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Abstract

Oxygenic photosynthesis forms the basis of aerobic life on earth by con-
verting light energy into biologically useful chemical energy and by split-
ting water to generate molecular oxygen. The water-splitting and oxygen-
evolving reaction is catalyzed by photosystem II (PSII), a huge, multisubunit
membrane-protein complex located in the thylakoid membranes of organ-
isms ranging from cyanobacteria to higher plants. The structure of PSII has
been analyzed at 1.9-A resolution by X-ray crystallography, revealing a clear
picture of the Mn4CaOs cluster, the catalytic center for water oxidation.
This article provides an overview of the overall structure of PSII followed
by detailed descriptions of the specific structure of the Mn4CaOs cluster and
its surrounding protein environment. Based on the geometric organization
of the Mn4CaOs cluster revealed by the crystallographic analysis, in com-
bination with the results of a vast number of experimental studies involving
spectroscopic and other techniques as well as various theoretical studies,
the article also discusses possible mechanisms for water splitting that are
currently under consideration.

23



Annu. Rev. Plant Biol. 2015.66:23-48. Downloaded from www.annualreviews.org
Access provided by CAPES on 04/20/18. For personal use only.

PSII: photosystem II
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INTRODUCTION

Oxygenic photosynthesis provides us with food and oxygen, both of which are indispensable for
maintaining aerobic life on earth. The first reaction in photosynthesis occurs in photosystem II
(PSII), which catalyzes a series of light-induced electron-transfer reactions that lead to the splitting
of water molecules. These reactions result in the conversion of light energy into biologically useful
chemical energy and the evolution of molecular oxygen. Thus, photosynthetic water splitting is
one of the most important biochemical reactions on earth (3, 4).

PSII is a large membrane-protein complex located in the thylakoid membranes of organisms
ranging from cyanobacteria to higher plants. In cyanobacteria, it contains 20 subunits, of which
17 are transmembrane subunits and 3 are membrane-peripheral, extrinsic subunits, with a total
molecular mass of 350 kDa (108, 131). PSII in cyanobacteria typically exists in a dimeric form (54,
59, 111) and thus has a total molecular mass of 700 kDa. Among the transmembrane subunits, D1
and D2 (the gene products of psbA and psbD, respectively) have five transmembrane helices each
and constitute the reaction center core of PSII, with which all of the cofactors participating in the
electron-transfer and water-splitting reactions are associated (23, 31, 46, 69, 108, 127, 131, 149).
Surrounding the D1 and D2 subunits are the CP47 and CP43 subunits (the gene products of psbB
and psbC, respectively; CP stands for chlorophyll protein), which have six transmembrane helices
each and bind a number of chlorophyll (Chl) molecules to serve an intrinsic (inner) light-harvesting
function. In addition to these 4 large subunits, there are 13 low-molecular-weight transmembrane
subunits: PsbE, PsbF, PsbH, Psbl, Psb], PsbK, PsbL,, PsbM, PsbT, PsbX, PsbY, PsbZ, and Psb30.
These subunits have molecular masses of less than 10 kDa and one transmembrane helix each
except for PsbZ, which has two transmembrane helices (23, 31, 108, 127, 131).

The 3 membrane-peripheral, extrinsic proteins are associated with the lumenal side of PSII
and are necessary to maintain the water-splitting reaction. In cyanobacteria, these subunits are
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PsbO (33 kDa), PsbU (12 kDa), and PsbV (cytochrome ¢s59, 17 kDa) (22, 109, 110); in green algae
and higher plants, PsbU and PsbV are replaced with PsbQ and PsbP (9, 22, 40, 101).

The cluster of reaction center Chls in PSII is referred to as P680; it comprises four Chls
bound to the D1 and D2 subunits (21, 95, 97, 131). Upon absorption of light energy, one of the
Chls becomes excited and donates one electron to the initial electron acceptor pheophytin, which
subsequently transfers the electron to the primary and secondary plastoquinone acceptors, referred
to as Q4 and Qg, respectively. The oxidized P680 is reduced by a nearby tyrosine residue, Tyr161
of the D1 subunit designated Yz (5, 20, 120, 131), which in turn oxidizes a MnsCaOs cluster,
which is the catalytic center for water splitting. Once four electrons have been abstracted from
the Mn4CaOs cluster, two water molecules are split into four protons and one oxygen molecule.
Thus, the water-splitting reaction is a four-electron reaction that proceeds through the S;-state
cycle, where i = 0-4 (the so-called Kok cycle) (43, 44, 56). Sy is the most reduced state, whereas
S; is dark stable, and oxygen is produced during the S;—(S4)-Sy transition. Sy is oxidized gradually
in the dark by Y{}, an analog of Y, bound to the D2 subunit (D2-Tyr160) (119, 120, 128).

To understand the water-splitting mechanism, it is essential to elucidate the structure of the
Mn4CaOs cluster and its surrounding protein environment. For this purpose, the PSII dimer
complex from thermophilic cyanobacteria has been successfully crystallized, and its structure has
been solved at resolutions that have gradually increased to 1.9 A over the past 15 years (23, 31, 46,
69, 127, 149). This atomic-resolution structure has revealed the detailed organization of protein
subunits, electron-transfer cofactors, and in particular the structure of the Mn;CaOs cluster as
well as a vast number of water molecules associated with the protein matrix. In the following, I
first briefly review the history of the crystallization and structural analysis of PSII, then describe
the overall structure of PSII and the detailed organization of the MnyCaOs cluster. Based on
the structural analysis as well as other spectroscopic and theoretical studies, I then discuss the
water-splitting mechanisms currently under consideration.

CRYSTALLIZATION AND CRYSTAL STRUCTURE ANALYSIS
OF PHOTOSYSTEM II

The first crystals of PSII dimers were obtained by Zouni et al. (148) from the thermophilic
cyanobacterium Thermosynechococcus elongatus, and its structure was reported at a resolution of
3.8 A in 2001 (149). The use of the thermophilic cyanobacterium was important for the success
of crystallization because the PSII core dimer from this bacterium is highly stable and active (110,
121). In this structure, the positions of the major PSII subunits were assigned in a Cax model
together with the position of the Mn4Ca cluster that catalyzes the water-splitting reaction (at the
time, this cluster was generally referred to as the Mn4Ca cluster because its exact composition
was not known). The side-chain structures of the amino acids and the positions of some small
subunits were not given owing to the limited resolution. Subsequently, Kamiya & Shen (46)
reported a 3.7-A structure of the PSII dimer from a closely related thermophilic cyanobacterium,
Thermosynechococcus vulcanus, in which a few more subunits were assigned together with the side
chains of some residues. However, the structure of the MnsCa cluster remained unclear because
each of the metal atoms and the presumed oxo-bridges connecting the metal atoms were not
separated in the electron density map, making the electron density of the metal cluster like that
of a ball packed with all five of the metal ions and possible oxo-bridges.

