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Structure Function Studies of Photosystem Il Using X-Ray Free
Electron Lasers

Junko Yano,
Jan Kern,

Vittal K. Yachandra

Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National
Laboratory, Berkeley, California, USA

Abstract

The structure and mechanism of the water-oxidation chemistry that occurs in photosystem Il have
been subjects of great interest. The advent of X-ray free electron lasers allowed the determination
of structures of the stable intermediate states and of steps in the transitions between these
intermediate states, bringing a new perspective to this field. The room-temperature structures
collected as the photosynthetic water oxidation reaction proceeds in real time have provided
important novel insights into the structural changes and the mechanism of the water oxidation
reaction. The time-resolved measurements have also given us a view of how this reaction—which
involves multielectron, multiproton processes—is facilitated by the interaction of the ligands and
the protein residues in the oxygen-evolving complex. These structures have also provided a picture
of the dynamics occurring in the channels within photosystem 11 that are involved in the transport
of the substrate water to the catalytic center and protons to the bulk.

Keywords
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1. INTRODUCTION

Most oxygen, on which life as it exists today on earth depends, is generated by plants,
algae, and cyanobacteria via the light-induced oxidation of water in photosystem I1 (PS I1),
a membrane-bound pigment—protein complex embedded in the thylakoid membrane of all
oxygenic photosynthetic organisms (Figure 1a). This reaction is one of the most important,
life-sustaining chemical processes occurring on such a large scale in the biosphere. The
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water-oxidation reaction probably first appeared in nature approximately 2.5 to 3 billion
years ago in the precursors to present-day cyanobacteria, although the exact timeline or
lineage is the subject of much debate (7, 121, 130, 143). An essential component in the
evolution of oxygenic photosynthesis is the Mn4CaOs catalytic complex, which can store
four oxidizing equivalents, a prerequisite to catalyze the four-electron oxidation of two water
molecules to dioxygen with low overpotential. In addition to the four electrons, four protons
are released during the reaction. The resulting membrane potential and proton gradient
across the membrane drive the synthesis of ATP molecules. The electrons are utilized for
the generation of NADPH, and both ATP and NADPH are used to drive the reduction of
CO», to carbohydrates via the Calvin cycle. The electrons and protons produced during the
water-oxidation reaction in PS Il are thus ultimately used to store energy; this is nature’s
elegant way of converting the energy from sunlight into chemical energy. It is this form of
energy-rich compounds created by photosynthesis, as well as the byproduct of O,, on which
all higher life on earth depends.

The Mn4CaOg metal center in PS I, referred to as the oxygen-evolving complex (OEC),
catalyzes the four-electron and four-proton redox chemistry of water and consists of an oxo-
bridged cluster of four Mn and one Ca, with several ligands to both the Mn and Ca provided
by the surrounding amino acid residues (Figure 1a). The four-electron redox reaction is
coupled with the one-electron photochemistry occurring at the PS |1 reaction center, where
the primary charge separation by the absorption of sunlight occurs, and subsequent electron
transfer takes place through several vectorially arranged pigment cofactor molecules (124,
145).

The structure of the reaction center of PS Il is similar to the photosynthetic bacterial
reaction centers (37), but in contrast to them, it also includes the OEC. PS Il is found

as a dimer with a molecular weight of approximately 700 kDa in all known oxygenic
photosynthetic organisms, and the two monomers are related by a twofold axis perpendicular
to the membrane plane. Each monomer (Figure 1a) consists of 17 or 18 membrane integral
subunits with a total of 35-36 transmembrane helices and 3—4 peripheral subunits (65, 124,
141, 161). The exact composition of the smaller peripheral peptides that are both intrinsic
and extrinsic to the membrane differs among cyanobacteria, algae, and higher plants. The
monomer in cyanobacteria is characterized by a pseudo-twofold symmetry, with the D1,
CP47, and Psbl subunits related to the D2, CP43, and PsbX subunits, respectively, via the
pseudo-symmetry axis. Each monomer contains 35 chlorophyll a (Chl) molecules, 11-12
all-trans p-carotene molecules, 1 OEC (Mn4CaOs cluster), 1 heme b, 1 heme ¢, 2 or 3
plastoguinones, 2 pheophytins, 1 nonheme Fe, and approximately 20-25 lipids.

Figure 1a shows the electron transfer chain in the structure of the PS 1l monomer, where the
initial light harvesting, primary charge separation, charge stabilization, and electron transfer
take place on the picosecond-to-microsecond timescale (113, 124). The Pggg reaction center
in the D1 and D2 subunits is the primary electron donor that traps the light energy delivered
from the inner antenna subunits (CP43 and CP47 subunits) or the outer antenna complexes
of PS Il (LHC Il in plants and the phycobilisome in cyanobacteria). The exact location of
primary charge separation, e.g., whether the subsequent acceptors Chlp; and pheophytin
(Pheopy) are also involved in this step, was a matter of debate for many years (89, 117).
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Recent experiments (see 158) clearly showed that the excited state of the primary donor
Pego* rapidly (within approximately 3 ps) leads to the initial charge-separated state between
Chlp1 and Pheop, and eventually to the acceptor, plastoquinone Qa (in approximately 250
ps). The last electron transfer step to the final electron acceptor plastoquinone Qg takes
place on the timescale of hundreds of microseconds (36), stabilizing the charge-separated
state. Plastoquinone Qg leaves the pocket on the acceptor side of PS |1 after accepting two
electrons and two protons as QHy(g), plastoquinol, and is released into the membrane matrix
for transfer to the cytbgf complex, which mediates electron transfer between PS Il and
photosystem 1 (88). On the donor side of PS I, the photo-oxidized cationic radical P680°+
is reduced by a tyrosine residue, Yz (D1-Tyrl61), to generate a neutral tyrosine radical,
Yz, which oxidizes the Mn,CaOs complex and initiates the water oxidation process at the
catalytic metal center of the OEC. Y has a strong H-bonding interaction with the nearby
D1-His190. This close interaction is essential for modulating the protonation state of Y,
and it was suggested to exist even before structural details were available showing that Y,
plays an important role in the proton-coupled electron transfer processes at the OEC during
water oxidation (138).

