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Abstract

We introduce a Quantum Mechanics/Molecular Mechanics model of the oxygen-evolving
complex (OEC) of photosystem Il in the S; Mn,(1V, 11, 1V, 111) state, where Ca2* is bridged to
manganese centers by the carboxylate moieties of D170 and A344 based on the new X-ray
diffraction (XRD) model recently reported at 1.9 A resolution. The model is also consistent with
high-resolution spectroscopic data, including polarized extended X-ray absorption fine structure
data of oriented single crystals. Our results provide refined intermetallic distances within the Mn
cluster and suggest that the XRD model most likely corresponds to a mixture of oxidation states,
including more reduced species than observed in the catalytic cycle of water splitting.
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Photosystem 11 (PSII) is a transmembrane protein complex with about 20 protein subunits,
several electron-transfer quinone factors, and a photo-antenna system of chlorophyll and
carotenoid pigments. Of special interest is the oxygen-evolving complex (OEC), which
contains a CaMny cluster that catalyzes the oxidation of water to produce dioxygen (1-5). In
contrast to (electro)-chemical water splitting, direct solar water oxidation by the OEC
requires only moderate activation energies and features high turnover rates that are still
unmatched by artificial water splitting systems. Elucidating its molecular structure is thus an
important prerequisite for a detailed understanding of the catalytic cycle and the
development of biomimetic catalysts.

A variety of spectroscopic methods have been applied to study the OEC including mass
spectrometry (6, 7), Fourier transform (FT) infrared spectroscopy (8), electron paramagnetic
resonance spectroscopy (9, 10), and X-ray diffraction (XRD) (11-16). Until recently, XRD
data were available only at moderate resolution (11-15), leaving uncertainty on the exact
position of the manganese atoms, water molecules, and coordination of the surrounding
ligands. Nevertheless, tentative OEC models were proposed on the basis of the XRD density
maps and high-resolution spectroscopic data. The recent breakthroughs in XRD provide for
the first time data at 1.9 A resolution (16, 17), suggesting a cuboidal structure similar to
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previous models, although with a ligation scheme in which Ca?* is bridged to Mn centers by
the carboxylate moieties of D170 and A344 centers (see Figure 1). These results offer a
great opportunity to establish a structural model of the OEC in the resting or so-called
storage-state (S-state) S;. Such a model should be particularly valuable for understanding
the catalytic mechanism of water splitting in PSII.

Previous studies have proposed high-resolution extended X-ray absorption fine structure
(EXAFS) measurements to rule out structural models of the OEC that did not match the
isotropic and crystal-orientation-dependent polarized data (18,19,22). In addition, several
models of the OEC core, which are consistent with experimental EXAFS spectra, have been
proposed (22). Moreover, complete models, including the coordination of surrounding
ligands based on the 1S5L crystal structure (13) have also been shown to agree with EXAFS
data. In fact, it has been possible to derive OEC models from Quantum Mechanics (QM)/
Molecular Mechanics (MM) calculations using density functional theory (DFT) (23-25) for
the S-state intermediates along the catalytic cycle, Sp, S1, S, Sz and Sy4. In addition, an S;-
state model matching polarized experimental EXAFS data has been obtained by refining the
structure of the optimized QM/MM model (23). This has been achieved by minimizing a
score function based on the root mean square deviations of the experimental and calculated
polarized EXAFS spectra. The resulting refinement could also be achieved by QM
optimization biased by deviations between simulated and experimental EXAFS spectra (26).
Here, we report for the first time the analogous DFT-QM/MM model based on the ligation
scheme determined by the new X-ray model as well as its EXAFS-refined structure. The
DFT-QM/MM model is built by using the two-layer ONIOM link-hydrogen atom approach,
implemented in Gaussian 09 (27), as in our previous studies (23-25). The preparation of the
initial electronic state is based on high-quality spin-electronic states for the ligated cluster of
Mn ions using Jaguar v.7.7 (28). Geometry optimized structures were obtained under the
constraint of fixed alpha carbon atoms (for details, see Supplementary Material) as
determined by the coordinates in the new XRD model. EXAFS spectra were calculated
using the ab initio real space Green function approach in the program FEFF (version 8.30),
employing the coordinates of the Mn4Ca cluster and surrounding ligands provided by the
model system of interest.

Figure 2 shows that the isotropic EXAFS spectrum calculated for the new XRD model is
significantly different from the experimental spectrum (19, 20) of the S; state. This is likely
due to the fact that the XRD model does not have any Mn-Mn distance shorter than 2.8 A in
chain A. While the comparison to the Sy state is more favorable, there is no quantitative
agreement with any S-state intermediate. This could be due to reductive damage caused by
the high doses of X-ray radiation (21), leading to a mixture of reduced S-states, or simply
structural disorder (in the absence of radiation damage for PSII crystallized as a mixture of
S-state intermediates along the catalytic cycle). While the former possibility is likely to be
the case, the latter is ruled out by comparing the calculated spectrum of the XRD model to
weighted averages of experimental Sg, S1, Sy, and Sz spectra (see Supporting Information).
Even mixtures with the best possible fit (e.g., including ~60% of the Sy intermediate) do not
generate average spectra in quantitative agreement with the spectrum of the XRD model.
These results suggest that the coordinates of the new X-ray model do not correspond to any
So-S3 intermediate, or mixture of solely those intermediate states, but may contain also pre-
So state intermediates such as S_; and S_,. Other causes may be experimental errors (0.16
A) in the XRD model as well as a different combination of spin states of the metal ions and
protonation states of the ligands.