The resolution of the PSII structure increased gradually to 3.5 A (23), 3.0 A (69), and 2.9 A
(31), which continuously improved the structure of the whole complex in terms of the side-
chain orientations of amino acid residues and a number of cofactors, such as Chls, carotenoids,
lipids, and a bicarbonate ion. The presence of Ca?* as an integral part of the water-oxidizing

www.annualreviews.org o Structure of PSII and the Water-Splitting Mechanism

P680: the reaction
center chlorophylls of
PSII

QA and QB: the
primary and secondary
plastoquinone
acceptors, respectively,
in PSIT

Yz: the primary
electron donor to the
reaction center in PSII



Annu. Rev. Plant Biol. 2015.66:23-48. Downloaded from www.annualreviews.org
Access provided by CAPES on 04/20/18. For personal use only.

catalyst was demonstrated by several biochemical and biophysical studies, including those using
electron paramagnetic resonance (EPR) and extended X-ray absorption fine structure (EXAFS)
measurements (132, 145); the global position of this ion in the Mn4Ca cluster was first identified in

EPR: electr o . .
©eeon the 3.5-A structure from anomalous scattering at a wavelength near the Ca’* absorption edge (23)

E:srzijf;em and was subsequently confirmed by the higher-resolution structures (31, 69). The 3.5 -A structure

EXAFS: extended also suggested a cuboidal model for the Mn4Ca cluster; however, its detailed structure as well as the

X-ray absorption fine exact ligand pattern, the positions of water molecules, etc., remained obscure because the electron

structure densities for the atoms were still not separated. This meant that the positions of the individual

H-bond: hydrogen atoms could not be clearly determined from the experimentally obtained electron densities, and

bond the structural models had to incorporate constraints from previous results, mainly from EXAFS
studies.

In 2011, Umena et al. (127) reported the atomic structure of the PSII dimer complex at
a resolution of 1.9 A. At this resolution, the electron densities of the individual atoms in the
Mn,Ca cluster were clearly separated, allowing the structure of the metal cluster to be determined
unambiguously. In addition, the structure revealed the coordination environment of the metal
cluster in much more detail than the previously obtained structure, and the positions of the
oxo-bridges and terminal water ligands were identified for the first time. This atomic-resolution
structure also revealed the presence of a huge number of water molecules associated with various
residues in the PSII dimer, some of which form extended hydrogen-bond (H-bond) networks that
may be important for the export of protons from the site of water splitting or the inlet of substrate
water molecules into the reaction site (52, 127).

THE OVERALL STRUCTURE OF THE PHOTOSYSTEM II DIMER

Figure 1 shows the overall structure of the PSII dimer analyzed at 1.9-A resolution; this struc-
ture contains 19 subunits per monomer, of which 16 are transmembrane subunits and 3 are
membrane-peripheral subunits required for oxygen evolution. As mentioned above, D1 and D2
form the reaction center core complex of PSII, to which most of the electron-transfer cofactors
are bound. CP47 and CP43 are located in the two sides of the D1/D2 core and bind 16 and 13
Chls, respectively, which function as light-harvesting antennae to transfer the light energy to the
reaction center Chls (70, 75, 107, 108).

In addition to these large transmembrane subunits, the structure included 12 small subunits.
As mentioned above, these subunits each have one transmembrane helix with the exception of
PsbZ, which has two. These give rise to a total of 35 transmembrane helices for a PSII monomer.
PsbY, one of the low-molecular-mass subunits with a single transmembrane helix located in the

Figure 1

The overall structure of the photosystem IT (PSIT) dimer. (4) The structure of a PSIT dimer analyzed at 1.9-A resolution, viewed from a
direction perpendicular to the membrane normal. The vertical line in the middle represents the noncrystallographic twofold axis
dividing the two monomers, and the two red circles indicate the regions where the water-splitting catalytic center (the Mn4CaOjs
cluster) binds. The major PSII subunits are also indicated. (b)) The distribution of water molecules in the PSII dimer. The proteins are
omitted, and the chlorophylls (green), pheophytins (cyan), B-carotenes (orange), MngCaOs cluster (purple and red balls), heme of
cytochrome cs50 (red ), and nonheme iron (pink) are indicated in the left-hand monomer, together with all of the water molecules (blue).
(¢) The arrangement of transmembrane helices, chlorophylls, and other cofactors in the PSII dimer in a top view from the stromal side.
The dashed line in the middle divides the two monomers, and the protein subunits are labeled in one of the monomers. The circled
regions indicate D1 and D2 (blue dashed circle), CP47 (cyan dashed circle), and CP43 (pink dashed circle). In addition to the chlorophylls
shown in the left-hand monomer (green), other cofactors are shown in both monomers, including 3-carotenes (yellow), plastoquinones
(blue), and lipids and detergents (magenta, purple, and pink).
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peripheral region close to PsbE and PsbF (the « and  subunits of cytochrome &s59), was not
present in the crystal structure but was present in some early low-resolution structures (46, 50,
69), indicating that it is weakly associated with the PSII core and was lost during the crystallization
process.

The three peripheral, hydrophilic subunits—PsbO, PsbU, and PsbV—are located in the lumen-
al side of the thylakoid membrane. Together with the extrinsic loops of D1, D2, CP43, and CP47
that protrude into the lumenal side, these subunits form a cap for the site of oxygen evolution (the
MnyCaOs cluster), shielding it from the lumenal bulk solution. The three extrinsic proteins are
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important for maintaining the activity and stability of the oxygen-evolving complex (22, 101, 110,
112). In addition to the protein subunits, PSII monomers comprise 35 Chls, 2 pheophytins, 11
[3-carotenes, 2 plastoquinones, 1 bicarbonate ion, 1 s-type and 1 c-type cytochrome, 1 nonheme
iron, more than 20 lipid molecules, atleast 2 chlorides, 1 Mn4CaOs cluster, and other components
(127).

One of the most significant features of the high-resolution PSII structure was the presence
of a huge number of water molecules: In total, nearly 2,800 were found in a PSII dimer (127).
These water molecules were distributed in two layers, one in the surface of the cytoplasmic (stro-
mal) side of the thylakoid membrane and the other in the surface of the lumenal side (107, 127)
(Figure 1b). Very few were found in the transmembrane region. These distributions demonstrate
a typical feature of a membrane-protein complex. The few water molecules present in the trans-
membrane region serve as ligands or H-bonding partners of Chls that are not ligated by an amino
acid residue. Typically, the Mg ion of the chlorin ring of Chls is ligated by an amino acid residue,
in most cases a His residue. Of the 35 Chls in a PSIT monomer, however, 7 do not have an amino
acid residue as a ligand for their Mg ion; instead, this ion is ligated by a water molecule (127).
For such Chls, there are usually two additional water molecules in the vicinity of the chlorin ring
that form H-bonds to the carbonyl groups of the chlorin ring as well as the direct water ligand,;
these water molecules are probably necessary to stabilize the chlorin ring not directly ligated to
an amino acid residue.