Inspired by the period-four oscillation in flash-induced oxygen evolution of PS Il discovered
by Joliot and colleagues (68) in 1969, Kok and colleagues (79) proposed a five-state kinetic
model for photosynthetic oxygen evolution, known as Kok’s S-state cycle. The model
comprises four intermediates (Sg, S1, S, and S3) and one transient S, state, which precedes
dioxygen formation from two water-derived oxygens bound at the Mn,CaOsg cluster in the
OEC. Thus, the Mn4CaOs cluster in the OEC couples the four-electron oxidation of water
with the one-electron photochemistry occurring at the PS Il reaction center by acting as the
locus of charge accumulation and the center where the water-oxidation chemistry, including
0O-0 bond formation and dioxygen release, occurs.

During one cycle of the catalytic reaction, the OEC consumes two water molecules; one

is introduced into the cycle during the S,—S3 transition and the second during the S3—[S4]
—§ transition. Meanwhile, in addition to four electrons, four protons are released from the
catalytic reaction in the pattern of 1:0:1:2 for the S-state transitions Sg;—>S;—>S,—>S3—Sg
(122, 136) (although some differences are observed when populating the high-spin S state;
11). All four S-states of PS 1l can be populated by illumination of dark-adapted PS Il (as it
relaxes to the Sq state in the dark) with 0, 1, 2, or 3 flashes.

During the four-step reaction, the protein residues not only modulate the redox potentials

of the Mn,CaOs cluster, but also provide pathways for electrons, protons, substrate H,O,
and product O,. PS Il orchestrates the well-controlled catalytic reaction close to the
thermodynamic potential (113). This redox leveling achieved by storing redox equivalents
on the metal cluster allows the system to perform all steps in the water oxidation reaction,
with the driving force of approximately 1.1 V provided by the Y2/YZ" couple in each

of the transitions (113). Moreover, this multistep oxidation proceeds without the release

of damaging intermediates of the water-oxidation process, such as hydroxide radicals,
peroxide, or superoxide, that can be detrimental to the protein and to the chemistry occurring
at the OEC (118).
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In this review, we focus on the current understanding of the water-oxidation reaction in PS
I1, centered around the Mn4CaOg cluster, with emphasis on recent X-ray free electron laser
(XFEL)-based room-temperature structures of intermediates. We also discuss the importance
of the interplay between the cofactors and their environment for enabling multielectron and
multiproton redox chemistry (128).

2. GEOMETRIC AND ELECTRONIC STRUCTURE OF THE Mn,CaOsg
CLUSTER IN THE S; (DARK, RESTING) STATE

The mechanism of photosynthetic water oxidation and the structure of the catalytically
active site have been subjects of intense study by many groups with a wide range of
methods ever since Mn was identified as an essential element for this reaction in algae
and moss by Pirson (108) in 1937. Electron paramagnetic resonance (EPR) spectroscopy
(29, 87), infrared (IR) (4, 100-102), mass spectroscopy (16, 35, 60, 125), biochemical (5,
22,70, 99, 103), and theoretical (53, 67, 82, 85, 119, 127, 132) studies, and especially
early X-ray diffraction (XRD) (43, 55, 69, 86, 141, 161) using synchrotron radiation at
cryogenic temperatures and X-ray spectroscopy [Extended X-Ray Absorption Fine Structure
(EXAFS), X-Ray Absorption Near Edge (XANES), and X-Ray Emission Spectroscopy
(XES)] (32, 106, 149, 156, 157), have provided valuable insights into the structure of the
Mn4CaOs cluster and the mechanism of water oxidation in PS 11

The detection in the 1980s of the light-induced formation of an EPR signal [commonly
referred to as the multiline signal (MLS)] associated with the S, state was an important step;
the MLS had a very rich, hyperfine structure, which is the signature of a mixed-valence

Mn cluster containing both Mn!"! and Mn!V oxidation states (39—41). The MLS and its
many variants, as well as the EPR signals that have been discovered from the other S-states
(namely the Sg, Sq, and Ss states), have been used for modeling the possible structure and
the valence state of the Mn,CaOs cluster through the Kok cycle (1, 2, 9, 14, 17, 38, 59, 92,
160). Structural studies of the Mn,CaOs complex were initially mostly based on EXAFS
studies. These were critical in determining the presence of di- and mono-p-oxo-bridged Mn-
Mn at approximately 2.7 and 3.3 A, respectively (33, 34, 47, 90, 94, 107, 146-148), and Mn
oxo-bridged to Ca at approximately 3.4 A (23-25, 83, 111, 150), as well as the metal-ligand
distances. These distances showed little change during the S;—S, transition (90, 148), but
more clear changes were observed during the So—Ss transition (52, 84) and in the Sy state
(51, 114, 115). EXAFS experiments were also the first to show that the structure contained
a unique Ca, possibly oxo-bridged to all four Mn (23-25, 83, 111, 150), and polarized
EXAFS using crystals of PS Il was the first to show that the Mn,CaOs structure was an
open-cubane-like structure (153),although the exact damage-free (152), three-dimensional
structure was only determined later by crystallographic studies using XFELS at cryogenic or
room temperature.

