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Photosystem II (PSII) is a multi-subunit membrane protein complex with a total molecular mass of 700 kDa for its functional
dimeric state that exists in the thylakoid membranes of cyanobacteria, eukaryotic algae and higher plants. PSII catalyses the light
driven water oxidation by accumulating highly oxidizing equivalents through several intermediate states called S-states (Kok-cycle)
within its catalytic centre, an oxygen-evolving complex (OEC). The structure of PSII and OEC have been revealed in the recent
X-ray diffraction analysis of PSII crystals at 1.9 A resolution from this lab (Umena et al. 2011, Nature, 473, 55-60), which showed
that the OEC is consisted of 4 Mn, 1 Ca and 5 oxygens serving as oxo-bridges (u-oxo), forming a cubane-like Mn,CaOs cluster.
However, the mechanisms of water oxidation, the location of two substrate water molecules involved in this reaction, and the role of
Ca®" in the Mn,CaOs cluster, remain open questions.

This study aims to understand the mechanisms of water splitting by means of X-ray crystallography. The current study consists of
three main phases. The first phase focuses on the role of Ca?" in the MnyCaOs cluster, by substitution of Ca** with Sr** in the
catalytic center, purification, crystallization, and crystal structural analysis of Sr**-substituted PSII to reveal structural changes upon
Sr**-substitution. To achieve this goal, I established suitable protocols for purification and crystallization of Sr**-substituted PSII, and
improved the resolution of Sr**-PSII crystals remarkably from previously reported 6.5 A to 2.1 A. Structural analysis of
Sr**-substituted PSII showed that the position of Sr** was moved slightly toward outside of the Mn;SrO, cubane relative to the
position of Ca®*, resulting in several small changes in the Sr-Mn distances. The largest change, however, was found in the bond
length between Sr and one of the water ligand W3, which was 2.5-2.7 A, whereas the bond length between Sr and another water
ligand W4 was not much changed (2.3 A). These results strongly suggest that W3 binds rather weakly to Ca**, and is more mobile
than W4, implying that W3 may have a higher reactivity than W4, thus forming part of the substrate water molecules.

The second phase of this study contained the improvement of the native PSII crystals toward a more detailed elucidation of the
PSII structure. Improvement in the reproducibility of PSII crystals and higher diffraction limit beyond 1.9 A could be seen, but the
resulted crystals still had large mosaic spread and need to be further improved.

The third phase is the study of the structures of intermediate states by utilization of the emerging techniques of X-ray free
electron lasers (XFEL), by taking advantage of its extremely strong intensity and ultra-short (fs) pulses (10-20 fs for each pulse in
this study). Two datasets were collected for the first time from PSII macro-crystals at cryogenic temperature using the hard XFEL of
the BL3 of SACLA, Japan. Preliminary analyses showed that the XEFL diffraction datasets were processed to resolutions of 3.0-3.2
A (some crystals diffracted maximally to 1.88 A), showing the possibility of utilizing this technique to refine the structure of the

Mn4CaOs cluster in its different oxidation states before the radiation damage is propagated.
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