolution polarized
EXAFS data as restraints in a QM
geometry optimization. The approach is partly based on our
previous QM/isotropic-EXAFS refinement procedure,”'®'” and
it is analogous to the use of MM (or QM)!**?* to supplement
the experimental data in crystallographic and NMR structure
refinement.*>?®! Except in the most accurate crystal and NMR
structures, there is not enough information in the experimen-
tal data to determine the positions of all atoms in the struc-
ture. Therefore, computational chemistry is used to ensure
that the structure (bond lengths and angles) is chemically rea-
sonable, and the result is a structure that is an optimum com-
promise between the experimental and computational data.
This is accomplished by defining an energy function

Epexars/am = WpexarsEpexars + Eam

where Eqy is the standard QM energy and Egexars is an
EXAFS pseudoenergy describing how well the current model
(coordinates of all atoms) fits the polarized EXAFS data. The
QM energies were obtained with Turbomole 6.1 using the
Becke-Perdew-86 (BP86) density functional and the def2-
SV(P) basis set for all the atoms.?’~33! The calculations
involved the 196 atoms in Figure 1b. Following the original
cluster calculations,™ all atoms in the CH; or CH, groups that
are used to truncate the cluster model were kept fixed dur-
ing the geometry optimization. For the EXAFS pseudoenergy,
there are several goodness-of-fit parameters and we have
quite arbitrarily selected the sum of the y? estimates along
the three crystal axes, a, b, and c. These two energies have
different units (Equm is in energy units, e.g., kJ/mole, whereas
Epexars is unit-less). Therefore, the two terms need to be
weighted by the term wpexars, Which determines the relative
importance of the EXAFS and QM data. Considering the typi-
cal accuracy of the two methods (+0.02 A for metal-ligand
bond lengths in EXAFS and +0.06 A for the QM optimized
structures),®* 3% w gyaps is increased until 7> no longer
changes.
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Figure 2. Comparison of the experimental polarized EXAFS spectra (red) and the calculated spectra (blue), along the PSII crystal axes a, b, and ¢, for the
original cluster model (top panel), and the refined cluster model (bottom panel). The corresponding spectra in k space are given in the Supporting Infor-
mation (Fig. S1). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The energy function in Eqg. (1) is then used in a standard
QM geometry optimization, in which the forces are calculated
by differentiation of this equation. The polarized EXAFS forces
were obtained by numerical differentiation (with a step length
107% A)'® for the four Mn ions, the Ca ion, the bridging oxo
atoms, and all the first-sphere ligating atoms along all three
Cartesian directions.

The philosophy behind the QM/polarized-EXAFS method is
that QM should provide the general structure of the complex
and EXAFS provides the detailed metal-ligand and metal-
metal bond lengths (correcting small errors in the QM calcula-
tions). The QM/polarized-EXAFS procedure is available from
the authors on request. Further information on the use of the
program can be found in http://www.teokem.lu.se/~ulf/Meth-
ods/comqum_pe.html.

Results and Discussion
Refinement

Figure 2 compares the polarized EXAFS spectra calculated
from the original cluster model® and the refined cluster
model with the experimental data. It can be seen that
although the original cluster model does not match the exper-
imental spectra satisfactorily, the refined cluster model repro-
duces the experimental data qualitatively along all three axes
of the PSII crystal. The consistency is also clear from the low
EXAFS »? value, 45, as can be seen in Table 1.
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Figure 3 shows an overlay of the original® and the refined
cluster models. It can be seen that the two models are essen-
tially identical, showing that it is possible to accurately repro-
duce the polarized EXAFS spectra using the topology of the
cluster model. For the metal-oxo core and the first-sphere ligat-
ing atoms, the structural changes induced by the refinement are
small and within the expected errors in the density-functional
theory (DFT) calculations (Fig. 3).°”" For example, all Mn—Mn
and Mn—Ca distances decrease by up to 0.10 and 0.13 A. There
are also differences of up to 0.12 A for the Mn—O distances.

Still, these small differences for a large number of distances
sum up to a QM energy difference between the original and
the refined structure of 11.6 kcal/mol (Table 1). This energy
difference was obtained by fixing the Cartesian coordinates of
the four Mn ions, the Ca ion, the bridging oxo atoms, and the
other first-sphere ligating atoms at their positions after the
EXAFS refinement, and performing a new geometry optimiza-
tion without any EXAFS restraints. It should be emphasized

Table 1. EXAFS z? for refined structures and QM energy differences
(kcal/mol) relative to the energy of the corresponding structure freely
optimized with QM.