THE STRUCTURE OF THE Mn;CaOs CLUSTER

The Crystal Structure of the Mn4CaOs Cluster

The Mn4CaOs cluster is bound in a pocket formed by residues of D1 and CP43 in the lumenal sur-
face of the thylakoid membrane (circled regions in Figure 14). Because the interatomic distances
within the cluster are in the range of 1.7-2.6 A, it was not possible to separate each of the atoms in
the structures at up to 2.9-A resolution (23,31, 46, 69, 149). In particular, the electron densities of
oxygen atoms are much weaker than those of Mn and Ca’* ions, and thus their assignments were
highly ambiguous compared with those of the metal ions. In the 1.9-A-resolution PSII structure
(127), the electron densities for each of the metal ions and the oxo-bridged oxygen atoms were
clearly separated, allowing the unambiguous assignment of each atom (Figure 24). As a result,
the catalytic center for water oxidation was found to contain five oxygen atoms in addition to four
Mn ions and one Ca’* ion, forming a MnyCaOjs cluster (Figure 2b). Because Mn (with a valence
of I or IV) has three or four more electrons than Ca** (with a valence of II), the electron density
of the Ca’* ion is slightly lower than that of the Mn ions (Figure 24). This also demonstrates
the high quality of the electron density obtained at atomic resolution. The core of the cluster is
a distorted cubane made up of three Mn ions (Mn1-Mn3), four oxygen atoms (O1-O3 and O5),
and one Ca’* ion. The fourth Mn ion (Mn4) is located outside of the cubane and connected to the
cubane core by two p-oxo-bridges via O4 and O5. The shape of the whole cluster resembles that
of a distorted chair, with the cubane serving as the chair base and the outside Mn (Mn4) serving
as the back of the chair (127) (Figure 2¢).

The distorted shape represents one of the most significant features of the Mn4CaOs cluster
structure: the unstable (or flexible) nature of the metal complex, which enables the cluster to
easily undergo structural rearrangements during the S-state cycle. Such rearrangements would be
expected to occur in an efficient catalyst for water splitting and have been suggested by studies based
on a variety of spectroscopic techniques, including EPR and electron-nuclear double resonance

(ENDOR) (10, 32, 60, 61, 87), EXAFS (16, 17, 28, 33, 92, 105, 139, 141), and Fourier transform
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Figure 2

The structure of the Mn4CaOs cluster. (#) Individual atoms of the MngCaOjs cluster, superimposed with the 2F,—F. map (blue),
contoured at 50 for Mn and Ca atoms, and with the omit map (green), contoured at 7o for oxygen atoms and water molecules. () Bond
distances (in angstroms) between metal ions and oxo-bridges or water molecules within the Mn4CaOs cluster. The area circled with the
red dashed line indicates a possible reaction region. (c) The distorted chair form of the MnsCaOs cluster. The structure of the cluster is
rotated relative to that shown in panel 4 to show the shape more clearly. The yellow dashed lines indicate hydrogen bonds.

infrared spectroscopy (FTIR) (19, 82-84). A symmetric, rigid structure, by contrast, would make
it difficult for the Mn4CaOs cluster to undergo the structural changes needed for its catalytic
activity. Thus, nature has developed a highly efficient water-splitting catalyst over a long period
of evolution by incorporating a flexible structure into a highly complex protein environment—a
prerequisite that must also be met if we are to develop an efficient artificial catalyst for water
splitting.

The distortion in the structure of the MnyCaOjs cluster is caused mainly by two factors. One is
the differences in the Mn-O distances. Among the five oxygen atoms, O1-O4 have bond distances
to their nearby Mn ions in the range of 1.8-2.2 A, similar to the distances typically found in Mn
oxide compounds containing Mn(III) or Mn(IV) (47, 48, 76, 99, 126, 141, 142). However, the
distances between O5 and its nearby Mn ions in the crystal structure are much longer: 2.4 A,
2.5 A, and 2.6 A for O5-Mn3, O5-Mn4, and O5-Mn1, respectively. These distances, in particular
the O5-Mn4 and O5-Mn1 distances, are much longer than those expected for normal Mn oxides,
suggesting a weak binding of the O35 atom to the nearby Mn ions (see below for a more detailed
discussion).

The other factor contributing to the distortion in the structure of the Mn4yCaOs cluster is
the differences in the typical Mn—O and Ca-O distances. As described above, the typical Mn—-O
distances are in the range of 1.8-2.2 A, whereas the typical Ca—O distances are in the range of
2.4-2.6 A owing to the lower positive charge of the Ca?* ion compared with that of the Mn ions.
The incorporation of the single Ca** ion in the metal cluster may therefore have contributed to
the distorted shape of the structure, which may be important for the flexibility or catalytic activity
of the catalytic core.

In addition to the oxo-bridged oxygen atoms, four water molecules are associated with the
Mn,4CaOs cluster as terminal ligands (127). These water ligands are designated W1-W4; two of
them (W1 and W2) are associated with Mn4, and the other two (W3 and W#4) are associated with
the Ca’* ion (Figure 2). Interestingly, no other direct water ligands have been found to associate
with the remaining three Mn ions, indicating that the region formed by Mn4, Ca’*, and the
four water molecules is highly hydrophilic and may play an important role in water splitting. Of
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these four water molecules, W2 (bound to Mn4) and W3 (bound to Ca**) are within H-bonding
distances of OS. Furthermore, W2 and W3 are also within H-bond distance of each other. Thus,
the area formed by W2, W3, and OS5 may constitute the site of O-O bond formation during the
water-splitting reaction (see below for further discussion).

The distances from the two water ligands to Mn4 are in the range of 2.1-2.2 A, whereas those
from W3 and W4 to Ca®* are 2.4 A. The slightly shorter distances between the water ligands and
Mn#4 reflect a higher valence of Mn4 compared with Ca>* and thus a slightly stronger binding of
the water ligands to Mn4 than to Ca?*.

Mn-Mn and Mn-O Distances in the Mn;CaOs Cluster: Comparisons Between
the Experimental Results and Theoretical Calculations

The shortest distances between Mn ion pairs in the 1.9-A-resolution crystal structure are 2.8 A
for Mn1-Mn2, 2.9 A for Mn2-Mn3, and 3.0 A for Mn3-Mn4. These distances are in general
agreement with the results of EXAFS experiments, which suggested that there were two short
Mn-Mn distances and one long Mn—Mn distance (16, 18, 30, 98, 139-142). However, the short
and long distances suggested by these experiments were 2.7 A and 2.8 A, respectively, which are
0.1-0.2 A shorter than the distances obtained from the crystal structural analysis (17, 18, 30, 33,
91, 98, 139-142, 146).