Information about oxidation states, the electronic structure, and how charge and spin
densities around the Mn4Ca cluster change as it progresses through the catalytic cycle is
also important for understanding the mechanism of water-oxidation chemistry. EPR (29, 56),
IR (101, 102), and X-Ray Absorption Spectroscopy (XAS) and XES (31, 32, 49, 57, 58,
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93, 116, 155) studies have shown that the Mn4Ca cluster changes in its formal oxidation
states from (1113,1V), to (111,,1V5), to (111,1V3), to (IV,) in the Sg—S1, S1—S,, and So—S3
transitions. Although there is overall consensus that the Mn cluster is oxidized as it proceeds
through the Sg to S states, the exact chemical state and the degree of delocalization of the
charge and spins are not yet clear (48, 49). It is important to note that the distribution of
spin and charge may be important not only for PS 11, but also for other catalytic reactions
involving transition metal compounds (129). This is especially the case if these reactions
have to proceed via very high-valence species or if storage of species with very high
oxidation or reduction potentials during the reaction is necessary (54).

2.1. X-Ray Crystallography of Photosystem Il at Cryogenic Temperatures Using
Synchrotron Radiation

Early X-ray crystallography studies at 3.0-3.8-A resolution using synchrotron radiation
sources were successful in determining the overall structure of PS 11 (43, 55, 69, 86, 161),
but the information they provided regarding the geometry and ligand environment of the
Mny4Ca cluster was limited, as the crystal diffraction data suffered from the progressive
reduction of the native high-valence manganese cluster back to the Mn!! state by the X-ray
beam, which was accompanied by a disruption of the Mn,Ca oxo-bridged structure (152).
Therefore, EXAFS, which can use a very low dose of X-rays, was required to provide a set
of possible structures in the relaxed S; state and in the other higher oxidation states. This
situation changed when Umena and coworkers (141) determined the structure of PS Il at 1.9
A using a low X-ray dose, limiting the damage to only approximately 25% of Mn atoms
being reduced by X-rays. However, there were intrinsic limitations to the use of X-rays
from synchrotron sources, such as the requirement to freeze the crystals because of radiation
damage issues.

2.2. X-Ray Crystallography of Photosystem Il at Room Temperature Using X-Ray Free
Electron Lasers

With the advent of XFEL sources, beginning with the Linac Coherent Light Source at
Stanford about a decade ago, that generate femtosecond X-ray pulses, it became possible
to outrun X-ray-induced damage and collect data at room temperature. In general, XFEL
experiments rely on the so-called diffract-before-destroy approach, where the probed sample
volume is completely destroyed by the individual XFEL pulse and replaced by a fresh
sample volume before the arrival of the next XFEL shot (15, 18, 98, 131). However, as the
information (diffraction pattern) is collected within the femtosecond pulse length, slower
X-ray damage processes, which usually happen on the picosecond timescale, do not affect
the obtained data. Therefore, one can expose the studied sample to a very high X-ray dose,
and cryogenic conditions are not necessary. This capability opened up the possibility of
collecting structures and spectroscopic data of PS Il in all of the S-states in a time-resolved
manner under physiological conditions (71-74).

More recently, the structures of all of the S-states have been determined at approximately
2.0-A resolution at room temperature (63, 64, 73, 133, 135, 159). In addition, several
structures for time points during the transitions between the S-states, including the S3—Sg
transition where the O-O bond is formed, were obtained (6).
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In this review, we focus on recent XFEL-based structural studies at room temperature
and the changes that they observed in the catalytic center and the channels that connect
the center to the bulk, providing conduits for protons and water that are required for the
water-oxidation reaction.

INTERMEDIATE S-STATE STRUCTURES

The introduction of XFELSs has enabled us to investigate the subtle differences of the
intermediate S-state structures by overcoming the issue of radiation-induced changes, which
is particularly a problem for redox-active metal clusters like the OEC in PS Il (75). Figure

2 shows the structures of the S-state intermediates of the cluster, with the oxidation states of
Mn and changes in the ligand environment indicated (73).

3.1. The S; State

The structure of the MnsCaOs cluster in the dark resting S state is shown in Figure 1a. The
cluster is in a right-open structure with no bond between Mn1 and Os; the Mn,—05 distance
is approximately 2.2 A, whereas the Mn1-O5 distance is approximately 2.7 A, clearly too
long for a bond between Mn1 and O5 to exist. Thus, Mn1 is pentacoordinate in the S state.
The formal oxidation state of the four Mn atoms is Mn'!',Mn!V,, and therefore, this state is
EPR silent. Mn1 and Mn4 are considered as Mn3+ in the S; state (80, 105, 127, 151). The
metal ligation sphere is completed by four waters (W1-W4), two bound to Mn4 and two to
Ca, as well as six carboxylate ligands (each ligating two metals) and one histidine ligand.

The main open question connected to the structure of the S, state is the protonation state of
the bridging and terminal oxygen ligands, which cannot be deduced from the current data.
For example, the protonation state of W2, which has been theorized to be either OH or OH,,
has consequences for the possible deprotonation mechanism in the later stage of the reaction
cycle (28).

3.2. The S, State

Upon the S;—S, transition (first flash), one Mn is oxidized from +3 to +4 (Figure 2).

The fundamental geometry of the cluster in the S, state, a right-open structure that has

been shown by crystallography and EXAFS studies, remains unchanged (73, 153, 154). One
important open question regarding the S, state is what the functional roles of the high-spin
and low-spin isomers observed in this state are. The low-spin form, with spin Sigia = 1/2
configuration (the MLS discussed above), in which Mn4 is +4, is considered to be consistent
with the form observed in the crystal structure, with a geometry similar to the Sq state. In
addition, EPR studies show multiple signals at higher g-values assigned to the high-spin
forms, and their population depends on the species, sample preparation (pH), and presence
of additives (8-10, 12, 13, 109). The debate centers around the structural nature of the
high-spin form(s); whether it is a right-closed (or left-open) structure; and whether it could
mimic the transient state during the S,—Ss transition, a possibility that has been suggested
based on theoretical studies (26, 27, 104). This structural isomorphism related to the high-
and low-spin isomers in the S, state has not been supported by cryogenic EXAFS structures
(19, 20) or room-temperature XFEL-based structures (64, 73) of the S, state.