Structure EXAFS »° QM energy differences
Freely optimized with QM 384.0 0.0

Refined 454 11.6

Refined, Mn,—Mn; = 3.2 A 456 15.3
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original refined XRD(1.9 A)

Mn1-Mn2: 459 462 5.00
Mn1-Mn3: 2.74 2.66 297
Mn1-Mn4: 5.10 5.00 5.44
Mn2-Mn3: 3.12 311  3.29
Mn2-Mn4: 2.78 2.70 2.84
Mn3-Mn4: 279 273 289

Ca-Mn1: 3.69 364 3.79
Ca-Mn2: 352 365 3.51
Ca-Mn3: 3.52 344 341
Ca-Mn4: 338 333 336

distances are in angstrom (A)

Figure 3. Overlay of the original cluster model (blue) and the refined clus-
ter model of the OEC in PSIl. Only the OEC core is shown for clarity. The
Mn—O bond lengths are shown in the model (values before the slash are
for the original cluster model), whereas the Ca—Mn and Mn—Mn distances
are shown to the right (also for the 1.9 A XRD structure!™). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

that this energy difference is the EXAFS restraint to the QM
optimized structure (i.e, mainly a correction of systematic
errors in the QM method) and is, therefore, not significant for
discriminating between different structures, which should be
done at the same theoretical level."”! The refined cluster struc-
ture is a slight improvement of the original cluster model,
removing systematic errors in the DFT method by the
restraints to the EXAFS data. It also shows that the cluster
model is in accordance with the polarized EXAFS data and
that possible photoreduction of the XRD structure does not
have a major influence on the structure.

We have analyzed the contributions of various scatters for
the polarized EXAFS spectra (Fig. S2, Supporting Information).
The general features of the spectra are well reproduced by the
Mn,CaOs core, but the finer details, especially at R > 2.5 A,
require the inclusion of the other first-shell ligating atoms. The
analysis of various atomic contributions is supplemented by a
path analysis for each Mn ion, performed for isotropic spec-
trum, which is given and discussed in the supporting informa-
tion (Figs. S3-S8, Supporting Information).

Refinement with the Cartesian coordinates of Mn, and Mn;
fixed

Interestingly, although the refined cluster model reproduces
the experimental spectra well, it does not contain any O-
bridged Mn—Mn distance as long as 3.2-3.4 A as in all OEC
models suggested by EXAFS (Fig. 3) and also in the latest XRD
structure (3.3 A);* the longest Mn—Mn distance in the refined
cluster model is 3.11 A. To test the possibility of one longer
Mn—Mn vector in the topology of the cluster model, the Car-
tesian coordinates of Mn, and Mnj; (labeled as in Fig. 3) were
fixed at a distance of 3.2 A during the QM/pEXAFS refinement.
Figure 4 compares the spectra calculated after the constrained
refinement with the experimental data. A qualitative consis-
tency is clearly achieved with y*> = 46 (Table 1). Therefore,
both the refined and the constrained refined models are rea-
sonable local solutions relative to the QM minima, and a dis-
crimination between the two models cannot be made in the
current theoretical EXAFS study. It is conceivable that the lon-
ger Mn—Mn distance in both the XRD and EXAFS structures is
caused by partial photoreduction of the sample during data
collection (note that all XRD Mn—Mn distances are 0.1-0.4 A
longer than in the cluster model, compare Figure 3, as can be
expected if the metal ions are reduced).

Conclusions

In summary, we have developed a method to combine QM ge-
ometry optimizations with a polarized EXAFS fit. Such an
approach is appreciably more accurate than previous
approaches,!'"""? which only use a simple geometric harmonic
restraints to a QM/MM structure. In particular, we ensure that
the final structure is an optimum compromise between the
QM and EXAFS data, the induced changes in the structure is
chemically reasonable and affect only the part of the structure
that is most flexible. Moreover, we can quantify the change in
structure in energy terms.

The results show that the QM cluster model of the OEC in
PSIl can qualitatively reproduce the experimental polarized
EXAFS spectra with only slight structural distortions, which
provides a significant additional piece of evidence for the
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Figure 4. Comparison of the experimental polarized EXAFS spectra (red), along the PSII crystal axes a, b, and ¢, and the calculated spectra (blue) for the
refined cluster model with the Cartesian coordinates of Mn, and Mnj3 fixed with a Mn,—Mnj3 distance of 3.2 A. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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adequacy of this model. Thus, no surrounding enzyme is
needed to reproduce the EXAFS data. Moreover, the QM struc-
tures have well-defined oxidation states of the Mn ions, avoid-
ing the problem of partial photoreduction, which strongly
affects XRD structures. However, it is important to note that
several topologically different structures fit polarized EXAFS
equally well. Our results also show that structures with no
bridged Mn—Mn distance larger than 3.1 A fit the experimen-
tal polarized EXAFS data as well as a structure with a single
Mn—Mn bond of 3.2 A. This does not necessarily mean that
the structure lacks a long Mn—Mn distance, but it shows that
it is at present not possible to use polarized EXAFS alone to
determine whether there is a longer bond or not.
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