These differences between the crystal structure and the EXAFS results may fall within the
experimental error, as the results of crystal structure analysis at 1.9-A resolution bear an average
error of 0.16 A for the interatomic distances (127). Therefore, theoretical calculations using the
coordinates of the crystal structure have been performed to examine the Mn—Mn as well as Mn-O
distances. Extensive quantum mechanics/molecular mechanics (QM/MM) calculations using the
coordinates of the crystal structure have resulted in model structures for the MnyCaOjs cluster
where the shortest Mn—-Mn distances resemble those of the EXAFS results but are slightly shorter
(0.1-0.2 A) than those of the crystal structure (2, 25, 30, 42, 49, 63, 64, 71, 89, 116, 117, 133
137). This has been taken as evidence that the crystal structure is in a reduced state, probably a
mixture of Sy and super-reduced states from S_; to S_;, rather than the S, state presumed in the
X-ray structural analysis, which may have resulted from radiation damage [albeit much reduced
compared with previous studies (23, 31, 46, 69, 149)] caused by the X-ray illumination used to
collect the diffraction data (29, 138).

Although the possibility of radiation damage cannot be excluded at present, there is another
potential source of the differences that needs to be considered. Because the H atom cannot be
assigned in the X-ray structure analysis at 1.9-A resolution, the four terminal water ligands have
been assumed to be H,O, and the five oxo-bridged oxygen atoms have been assigned as O*~. It is
possible that the protonation states of some of the water molecules and/or oxo-bridges are different
from those assumed in the crystal structure, and the exact combination of the protonation states
is not known. A combination of the protonation states different from those of the real structure
may affect the results of theoretical calculations (14, 30, 42, 49, 89, 99, 100, 104, 133-137).

More profound differences between the crystal structure and the theoretical calculations were
found in the Mn1-O5 and Mn4-O5 distances. As described above, the O5 atom is located almost
midway between Mn1 and Mn4 (center structure), resulting in unusually long distances to both
Mnl and Mn#4 that have never been obtained in theoretical calculations if the O5 atom is in a
deprotonated state (O>~). Assuming that OS5 is in this form, theoretical calculations yielded a result
showing that the Mn4-O5 distance is in the range of 1.8-2.1 A, whereas the Mn1-O5 distance is
in the range of 3.0-3.3 A(2,25,30,42,71,89, 116,117, 133-137). This results in an open-cubane
structure, with no bond between O5 and Mn1 (right-side-open structure; Figure 34). In this case,
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Mn4 is 6-coordinated whereas Mnl1 is 5-coordinated in the S; state. This is remarkably different
from the crystal structure, which suggested a quasi-5-coordinated structure for both Mn4 and
Mnl in the S; state. The nearly central position of the O5 atom between Mn1 and Mn4 observed
in the current crystal structure strongly suggests that the OS5 atom has a labile (flexible) nature (42,
49,104, 113, 133-137), enabling it to move easily toward Mn1 or Mn4 following slight changes
in the environment.

In an attempt to explain the unusually long O5-Mn4 and O5-Mn1 distances observed experi-
mentally, QM/MM calculations have been performed assuming that OS5 is in a protonated state,
namely, an OH™ form, the result of which showed that the O5-Mn4 and O5-Mn1 distances are
rather comparable to those observed in the crystal structure (42, 104, 133-137). This suggests that
OS5 may be in a protonated state. Alternatively, the theoretical calculations performed so far may
not have incorporated the protein environment surrounding the Mn4sCaOs cluster in an area large
enough to account for the precise structure of the cluster. It should be pointed out that distances
below 2.0 A for O5-Mn4 and above 3.0 A for O5-Mn1 are unlikely given the current resolution
of the crystal structure, underscoring the need to carefully examine the protonation states in the
Mn4CaOs cluster on which the theoretical calculations are based.

Interestingly, theoretical calculations based on the crystal structure yielded an S state involving
both right-side-open (R-type) and left-side-open (L-type) structures where the OS5 is coordinated
to either Mn4 or Mn1 (42, 86) (Figure 3), and the two structural types are easily interconvertible,
consistent with the labile nature of OS5 in the S; state suggested by the crystal structure analysis.
The R-type structure has been suggested to correspond with the S, state that gives rise to the
well-known low-spin (S = 1/2) multiline EPR signal, whereas the L-type structure corresponds
to the S, state that gives rise to the high-spin (S = 1/2), ¢ = 4.0 EPR signal (86). Under normal
conditions, the multiline EPR signal dominates in the S, state, and therefore the R-type structure
should also be the dominant one.

During the S-S, transition, no proton is released and no significant structural changes have
been observed (28, 45, 123, 142). Therefore, the S; state may also adopt two types of structures—
namely, R- and L-type structures, as suggested from theoretical calculations—although which
one dominates in the S; state is not known. As mentioned above, this is different from what
was observed in the 1.9-A crystal structure; the causes for this discrepancy may include radiation

a w4 b w4

Figure 3

The (a) right-side-open and (b) left-side-open structures of the MngCaOs cluster. The dashed lines indicate
the breakage of bonds.
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damage, different protonation states assumed for the calculations, or the effects of protein envi-
ronments surrounding the metal cluster, which may be difficult to evaluate explicitly in the current
QM/MM calculations. It should be pointed out that the relative positions of Mn4, O5, and Mn1
likely change during the S;-S; transition, because during this transition an electron is removed
from the Mn4CaOs cluster. Multifrequency electron-spin-echo envelope-modulation (ESEEM)
spectroscopic measurements (106, 143, 144) have implied that the Mnl ion is in a IIT oxidation
state in S, and therefore it must also be in the III state in S;. Based on the high-oxidation scenario,
the Mn1-Mn4 ions have oxidation states of III, IIL, IV, and IV, respectively, in S; (10, 33, 60, 61,
87, 142-144; for a low-oxidation scenario, see 26, 27, 57, 85, 89). If we assume that the Mn#4 ion
is also in a IIT state in Sy, then both Mnl and Mn4 would have a large Jahn-Teller axis, leading
to longer bond distances to O3, as were observed in the crystal structure. Upon transition from
Si to Sy, the electron must be removed from Mn4, putting that ion in the IV state while leaving
Mn1 in the III state. This would force OS5 to move toward Mn4, resulting in the R-type structure.
Alternatively, theoretical calculations have shown that the R- and L-type structures have very
small differences in energy level, suggesting that they are easily interconvertible (42, 86). Thus,
in some fractions of the center, Mnl may be oxidized instead of Mn4, resulting in the L-type
structure in S;.