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.
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Notably, the biggest difference between the S; and S, state structure is found in the
secondary coordination environment; a water (W20) that is located at the entrance of the O4
channel of the OEC near the bridging oxygen O4 disappears during the S;—S, transition.
This implies that the hydrogen bonding network is changed between the S; and S, states
due to the charge density changes of the cluster. While the oxidation of Mn in this transition
is not accompanied by the release of a proton from the OEC to the bulk (122, 136), this
observation suggests that there is likely a motion of protons that influences the hydrogen
bonding network around the OEC.

3.3. The S3 State

In the S3 structure, the last open coordination site of Mn1, which is pentacoordinate and in
oxidation state 3+ in the S, state, is filled with an oxygen [Ox (73) or O6 (134)]. It is likely
a hydroxo ligand, as proposed by some theoretical studies and indicated by simulations of
the EPR data that satisfy the Syt = 3 Spin state configuration of the Sy state (21, 30).

The Ox ligand forms a bridge between Mn1 and Ca. To accommodate the ligation by this
additional oxygen, the Ca coordination environment changes; Glu189, ligated to Mn1 and
Ca in the S, state, moves away from Ca to become a monodentate ligand with Mn1 (Figure
2b), and Ox bridges Ca and Mn1. The coordination number of Ca remains the same, at
eight. The observed elongation of the Mn1-Mn4 and Mn1-Mn3 distances by approximately
0.2 and 0.07 A, respectively, relative to the S, state is caused by the incorporation of Oy into
the cluster. This change in coordination of Mn1 from 5- to 6-coordinate is in line with the
proposed oxidation of Mn1 from +3 to +4 in the S,— S5 transition (21, 32, 64).

The close proximity of Oy and O5 indicates that this could be an O-O bond formation

site in the next transition, as has been suggested in different theoretical models in the past
(see, for example, 127, 151). Other studies suggested instead that Oy and O5 already form

a bond (an oxo-oxyl/peroxo/superoxo bond) in the S3 state (110, 134, 135). For the peroxo
and superoxo bond formations between Oy and O5, one and two, respectively, of the Mn
atoms would need to be reduced to 3+. However, based on the observation that the distance
between Ox and O5 is approximately 2.05 A (64, 73), and that Mn is oxidized in S5 to be
all 4+—as shown by EPR (21), XAS (32), and XES (64, 123) studies—we do not expect the
O-0 bond formation to occur at this stage.

3.4. The Sy State

The third laser flash advances the S3 state to the most reduced Sg state. In this transition,
first, the water oxidation is completed and O, is released; subsequently or simultaneously,
binding of one new water molecule occurs, resetting the catalytic cycle. The room-
temperature crystal structure of the Sy state shows the loss of Oy and the return of the
cluster structure to a motif similar to the dark-stable S; state. In parallel, the ligation of
D1-Glul189 to Ca is reestablished (Figure 2b), and W20—which disappeared during the
S;—$S, transition—reappears in the Sy state. The oxidation state of Sg is Mn3!'"Mn!V as
shown by EPR and X-ray spectroscopy analysis (32, 46, 91, 92, 115). The most probable
assignment of the oxidation state of each Mn for all states is shown in Figure 2a.

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.
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4. STRUCTURAL SEQUENCE OF EVENTS DURING THE S-STATE
TRANSITION

Figure 3 summarizes the structural changes at and around the donor side of PS Il during the
catalytic cycle, obtained from room-temperature crystallography studies. In addition to the
steady-state structures captured at room temperature, the snapshots of the structures during
the So—S3 and S3— S transitions show the sequence and the progression of each of the
events.

4.1. Syto S3

The S,—S3 transition, initiated by the second laser flash, is a critical step, as it is coupled
with the first water binding to the Mn4CaOs cluster and the release of one proton. In the
S,—S3 transition, the earliest event (<50 ps) observed in the time-resolved study is the
motion of Yz, together with the D1-His190 and D1-Asn298 residues, and the motion of
D1-Glu189, which is located next to Ca. These changes can be explained by the transfer of
an electron from Yz (Yz — YZ'*) to P680°*. The oxidation of Y is expected to change the
H-bonding network along the residues D1-Yz-His190-Asn298 and the surrounding waters
in their vicinity. The formation of the positive charge at the Y>—His190 pair could trigger
the shift of Glu189 away from Ca that is observed in the crystal structure at 50 ps after the
second flash. In the next step (<150 ps), the elongation of the Mn1-Mn4 distance becomes
visible, together with the appearance of the additional ligand Ox (64, 73) or O6 (135) as

a bridging ligand between Ca and MnZ1. Concomitantly measured time-resolved XES data
indicate that the oxidation of Mn1 from 3+ to 4+ is directly coupled to the insertion of this
ligand (64).

4.2. S3to Sy

In the S3—S transition, one of the earliest events is, again, the oxidation of the redox
active Yz, indicated by a motion of Tyr161 and His190, observed by 50 ps after the third
flash (Y z%% formation). Y7 then returns to the reduced state after receiving an electron
from the OEC through the last oxidation of the cluster. Several spectroscopic studies show
the presence of several phases in the S3—Sg transition (50, 57, 112). These include some
processes prior to the oxidation of the OEC and reduction of Yz back to Y. IR and
photothermal beam deflection spectroscopic data suggest that, during this lag phase, the
first proton is released (78, 102). In the crystal structure, this likely corresponds to the time
period of 200-500 ps, in which no major changes are observed in the MnsOgCa cluster.