Figure 3 shows the experimental isotropic (19, 20) and polarized (22) EXAFS spectra for the
Sy state, as compared to the corresponding spectra calculated for the DFT-QM/MM model
of the OEC. This model is based on the new XRD model, where the dangling Mn(4) is
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bridged to Ca by the carboxylate moiety of D170. The oxidation state Mng(IV, 111, 1V, 111) is
predicted with the BP86 (29, 30) and B3LYP (31, 32) density functionals. Intermetallic
distances, given in Table 1, and Mulliken atomic spin densities for Mn(1)=—2.9(—2.7),
Mn(2)=3.9(3.8), Mn(3)=2.9(2.6), and Mn(4)=—3.9(—3.6) (for numbering of atoms, see
Figure 1) are consistent with high-resolution spectroscopy. The resulting model gives
isotropic and polarized EXAFS spectra in good agreement with experimental data. The
directly bound ligands (D170, A344, E189, E354, E333, D342) and p-oxo-bridges are
unprotonated, while all water ligands are H,O (compare left-hand side of Figure 4 for a
picture of the DFT-QM/MM model obtained with the B3LYP density functional).

To obtain a model of the OEC in quantitative agreement with high-resolution spectroscopic
data, we implemented an EXAFS structural refinement scheme as reported in earlier work
(23). We refined the DFT-QM/MM model by iteratively adjusting the nuclear coordinates to
minimize a scoring function defined as the sum of the squared deviations between calculated
and experimental EXAFS spectra, plus a quadratic penalty factor that ensures minimum
displacements of the nuclear positions relative to the reference configuration. As shown in
Figure 3, the resulting configuration of the R-QM/MM model yields isotropic and polarized
EXAFS data in quantitative agreement with experiments. As mentioned in previous work
(23), however, the agreement with high-resolution spectroscopic data does not rule out other
possible structures since the model is a local solution relative to the reference DFT-QM/MM
structure. The comparison of the cuboidal structure of the OEC in the new DFT-QM/MM
model (obtained from the B3LYP density functional), and the 2006 DFT-QM/MM model
(25) based on the XRD model at 3.5 A resolution is shown in Figure 4 and the complete
comparison of intermetallic distances in the models of the OEC of PSII is reported in Table
1, including the new XRD structure at 1.9 A resolution, the new DFT-QM/MM model of the
OEC in the S; state, the new R-QM/MM, and the 2006 DFT-QM/MM structure. While there
are similarities between the various models, there are also significant differences, including
the new D170 bridge between Ca and Mn(4), shortening the Mn(3)-Mn(4) and elongating
the Mn(2)-Mn(3) distances when compared to the 2006 DFT-QM/MM structure.

In summary, we have introduced a DFT-QM/MM model of the OEC of PSII in the S;
Mny(1V, 11, 1V, 111) state, with a ligation scheme consistent with the new XRD model,
where CaZ* is bridged to Mn centers by the carboxylates of D170 and A344. In contrast to
the XRD model, the DFT-QM/MM structure is fully consistent with high-resolution
spectroscopic data, including polarized-EXAFS spectra of oriented single crystals,
suggesting that the XRD model corresponds to a mixture of states, most likely including Sg
and pre-Sg intermediates S_1, S—». The revised DFT-QM/MM structure should be
particularly relevant to the analysis of S-state intermediates consistent with the ligation
scheme proposed by the new XRD model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

(Top) Superposition of the OEC in the X-ray models of PSII at 1.9 A (blue) (16, 17) and 3.5
A (red) (13) resolution. (Bottom) Ligation scheme with D170 bridging between Mn(4) and
Ca, and chloride binding sites (BS1 and BS2) as proposed by the X-ray model at 1.9 A
resolution.
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FIGURE 2.

Comparison between experimental (red) (19, 20) k3-weighted EXAFS spectra (left) and
Fourier transform (FT) magnitudes (right) for the OEC of PSII in the Sy-Ss3 states and the
simulated (black) spectrum for the new X-ray model (chain A) at 1.9 A resolution. Reduced
space spectra show prominent peaks corresponding to scattering centers in the first (O, N),
second (Mn in the core), and third (dangling Mn, Ca) coordination shells of Mn.
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Comparison between experimental (red) (19, 20,22) and calculated (black) isotropic (upper
two rows) and polarized (lower part) EXAFS spectra for the OEC of PSII in the S; state
calculated from the new DFT-QM/MM and refined R-QM/MM model.
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Figure 4.

Left: Comparison of the new DFT QM/MM model of the OEC of PSII in the S; state
(colors) and the 2006 DFT QM/MM model (blue). Right: the X-ray model at 1.9 A
resolution (blue) and the new DFT-QM/MM model (colors).
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Intermetallic distances (A) in the X-ray model (chain A/a) (16), compared to the new DFT-QM/MM model
obtained with the density functional B3LYP (BP86), the refined R-QM/MM model and the 2006 DFT-QM/
MM model (25).

X-ray QM/MM R- 2006-
Ala B3LYP(BPS6) | QM/MM | QM/MM

Mn(1)-Mn(2) | 2.84/2.76 | 2.80 (2.81) 2.76 2.76
Mn(1)-Mn(3) | 2.89/2.91 | 2.80 (2.80) 271 2.76
Mn(2)-Mn(3) | 3.29/3.30 | 3.38(3.38) 3.25 2.82
Mn@3)-Mn(4) | 2.97/2.91 | 275 (2.74) 2.76 3.72
Mn(2)-Mn(4) | 5.00/4.95 | 4.89 (4.88) 4.68 3.34
ca-Mn(2) | 351/346 | 356 (352) 3.52 3.31
Ca-Mn(3) | 3.41/3.44 | 3.62(359) 3.49 3.95
ca-Mn() | 3.36/3.29 | 3.35(3.36) 3.38 3.59
ca-Mn(4) | 3.79/3.80 | 3.81(3.77) 3.67 3.84
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