As discussed above, the unusual position of O5 observed in the crystal structure suggested that
itis in a protonated state (OH™) in Sy, which would mean that it must also have a proton on it in
S,, because no proton is released during the S-S, transition (45, 123). This is in contrast to the
magnetic measurements and theoretical calculations showing that no protonated oxo-bridges are
detectable in the S, state (2, 14, 15, 68, 93, 100). A plausible explanation for this discrepancy is
that an intramolecular proton transfer occurs during this transition, so that the proton on OS5 is
transferred to somewhere within the oxygen-evolving complex or residues nearby this complex,
for example, W2 or D1-Asp61 (42, 104, 133-137). In any case, the unusual position of O5 is
consistent with the above discussions that the area surrounding O35 may form the reaction site for
water splitting and O-O bond formation.

The Ligand Environment of the Mn4CaQOs Cluster

The Mn4CaOs cluster is coordinated by seven amino acids, of which six are carboxylate residues
and one is a His residue (127) (Figure 44). The six carboxylate residues are D1-Asp170, D1-
Glu189,D1-Glu333, D1-Asp342, D1-Ala344, and CP43-Glu354; all of these are bidentate ligands
with the exception of D1-Glul89, which is a monodentate ligand to Mn1. D1-Ala344 is the C-
terminal residue of the D1 subunit, and D1-His332, D1-Glu333, and D1-Asp342 are located
in the C-terminal region of the D1 subunit, indicating that the C-terminal domain of the D1
subunit is heavily involved in maintaining the structure of the Mn4CaOs cluster. The His residue
is D1-His332, which is ligated to Min1. These ligands, together with the oxo-bridges and terminal
water ligands, constitute a saturated ligand environment for the Mn;CaOs cluster, in which all
four Mn ions are 6-coordinated (see above discussions of Mn4 and Mn1), whereas the Ca’* ion is
7-coordinated.

Perhaps one of the most important factors that makes the MnyCaOs cluster unique is the
coordination pattern of the p-oxo-bridged oxygen atoms. In addition to their direct coordination
to the nearby metal ions, all five oxo-bridged oxygen atoms are H-bonded to either amino acid
residues or water molecules (Figure 4b). Among the five oxygen atoms, O1-O3 are each bonded
to three metal ions and have additional H-bonds. O1 is H-bonded to a water molecule [W923; the
numbering of water molecules is based on Protein Data Bank (PDB) ID 3ARC, with the exceptions
of W1-W4], D1-Glul89/0OEl and OE2, and the two carboxylate oxygen atoms of D1-Ala344;
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D1-D170

D1-E333

Figure 4

The ligand environment of the Mn4CaOs cluster. (2) Direct (first coordinate) ligands to the Mn4CaOjs cluster, showing that each Mn
ion has six ligands, whereas the Ca’>* ion has seven ligands. (5) Hydrogen bonds (cyan dashed lines) to the five oxo-bridged oxygen atoms
(bold). For clarity, the metal cluster is rotated relative to the view in panel 2. In both panels, D1 subunits are shown in green, CP43
subunits are shown in pink, Mn ions are shown in purple, Ca ions are shown in yellow, and oxygen atoms are shown in red.

02 is H-bonded to CP43-Arg357/NH2, CP43-Glu354/0OE1 and OE2, and the two carboxylate
oxygen atoms of D1-Ala344; and O3 is H-bonded to D1-His332/NE2, D1-His337/NE2, D1-
Asp342/0D1 and OD2, and CP43-Glu354/0OE1 and OE2. These H-bonds give these three
oxygen atoms a tetrahedral structure, fulfilling the octet rule for the coordination of oxygen
dianions (80, 104) except for O3, which has an additional H-bond. Because the four residues
H-bonded to O3 are also H-bonded to other oxygen atoms or coordinated to the metal ions, it is
possible that one of these residues within H-bond distance of O3 is not actually H-bonded to O3,
in which case O3 would still fulfill the octet rule. The O4 atom linking the dangling Mn (Mn4) to
the cubane is oxo-bridged to two Mn ions (Mn3 and Mn4) and has six additional H-bonds with
W1, an additional water molecule (W539), D1-Asp170, D1-Glu333, CP43-Glu354, and CP43-
Arg357. Thus, O4 also has a tetrahedral structure. Compared with these four oxygen atoms, O5 is
bridged to four metal ions (Mn1, Mn3, Mn4, and Ca?*) and also H-bonded to four other species,
W2, W3, and D1-Glu333/0OE1 and OE2. Furthermore, OS5 is also close to D1-Glul89/0OE2
(3.37 A). This may make the OS5 atom unique among the five oxo-bridged atoms, making it a good
candidate for the water oxidation substrate, which is consistent with the discussion above based
on the unusual position and bond distances of O5 to the nearby metal ions.

An important role of the H-bonds to the oxo-bridges provided by two positively charged
residues (CP43-Arg357 and D1-His337) may be to partially compensate for the negative charges
of the oxygen dianions within the Mn4CaOs cluster, thereby weakening the bond between oxygen
dianions and Mn(III), Mn(IV), or the Ca’* ion. This may contribute to the distortion and thus
the flexibility of the cubane structure of the Mn4CaOs cluster, making it easier for the cluster
to undergo structural changes during the catalytic cycle (S-state transition). If one assumes that
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no H-bonds are present for the oxygen atoms, then not only is the octet rule not met, but also
the O-Mn bonds in the cluster become similar to those found in typical Mn oxides, which are
in the range of 1.8-2.1 A. These short distances would yield a rigid, undistorted structure that
cannot easily undergo structural changes accompanying the S-state transitions. In other words,
the flexibility expected from the distorted structure of the metal cluster would be lost, yielding
a compound with little or no catalytic activity for water splitting. It is thus the distorted chair
form, or the flexibility, of the Mn4CaOs cluster that is most important for the water-splitting
activity. Photosynthetic organisms have gained this extraordinary structure through a long period
of evolution and have maintained it for an even longer time, from the advent of prokaryotic
cyanobacteria some 2.7 billion years ago to the higher plants that exist today.

The Role of the Ca2* Ion and the Effects of Sr?* Substitution on the Structure
of the Mn4CaQOs Cluster

Other than Mn, Ca** is the only metal ion in the Mn4CaOs cluster, and various structural and
functional roles have been proposed for it (7, 15, 41, 65, 67, 73,92, 124, 145). From the structural
organization of the MnyCaOjs cluster, it is clear that Ca is needed to maintain the distorted cubane
structure owing to its longer bond distances to oxygen atoms compared with those typically found
between Mn ions and oxygen atoms. If the cluster were composed only of Mn ions and oxygen
atoms, its structure would become symmetric and barely distorted; the resulting compound would
be rigid and stable and therefore unable to undergo structural changes. Interestingly, however,
QM/MM calculations with the Ca’* ion omitted showed that the distorted structure of the cluster
is essentially maintained without that ion (102, 118), suggesting that the role of Ca’* is not solely
structural, although small structural changes may occur upon the ion’s removal.