In the early stage of the 500 to 1,200 us period, the last oxidation event (transient S, state
formation, with Mn!V,0° or Mn!V3sMnV) occurs; subsequently, the reduction of Mn takes
place. The O-0 bond formation should be triggered by this final oxidation event of the
OEC, and the distance change observed at Yz—D1-His190 in the 500-730 ps time period
suggests that the reduction of Y2 takes place through the electron transfer from the OEC to

The transient formation of the Sy state triggers the O-O bond formation, and the release of
molecular oxygen occurs, accompanied by the four-electron reduction of the cluster, a return

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

Page 9

of one substrate water, and the release of a second proton. The four-electron reduction may
proceed in one step with the O-O bond formation and immediate release of O, or in two
steps with the presence of an intermediate before the release of molecular oxygen from the
OEC. In the latter case, a peroxo species formed by an initial two-electron reduction appears
to be the most likely intermediate. The crystallography data show that there is a delay
between the onset of O—O bond formation (500-730 ps), as indicated by the Yz—D1-His190
distance or rotation, and the decrease of the Ox electron density and, therefore, the onset

of the O, release, as evidenced also by the Mn1-Mn4 distance contraction observed after
730 ps. The delay indicates the presence of an intermediate state, possibly a peroxide-like
species, which would support a mechanism of two consecutive two-electron reduction steps
for the water oxidation reaction.

5. CHANNELS

During the catalysis, the spatially controlled transport of the substrate water, electrons, and
protons between the catalytic center and the inside of the thylakoids (lumen) is essential for
catalytic efficiency. The electron transfer along a chain of cofactors is described in Section

1 and Figure 1. It should be noted that proton-coupled electron transfer is thought to be
essential to allow efficient coupling between the OEC and the electron transfer chain and
that a well-designed hydrogen bond network around the OEC seems to be a prerequisite

for the charge leveling that allows subsequent oxidization of the OEC by the same oxidant
(Yz) in each of the S-states (see, e.g., 78, 97, 113, 124, 126, 138). In this section, we

mainly discuss substrate water and proton transport. There have been several theoretical and
experimental studies (44, 45, 61, 66, 81, 95, 142, 144) identifying the channels that facilitate
substrate intake and proton release in PS Il. The three channels that are thought to be
important for water and proton transport are the O1 channel (large channel), the O4 channel
(narrow channel), and the CI1 channel (broad channel) (Figure 4). All three channels start
near the OEC and extend outward toward the lumenal side of the complex to the bulk water.
These three channels are observed in various oxygenic photosynthetic organisms, with some
species-specific variations, despite the fact that these species have been separated for a long
time in the evolutionary landscape (62). This signifies that the channels play a crucial role in
the survival of these organisms that is related to the water-splitting reaction.

5.1. Substrate Channel

During the water-oxidation reaction, two substrate waters are consumed at the OEC. It is
known that one binds to the OEC during the So,—Ss transition, and the other binds during
the S3—Sg transition, right after the release of O,. Theoretical studies have followed the
access of bulk water to the catalytic site based on the earlier crystallography data (44,

45, 61, 66, 81, 96, 141, 144). The room-temperature crystallography data taken during the
S,—S3 and S3— S transitions showed the high mobility (higher crystallography B-factor
and root mean square deviation of positions at different time points) of waters in the O1
channel compared to other channels, leading to the hypothesis that the O1 channel serves
as a substrate channel from the lumenal side of the bulk water (6, 63, 64). The pentacluster
of waters in the vicinity of the OEC, known as the water wheel region (Figure 4d), is
considered to be a point at which substrate waters can enter into the OEC.
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Several studies have proposed that Ca-bound water (W3) may serve as the entrance point
for substrate water (3, 76, 139) in the So—Ss transition. The simultaneously collected
crystallography and X-ray emission data suggest that the substrate water insertion to the last
open coordination site of Mn (Mn1) occurs concomitantly with the oxidation of this Mn (3+
to 4+) (64). W3 could then be filled by water that arrives from the water wheel region of the
01 channel via W4 to W3. In this scenario, the Ca ligand environment serves as a water gate
of the OEC.

The S3—S transition also involves the insertion of one substrate water into the OEC. Once
05, is released, refilling of the cluster with a new substrate water needs to occur. There is no
clear evidence of the disappearance of a second oxygen density in the cluster, besides Ox.
Therefore, the data suggest that the O, release and water refilling are highly coordinated,
and refilling likely occurs via a terminal water already ligated to the OEC. Extensive motion
of water molecules around the water wheel region is also observed in the S3—Sg transition,
and therefore, it was proposed that PS 11 uses the O1 channel for the substrate intake in both
the So—S3 and S3— S transitions via the Ca ligand environment (6, 64).

Proton Channel

In the water-oxidation reaction, four protons are released from the OEC, with a release
pattern of 1:0:1:2 for the Sp—S4, S1—S5, So—S3, and S3— S transitions. The mobility of
waters is much lower in the CI1 or O4 channels, in contrast to the O1 channel, as evidenced
by B-factor analysis of the room-temperature crystal structures (63, 64). These channels
form a tighter hydrogen bonding network than the O1 channel, which may be necessary for
efficient control of proton release.

In the Sp—S; transition, one proton is released in parallel to the one-electron oxidation

of Mn. It has been proposed that O5 is protonated in the Sy state; if this is the case, this
proton is a likely candidate for release during this transition. To date, no experimental study
has followed the time-resolved structural changes of the cluster or the channels for this
transition. However, theoretical studies by Takaoka et al. (137) and Sakashita et al. (120)
suggest that the O4 channel could be the proton channel in this transition. This conclusion
is based on the donor-to-acceptor direction of the hydrogen bonding network from the bulk
to the OEC formed in the Sq state (a post-proton-transfer orientation) (Figure 4c). Such a
donor-to-acceptor orientation is also supported by the single crystalline molecular dynamics
simulation that is based on the S;-state room-temperature crystallography data (42). A very
fast proton transfer has also been detected via time-resolved IR spectroscopy, supporting the
use of the tight H-bond network of the O4 channel for proton transfer in this transition (126).

There is consensus that the S;—S transition is not accompanied by a proton release
from the OEC to the bulk, and only electron transfer occurs (oxidation of Mn). However,
a delocalization of proton(s) within the OEC may still occur to compensate for the
accumulation of an additional charge at the cluster.

The S,—S3 transition involves the substrate binding to the Mn4CaOs cluster, forming a
Mn4CaOg cluster. Recent crystallography data suggest that Oy, which is likely a hydroxo
ligand, originates from the Ca-ligated water, W3, a conclusion that is in line with other
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experimental data (76, 140). This transfer process would be accompanied by a release of one
proton. The CI1 channel appears to be the most probable pathway for proton release during
this transition in both theory (42) and experiment (62, 63). In the steady-state structure,

the CI1 channel has a bottleneck region formed by residues D1-Glu65, D2-Glu312, and
D1-Arg334, which blocks the transfer of water or protons (Figure 4b). However, the
crystallography data show that the motion of this bottleneck region is reversible around

the time that the Oy density becomes visible at the OEC; a rotation of D1-Glu65 by
approximately 50° is seen in the time-resolved data at 150 ps after the second flash, which
leads to a rearrangement of the H-bond network. This residue then reverts back to its
steady-state configuration by 250 ps after the second flash.

Interestingly, similar changes in the bottleneck area are observed during the S3—Sg
transition as well, but these changes occur twice: first around 500 us and again around
1,200 ps. Some spectroscopic studies have suggested that a deprotonation event occurs prior
to the last oxidation of the OEC (77, 78), and the earlier motion of the CI1 bottleneck region
may correspond to this event. The later motion of this region coincides with the onset of

the Ox disappearance at the OEC. It is likely related to the recovery of the OEC, which
involves the insertion of a substrate water after the release of O,. Thus, we hypothesize

that the Glu65-Glu312—-Arg334 region serves as a proton gate that controls the shuttling of
the proton from the OEC to the bulk and minimizes back-reactions. The gate can exhibit
two forms—a closed state that does not allow proton egress and an open state for efficient
proton transfer to the bulk (63) (Figure 4b). The conformational changes at this gate region
are closely intertwined with the electronic changes at the cluster with Mn oxidation and Ox
insertion. Finally, the amino acid coordination environment, the hydrogen-bonding network
around the OEC, and the waters in the channels reset to those of the Sy state configuration.
This process includes the recovery of W20 in the O4 channel, and this channel is proposed
to be involved in proton release during the Sg—S; transition.

6. MECHANISTIC UNDERSTANDING OF THE WATER OXIDATION
REACTION

The PS 11 crystal structures taken throughout the Kok cycle revealed details of the molecular
processes for photosynthetic water oxidation. The delay between the Oy density changes
(onset of approximately 500 us) and the disappearance of Oy (onset of 1,200 us) suggest
that there is an intermediate, such as a bound peroxide, that lives for a certain period. Several
0O-0 bond formation sites have been proposed in the literature (53, 85, 119, 127, 132,

151). Among these, the O5-Ox site is in best agreement with the structural data because

of the proximity of the two oxygen atoms and the reduced occupancy of O5 observed at
approximately 1,200 us; however, two other possibilities in which O5 reacts with either W2
or W3 and Oy replaces O5 cannot be dismissed at this point (Figure 3, inset).

The O-0 bond formation is triggered by the last oxidation event (transient S4 state
formation, with Mn'V,0° or Mn!V3V), and subsequently, the reduction of Mn takes place.
The Yz-D1-His190 distance change is visible in the structure between 500 and 730 s
after the third flash, suggesting that the reduction of Y% takes place during this time,
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through the electron transfer from the OEC to Y . At the cluster, the evidence of the highest
oxidized S, state has not been observed in the crystal structure. A possible interpretation for
this absence of observations would be that this state only transiently exists, and the O-O
bond formation happens immediately (i.e., forming an intermediate that is reduced by two
electrons from the S, state).

The structural studies provide experimental support for a two-step reduction mechanism of
the Mn4CaOs5-Ox cluster upon the O-O bond formation and O release with a transient
intermediate, most likely a bound peroxide. Moreover, a series of changes are spread over
various locations of the protein and start right after the third flash, close to the redox-active
Yz area, and extend up to several milliseconds that are needed for rearranging the hydrogen
bonding and water network around the OEC. In particular, the recovery process of the
environment that surrounds the OEC after the release of O, seems to take time. In contrast,
the replacement of substrate oxygen after the release of O, seems to be instantaneous, given
that we do not observe a state in which a second oxygen besides Ox disappears.

PERSPECTIVE AND OUTLOOK

Elucidating the mechanism for the O-O bond formation in PS Il has been a quest ever since
the discovery that Mn was required for oxygen evolution in plants and algae by Pirson (108)
in 1937 and the observation of the period-four oscillation in flash-induced oxygen evolution
by Joliot and colleagues (68) and Kok and colleagues (79) in the 1960s and 1970s. Owing
to the knowledge gained particularly in the last two decades, a mechanistic understanding
of the water-oxidation reaction in nature is coming within reach. The high-resolution crystal
structure of the PS 1l resting S; state by Umena et al. (141) under cryogenic temperature
conditions took us closer to envisioning where the potential O—O bond formation site could
be. The advancement of techniques, especially XFELSs, in the past decade has led to further
breakthroughs in our understanding of how PS |1 cycles during the catalysis.

The main results of the studies described in the above sections are (g) the catalytic reaction
at the metal center is coordinated by the extended area of the amino acid and water
network; (b) the sequence of proton, electron, substrate, and product transport during the
four-electron and four-proton water-oxidation reaction is highly coordinated; and (¢) the
delicate charge balancing observed is most likely essential for the reaction to proceed with
minimal overpotential and without the generation of dangerous or wasteful side products.