The high-resolution PSII structure revealed that two terminal water ligands (W3 and W4) are
coordinated to the Ca’* ion (Figure 2). W4 is directly H-bonded to Yz, and W3 is indirectly
H-bonded to Y7 through another water molecule (52, 127) (Figure 5). W3 is also directly or
indirectly H-bonded to two water molecules coordinated to Mn4 (W1 and W2), which together
with several other water molecules and amino acid residues form extensive H-bond networks
around the Mn4CaOjs cluster (52, 127) (Figure 5). Thus, another important role of the Ca?* ion
is apparently to maintain the H-bond network connecting the water molecules and Yz, (67, 94),
some of which must be involved in proton transfer (see below). The H-bonds to Y, provided
by W3 and W4 must also be important in maintaining the position and orientation of Y (103)
in order for it to efficiently mediate electron and proton transfer. This role of the Ca’* ion is
apparently fine-tuned and cannot be replaced by a Mn ion, because Ca’>* is 7-coordinated and
thus able to attract two water molecules, whereas Mn is 6-coordinated (52, 127). The only cation
that can replace Ca** while still partially maintaining the water-splitting activity is Sr’*, which is
also 7-coordinated and has the same 2+ charge, with a very slightly larger ionic radius.

The two water molecules bound to the Ca** ion imply a third, important role for this ion: the
binding of one or more substrate water molecules (11, 73, 74, 145). To explore this possibility,
Koua et al. (58) replaced the Ca’* ion with Sr** and used the resulting PSII for crystallization
and crystal structural analysis. Because the Sr’*-substituted PSII still exhibited oxygen-evolving
activity (at approximately half the level of the Ca’*-containing PSII) (7, 41), the overall structure
of the Mn4CaOs cluster is expected to be maintained in the resulting Mn4SrOs cluster. This has
been confirmed by EPR, ENDOR (15, 92), and EXAFS measurements. The Sr’** substitution is,
however, expected to cause slight structural changes, which may be responsible for the decrease
in the oxygen-evolving activity. The crystal structure of the Sr**-substituted PSII analyzed at a
resolution of 2.1 A showed that the overall structure of the Mn4SrOs cluster was indeed unchanged
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H304

Figure 5

Hydrogen-bond network connecting the Mn4CaOs cluster and Y. The numbering of the water molecules
is based on PDB ID 3ARC, with the exceptions of W1-W4. Residues of D1 are in green, a residue of PsbV/
is in cyan, and a residue of CP43 is in pink. The cyan arrow indicates a possible proton transfer from His190
back to Y7z, the blue arrows indicate proton paths mediated by several water molecules back to the

Mn4CaOjs cluster, and the pink arrows indicate proton paths out to the lumenal solution.

compared with that of the Mny CaOjs cluster (58). There were several small differences in the Mn-O
and Sr—O distances compared with the corresponding Mn—O and Ca-O distances in the Ca®*-
containing PSII, but the most significant difference was in the bond distance between Sr and one
of the terminal water ligands (W3), which became 2.6 A02A longer than the corresponding
distance in the Mn4CaOs cluster. By contrast, the W4-Sr distance became 2.3 A, similar to the
corresponding distance (2.4 A) in the MnyCaOs cluster. These results suggest that W3 binds to
Ca’* more weakly than W4 does and is thus more mobile than W4. In fact, the position of W3
moved by 0.5 A in the Sr?*-substituted PSII relative to that in the native PSII (58), which also
resulted in a breakage of the H-bond between W2 and W3. This implies that W3 may have a
higher reactivity than W4, further implying that W3 may be involved in water splitting and O-O
bond formation.

HYDROGEN-BOND NETWORKS AND PROTON/WATER CHANNELS

Several possible channels for the exit of protons or entry of substrate water molecules have been
proposed based on the cavity space within the protein matrix found in the previous medium-
resolution structures (24, 31, 38, 66, 77, 129). For a high-efficiency proton transfer from their
production site to the outside of the PSII protein complex, however, H-bond networks are needed
through which the Grotthuss mechanism of proton transfer (1) is possible. The high-resolution
PSII structure indeed revealed several well-defined H-bond networks leading from the Mn;CaOs
cluster to the lumenal bulk solution (52, 127), which may serve as proton exit channels or water
inlet channels.
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One of the well-defined H-bond networks involves Y, which mediates electron transfer be-
tween the MnyCaOjs cluster and the PSIT reaction center Chls. Itis well known that upon oxidation
by P680, Y, donates a proton to D1-His190 and forms a neutral radical, Y, (34, 35, 72, 120).
As described above, the crystal structure showed that Y7 is connected with the oxygen-evolving
complex through a well-defined H-bond network (Figure 5), and it is further H-bonded with
His190 at a distance of 2.5 A in what has been demonstrated to be a low-barrier H-bond (103,
147). Whether the proton in His190 is released to the outside of the protein complex (the proton-
abstraction mechanism) (39, 125) or returns to Yz (the proton-rocking mechanism) (12, 96, 97)
has been under considerable debate, and the crystal structure has now shown that there are three
possible destinations for this proton.

First, the proton may return to Yz (the proton-rocking mechanism) (cyan arrow in Figure 5),
as proposed earlier (12, 96, 97). Second, there is a water molecule, W778 (numbering based on
PDB ID 3ARC), 4.6 A away from His190 (which is H-bonded to Y), and FTIR and density
functional theory (DFT) calculations have recently shown that this water molecule moves closer
to His190 to make an H-bond with His190 upon oxidation of Yz (79). The proton on His190 may
come back to the Mn4CaOs cluster first through W778 and then through either W923 or W394-
W387-W398-W348-Asp342-W354 (blue arrows in Figure 5), as all of these water molecules
are ultimately connected to the Ol or O3 atoms in the MnyCaOs cluster. Third, through the
movement of W778, the H-bond network is extended to the lumenal surface by a number of
water and amino acid residues (pink arrows in Figure 5). This H-bond network is located in
the interfaces between the D1, CP43, and PsbV subunits and connected to the lumenal surface
through PsbY-Lys129 and PsbV-Tyr137. This H-bond network may function as an exit channel
for protons that arise from proton-coupled electron transfer via Yz (34, 35, 39, 125). PsbV-Lys129
and PsbV-Tyr137 at the exit of this channel are surrounded by several charged residues, including
D1-Arg323 and D1-His304; these residues may therefore function to regulate the proton excretion
through the proton-coupled electron-transfer pathway.

Because Yy is directly H-bonded to W4 and indirectly connected to W1, W2, and W3, the
release of a proton through His190 and the H-bond network enables Y7 to accept a proton arising
from the deprotonation of a substrate water molecule during the S-state transition. Nakamura
et al. (79) have suggested that this proton path is functional in the S,-S; transition, although
further evidence is required to verify whether and (if so) where this H-bond network works.