More broadly, this case study of the water-oxidation reaction sets the stage for future
investigations into the fundamental principles of light-driven enzymatic multielectron and
multiproton reactions, which are enabled through the interplay among the metal center, the
protein environment, and the water network.

ACKNOWLEDGMENTS

This work was supported by the Director, Office of Science, Office of Basic Energy Sciences (OBES), Division of
Chemical Sciences, Geosciences, and Biosciences (CSGB), of the Department of Energy (DOE) (to J.Y., V.K.Y.,
and J.K.) for X-ray spectroscopy and crystallography data collection and analysis and methods development for
photosynthetic systems under contract DE-AC02-05CH11231 and by National Institutes of Health (NIH) grants
GM055302 and R35 GM149528 (to V.K.Y.) for time-resolved studies and biochemistry of PS Il and GM110501

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

Page 13

(to J.Y.) and GM126289 (to J.K.) for spectroscopy applications and sample injection instrumentation developments
for XFEL experiments. We are grateful to our present and former group members and all of our collaborators, who
contributed to the research from our group presented in this review.

LITERATURE CITED

11.

12.

13.

15.

16.

17.

18.

19.

1. Ahrling KA, Peterson S, Styring S. 1997. An oscillating manganese electron paramagnetic

resonance signal from the S state of the oxygen evolving complex in photosystem I1. Biochemistry
36:13148-52 [PubMed: 9376375]

. Ahrling KA, Peterson S, Styring S. 1998. The SO state EPR signal from the Mn cluster arises from

an isolated ground state. In Photosynthesis: Mechanisms and Effects, ed. Garab G, pp. 1291-94.
Dordrecht, Neth.: Kluwer Acad. Publ.

. Allgéwer F, Gamiz-Hernandez AP, Rutherford AW, Kaila VRI. 2022. Molecular principles of

redox-coupled protonation dynamics in photosystem I1. J. Am. Chem. Soc. 144:7171-80 [PubMed:
35421304]

. Ayala I, Kim S, Barry BA. 1999. A difference Fourier transform infrared study of tyrosyl radical Z

center dot decay in photosystem 1l. Biophys. J. 77:2137-44 [PubMed: 10512833]

. Bao H, Burnap RL. 2015. Structural rearrangements preceding dioxygen formation by the water

oxidation complex of photosystem 1. PNAS 112:6139-47

. Bhowmick A, Hussein R, Bogacz I, Simon PS, Ibrahim M, et al. 2023. Structural evidence for

intermediates during O formation in photosystem Il. Nature 617:629-36 [PubMed: 37138085]

. Blankenship RE. 2010. Early evolution of photosynthesis. Plant Physiol. 154:434-38 [PubMed:

20921158]

. Boussac A, Kuhl H, Un S, Régner M, Rutherford AW. 1998. Effect of near-infrared light on the

So-state of the manganese complex of photosystem Il from Synechococcus elongatus. Biochemistry
37:8995-9000 [PubMed: 9636042]

. Boussac A, Rutherford AW. 1988. Nature of the inhibition of the oxygen-evolving enzyme

of photosystem Il induced by NaCl washing and reversed by the addition of Ca?+ or Sre+.
Biochemistry 27:3476-83

10. Boussac A, Rutherford AW, Sugiura M. 2015. Electron transfer pathways from the So-states

to the Sg-states either after a Ca2*/Sr2* ora CI7/I~ exchange in photosystem Il from
Thermosynechococcus elongatus. Biochim. Biophys. Acta Bioenerg. 1847:576-86

Boussac A, Sugiura M, Sellés J. 2022. Probing the proton release by photosystem Il in the Sq to Sp
high-spin transition. Biochim. Biophys. Acta Bioenerg. 1863:148546 [PubMed: 35337840]
Boussac A, Ugur I, Marion A, Sugiura M, Kaila VRI, Rutherford AW. 2018. The low spin-high
spin equilibrium in the Sp-state of the water oxidizing enzyme. Biochim. Biophys. Acta Bioenerg.
1859:342-56 [PubMed: 29499187]

Boussac A, Un S, Horner O, Rutherford AW. 1998. High-spin states (S = 5/2) of the photosystem 11
manganese complex. Biochemistry 37:4001-7 [PubMed: 9565450]

14. Boussac A, Zimmermann J-L, Rutherford AW. 1990. Factors influencing the formation of modified

So EPR signal and the S3 EPR signal in Ca2+-depleted photosystem Il. FEBS Lett. 227:69-74
Bréandén G, Neutze R. 2021. Advances and challenges in time-resolved macromolecular
crystallography. Science 373:eaba0954 [PubMed: 34446579]

Bricker TM, Mummadisetti MP, Frankel LK. 2015. Recent advances in the use of mass
spectrometry to examine structure/function relationships in photosystem Il. J. Photochem.
Photobiol. B 152:227-46 [PubMed: 26390944]

Casey JL, Sauer K. 1984. EPR detection of a cryogenically photogenerated intermediate in
photosynthetic oxygen evolution. Biochim. Biophys. Acta Bioenerg. 767:21-28

Chapman HN, Fromme P, Barty A, White TA, Kirian RA, et al. 2011. Femtosecond X-ray protein
nanocrystallography. Nature 470:73-77 [PubMed: 21293373]

Chatterjee R, Han G, Kern J, Gul S, Fuller FD, et al. 2016. Structural changes correlated with
magnetic spin state isomorphism in the S, state of the Mn4CaOs cluster in the oxygen-evolving
complex of photosystem Il. Chem. Sci. 7:5236-48 [PubMed: 28044099]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 14

Chatterjee R, Lassalle L, Gul S, Fuller FD, Young ID, et al. 2019. Structural isomers of the S2 state
in photosystem I1: Do they exist at room temperature and are they important for function? Physiol.
Plant. 166:60-72 [PubMed: 30793319]
Chrysina M, Heyno E, Kutin Y, Reus M, Nilsson H, et al. 2019. Five-coordinate Mn!V
intermediate in the activation of nature’s water splitting cofactor. PNAS 116:16841-46 [PubMed:
31391299]

Chu HA, Nguyen AP, Debus RJ. 1993. Residues of the D1 polypeptide that influence the assembly
or stability of the manganese cluster or the binding of calcium in photosystem II. Biophys.J.
64:A216 (Abstr.)