Another example of the H-bond network starts from one of the ligands to the Mn4CaOjs cluster,
D1-Glu333, and is mediated by D1-Asp61 and ClI-1 (52, 127) (Figure 6). Cl-1 is one of the two
chloride binding sites in PSII, which are located in two sides of the Mn4CaOs cluster and are 6—
7A away from the Mn4CaOjs cluster (51, 78). CI-1 is surrounded by D1-Lys317, D1-Glu333, and
two water molecules (52, 127). The H-bond network extends from D1-Asp61 and CI-1 through
several amino acid residues and water molecules formed by the interfaces of D1, D2, and PsbO,
and then to the surface of the protein complex, with several exits in the lumenal bulk solution
(Figure 6). It may function for the exit of protons or inlet of water molecules (24, 31, 38, 77). In
fact, mutagenesis (19) and ClI depletion studies (90, 130) have suggested that both D1-Asp61 and
Cl™ ions are important for the activity of oxygen evolution, and several studies have suggested
that D1-Asp61 is important for mediating proton transfer.

POSSIBLE MECHANISMS FOR WATER SPLITTING
AND O-O BOND FORMATION

Several mechanisms for water splitting and O-O bond formation have been proposed based on
the crystal structural analysis; the results of EPR, ENDOR, EXAFS, FTIR, and isotope-exchange
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Figure 6

Hydrogen-bond network through CI-1 and D1-Asp61 (indicated by red dashed ovals). The network starts at
D1-Glu333 (one of the ligands to the MngCaOs cluster, indicated by a red dashed oval) and extends through
Cl-1, D1-Asp61, and a number of water molecules and amino acid residues provided by D1, D2, and PsbO
(33 kDa), with multiple exits (thick blue arrowheads) to the lumenal surface. A, D, and O represent PsbA (D1;
pink), PsbD (D2; green), and PsbO (light blue), respectively. The distances (in angstroms) are based on the
PsbA monomer of the photosystem II dimer in the 1.9-A structure (PDB ID 3ARC).

experiments; and theoretical calculations (6, 117, 142). The high-resolution crystal structure has
provided the possible sites and constraints for water oxidation. Currently, two main types of O-O
bond formation can be considered: an oxo-oxyl radical coupling mechanism and a nucleophilic
attack mechanism. Each of these mechanisms may involve different sites of the substrates, based
on different lines of experimental and theoretical evidence. In the following sections, I discuss
the plausible locations of substrates and O-O bond formation in these mechanisms based on the
crystal structure as well as other analyses.

0O-0O Bond Formation Involving the O5 Atom

As discussed above, the OS5 atom is unique among the five oxo-bridges in the Mn4CaOs cluster
and may participate in O-O bond formation by providing one of the substrate water molecules.
The involvement of a bridging oxygen in the O-O bond formation was first proposed by Siegbahn
(114, 115) based on extensive DFT calculations, and a recent study using W-band 7O electron-
electron double resonance (ELDOR)-detected NMR spectroscopy suggested that the OS5 atom
could be one of the substrates for O-O bond formation (93, 88). In light of these results, the
second oxygen may be provided by an oxyl group deprotonated from a water molecule during
the S»-S; or S3—~(S4) transition or by a terminal water ligand bound to Ca’** or Mn. For the O-O

www.annualreviews.org o Structure of PSII and the Water-Splitting Mechanism

ELDOR:
electron-electron
double resonance

37



Annu. Rev. Plant Biol. 2015.66:23-48. Downloaded from www.annualreviews.org
Access provided by CAPES on 04/20/18. For personal use only.

38

Figure 7

Possible mechanisms for O-O bond formation. () O-O bond formation between W3 and OS5 or between
W2 and O5. (b)) O-O bond formation between O35 and a water molecule (Wx) newly inserted between O5
and Mn1 in the right-side-open (R-type) structure. (¢) O-O bond formation between O5 and a water
molecule (Wx) newly inserted between O5 and Mn4 in the left-side-open (L-type) structure. (d) O-O bond
formation between W2 and W3 without the involvement of O5.

bond formation involving the O5 atom to be possible, the second substrate water molecule must
be close enough to the O5 atom, which may be provided by one of three sites:

1. O-0 bond formation between OS and W3: This is a nucleophilic attack mechanism in which

Shen

the oxo-bridged OS5 is attacked by W3, a terminal water ligand to Ca’>* (Figure 74). As
described above, substituting Sr** for Ca®* alters the position of W3 (58), which may be the
reason for the decrease of oxygen-evolving activity in the Sr’*-substituted PSII, suggesting
that W3 may be directly involved in water splitting. Because W3 is within H-bond distance
of O3, it may easily move to become closer to O5 during the S-state transition, leading to
O-O bond formation between O5 and W3. This mechanism confers a substrate-binding
role on Ca’*, which has also been suggested based on several previous studies addressing
Ca’* function (73, 145). This mechanism requires that the two substrate water molecules are
already bound in the S; state as well as the S state because both W3 and O5 are not likely to
be detached in the S state. Time-resolved membrane-inlet mass spectrometry experiments
using oxygen-isotope-labeled water detected the binding of two substrate water molecules
and showed that at least one of the two substrates is already present in the S; state (13, 36,
37) and that two substrate water molecules have already been bound in the S; state (81). If
one considers that, based on FTIR measurements, no new water molecule is inserted during
the S;-S, transition (122), these results suggest that the second water molecule is also bound
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in the Sy state, enabling the formation of the O-O bond between W3 and O5. From the
isotope-exchange experiments, however, it is unclear whether the second water molecule is
also already present in the S; state or comes in at a later step.

2. O-0 bond formation between OS5 and W2: This mechanism is similar to the above, with W2
replacing W3 (Figure 74). W2 is coordinated to Mn4 and is also within H-bond distance
of O5. QM/MM calculations have suggested that W2 is in a deprotonated state in S; (2, 64,
93, 99), suggesting that it is a source of proton release during the S-state transition. If this
mechanism is indeed in operation, then the two substrate water molecules are coordinated
mainly to Mn, and the Ca** ion does not participate directly in the O-O bond formation,
although OS5 is also partially connected to the Ca?* ion. As in the O-O bond formation
between O5 and W3, this mechanism requires that the two substrate molecules are already
bound in the S; state.

3. O-0 bond formation between OS5 and a newly inserted water molecule: This is an oxo-oxyl
coupling mechanism that was originally proposed by Siegbahn (114, 115) based on the energy
cost for O-O bond formation during the final step of S-state transition, and is partially in
agreement with the results of recent ELDOR-detected NMR spectroscopic analysis (88,
93). In Siegbahn’s original proposal, a new water molecule is inserted between OS5 and Mn1
during the S,-S; transition based on the presence of the open space in the dominating R-
type structure in the S, state (Figure 7b), which then forms an O-O bond with OS5 and is
released as a dioxygen during the S3—(S4)-Sy transition. This idea is based largely on the fact
that in S;, Mn1 is in a III oxidation state and is 5-coordinated, and there is an open space
between Mnl and OS5. Upon one-electron oxidation from S; to S;, Mnl changes to a IV
state and becomes 6-coordinated. The newly inserted water is coordinated to Mn1 to fulfill
this requirement. Using DFT calculations, Siegbahn (6, 114-118) showed that the energy
barrier for O-O bond formation between OS5 and the newly inserted water coordinated
to Mnl is the lowest among all of the possible mechanisms of O-O bond formation. In
addition, FTIR measurements have indeed shown the insertion of a water molecule during
the S,-S; transition (122). As described above, theoretical calculations have revealed two
types of structures in the S, state, R-type and L-type structures (Figure 3), with the R-type
structure dominating in the S, state (42, 86). The R-type structure would allow the new
water molecule to be inserted between O5 and Mn1, enabling the Siegbahn mechanism to
function.

The structural changes that occur during the S,-S; transition, as well as whether the R-type
structure is retained and dominates in the S; state or immediately before the S,-S; transition,
are not clear at present. Recent QM/MM calculations have suggested that the L-type structure is
more stable upon transition from S; to Sz, and could dominate in the S; state (8,42). In this case, the
new water molecule would be inserted (assuming it is indeed inserted) between Mn4 and O35, and
therefore the O-O bond formation would occur between O35 and the new water molecule bound
to Mn4 (Figure 7c¢). In either case, according to the crystal structure, the open space between
OS5 and Mnl in the R-type structure and between O5 and Mn4 in the L-type structure is rather
small, and the O5 atom is protected by a hydrophobic wall provided by a hydrophobic region of
a D1 helix between Asn181 and Glul89, within which Val185 is rather close to O35, which may
increase the barrier for insertion of the new water molecule. In addition, it is unclear from the
FTIR measurements where the new water molecule is inserted during the S,-S; transition and
whether it is involved in the current cycle of O-O bond formation or may serve as a substrate for
the next cycle of the reaction.

In all of the mechanisms discussed above, the O5 atom must be cut out from its binding site.
Although the unusual position of O5 revealed in the crystal structure is consistent with a higher
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reactivity of this oxo-bridged oxygen, O3 is connected to four metal ions, and some of the bond
distances may become shorter in the higher S states. Indeed, in the R-type or L-type structures
obtained for the S, state through QM/MM calculations, OS5 shifts closer to Mn4 or Mn1, resulting
in a stronger binding of O5 to one of these Mn ions (2, 6, 25, 42, 71, 86), as is usually observed
in Mn oxides. This makes the cleavage of O5 difficult, creating a higher energy barrier for O-O
bond formation involving the OS5 atom. Indeed, the cleavage of oxo-bridges to serve as substrates
is expected to be more difficult than the cleavage of terminal water ligands, and such cleavage is
rarely, if ever, observed in synthetic Mn oxides.

0-0O Bond Formation Involving Two Terminal Water Ligands

Because the high-resolution crystal structure revealed four terminal water ligands (W1-W4) to
the Mn4CaOs cluster, it is possible that the O-O bond formation could occur within two of these
four water ligands via a radical coupling or peroxide-intermediate mechanism without involving
an oxo-bridged oxygen. Of these four water molecules, the distance between W2 and W3, two
water molecules ligated to Mn4 and Ca®*, respectively, is 3.3 A (Figure 2), and thus they are
the most likely candidates for the substrate water molecules. W2 has been suggested to be in a
deprotonated state in Sy, indicating thatitis one of the proton donors during the S-state transition.
W3 may be deprotonated during the S,-S; or S3—(S4)-Sy transition, resulting in two terminally
bound OH™ species that may form a peroxide intermediate during the S-state transition, ultimately
resulting in the formation of a dioxygen (Figure 7d). This mechanism involves the Ca’* ion and
the dangling Mn ion outside of the cubane and requires that the two substrate water molecules are
already bound in the S; state. The newly inserted water molecules during the S-state transition
may be located somewhere outside of the cluster and replace these water molecules after they are
deprotonated and released as dioxygen. Therefore, the newly inserted water will be used in the
next reaction cycle.

The above mechanism suggests that both Ca’* and a Mn ion (Mn4) are required for water
splitting. However, Kusunoki (64) suggested a monomanganese mechanism in which only one
Mn ion (the dangling Mn) is involved in water splitting, and the two substrate water molecules are
bound to this single Mn ion. Although the crystal structure showed that there are indeed two water
molecules, W1 and W2, coordinated to Mn4, and these two water molecules are close enough to
form an H-bond, the formation of the O-O bond between them excludes the functional roles of
the Ca’* and other Mn ions; thus, this mechanism is less likely.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The geometric structure of the MnsCaOs cluster has been revealed by the structural analysis of
PSII at an atomic level, making PSII the largest membrane-protein complex whose structure has
been solved at a resolution higher than 2.0 A. Although there are still some debates regarding
the bond distances of Mn—Mn and Mn-O in the crystal structure (possibly owing to radiation
damage during X-ray data collection as well as inherent experimental errors), several mechanisms
of water oxidation and O-O bond formation could be considered based on the current structure,
in which four water molecules were found to be direct ligands to the Mn4CaOjs cluster along with
a huge number of water molecules in the PSII complex. However, the exact reaction mechanism
and possible structural rearrangements occurring during the S-state transitions will become clear
only after some (or all) of the structures of the intermediate S states are obtained.

Research in this area will benefit greatly from the high-resolution crystals already obtained as
well as a combination of advanced biophysical methods such as X-ray absorption spectroscopy,

Shen



Annu. Rev. Plant Biol. 2015.66:23-48. Downloaded from www.annualreviews.org
Access provided by CAPES on 04/20/18. For personal use only.

advanced EPR techniques, and FTIR. These spectroscopic approaches have yielded unique in-
formation regarding the structures, dynamics, and oxidation states of the catalytic site, and in
combination with the geometric structure revealed by X-ray crystallography as well as theoretical
calculations, they are expected to provide a clear picture of the water-splitting mechanism in the
near future. In addition, the availability of X-ray free electron lasers is worth mentioning; these
lasers create ultrashort (femtosecond) pulses of intense X-rays that may allow the collection of
diffraction data without radiation damage (so-called diffraction before explosion) as well as data
collection from short-lived intermediate states (53, 55, 62).

Elucidation of the water-splitting mechanism will be important for the design of an artificial
catalyst capable of splitting water using the energy from the sun, an ultimate source of clean
and renewable energy. In addition, detailed structural and functional information regarding the
roles of protein subunits, amino acid residues involved in water splitting, and proton, water, and
oxygen channels in PSII may make genetic modifications possible, which in turn may lead to the
enhancement of PSII functions and hence higher plant productivity or better adaptation to adverse
environmental conditions.
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