Cinco RM, Holman KLM, Robblee JH, Yano J, Pizarro SA, et al. 2002. Calcium EXAFS
establishes the Mn-Ca cluster in the oxygen-evolving complex of photosystem Il. Biochemistry
41:12928-33 [PubMed: 12390018]

Cinco RM, Robblee JH, Messinger J, Fernandez C, Holman KLM, et al. 2004. Orientation

of calcium in the Mny4Ca cluster of the oxygen-evolving complex determined using polarized
strontium EXAFS of photosystem Il membranes. Biochemistry 43:13271-82 [PubMed: 15491134]
Cinco RM, Robblee JH, Rompel A, Fernandez C, Yachandra VK, et al. 1998. Strontium EXAFS
reveals the proximity of calcium to the manganese cluster of oxygen-evolving photosystem I1. J.
Phys. Chem. B 102:8248-56 [PubMed: 25152698]

Corry TA, O’Malley PJ. 2019. Proton isomers rationalize the high- and low-spin forms of the So
state intermediate in the water-oxidizing reaction of photosystem II. J. Phys. Chem. Lett 10:5226—
30 [PubMed: 31429574]

Corry TA, O’Malley PJ. 2020. Molecular identification of a high-spin deprotonated intermediate
during the Sy to S3 transition of nature’s water-oxidizing complex. J. Am. Chem. Soc. 142:10240—
43 [PubMed: 32431144]

Cox N, Messinger J. 2013. Reflections on substrate water and dioxygen formation. Biochim.
Biophys. Acta Bioenerg. 1827:1020-30

Cox N, Pantazis DA, Neese F, Lubitz W. 2013. Biological water oxidation. Acc. Chem. Res.
46:1588-96 [PubMed: 23506074]

Cox N, Retegan M, Neese F, Pantazis DA, Boussac A, Lubitz W. 2014. Electronic structure of

the oxygen-evolving complex in photosystem Il prior to O—O bond formation. Science 345:804-8
[PubMed: 25124437]

Dau H, Haumann M. 2007. Eight steps preceding O-0 bond formation in oxygenic photosynthesis
—a basic reaction cycle of the photosystem Il manganese complex. Biochim. Biophys. Acta
Bioenerg.1767:472-83

Dau H, Haumann M. 2008. The manganese complex of photosystem Il in its reaction cycle—basic
framework and possible realization at the atomic level. Coord. Chem. Rev. 252:273-95

Dau H, Liebisch P, Haumann M. 2004. The structure of the manganese complex of photosystem Il
in its dark-stable Sq-state—EXAFS results in relation to recent crystallographic data. Phys. Chem.
Chem. Phys. 6:4781-92

Dau H, Liebisch P, Haumann M. 2005. The manganese complex of oxygenic photosynthesis:
conversion of five-coordinated Mn'!! to six-coordinated Mn!V in the So-Sg transition is implied by
XANES simulations. Phys. Scr. 2005:844-46

de Lichtenberg C, Messinger J. 2020. Substrate water exchange in the Sy state of photosystem 11

is dependent on the conformation of the Mn4Ca cluster. Phys. Chem. Chem. Phys. 22:12894-908
[PubMed: 32373850]

de Wijn R, van Gorkom HJ. 2001. Kinetics of electron transfer from Qa to Qg in photosystem 1.
Biochemistry 40:11912-22 [PubMed: 11570892]

Deisenhofer J, Epp O, Miki K, Huber R, Michel H. 1985. Structure of the protein subunits in the
photosynthetic reaction center of Rhodopseudomonas viridis at 3 A resolution. Nature 318:618-24
[PubMed: 22439175]

Dexheimer SL, Klein MP. 1992. Detection of a paramagnetic intermediate in the Sq state of the
photosynthetic oxygen-evolving complex. J. Am. Chem. Soc. 114:2821-26

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

Page 15

39. Dismukes GC, Ferris K, Watnick P. 1982. EPR spectroscopic evidence for a tetranuclear
manganese cluster as the site for photosynthetic oxygen evolution. Photobiochem. Photobiophys.
3:243-56

40. Dismukes GC, Siderer Y. 1980. EPR spectroscopic observations of a manganese center associated
with water oxidation in spinach chloroplasts. FEBS Lett. 121:78-80

41. Dismukes GC, Siderer Y. 1981. Intermediates of a polynuclear manganese cluster involved in
photosynthetic oxidation of water. PNAS 78:274—-78 [PubMed: 16592949]

42. Doyle MD, Bhowmick A, Wych DC, Lassalle L, Simon PS, et al. 2023. Water networks in
photosystem Il using crystalline molecular dynamics simulations and room-temperature XFEL
serial crystallography. J. Am. Chem. Soc. 145(27):14621-35 [PubMed: 37369071]

43. Ferreira KN, Iverson TM, Maghlaoui K, Barber J, Iwata S. 2004. Architecture of the
photosynthetic oxygen-evolving center. Science 303:1831-38 [PubMed: 14764885]

44. Frankel LK, Sallans L, Bellamy H, Goettert JS, Limbach PA, Bricker TM. 2013. Radiolytic
mapping of solvent-contact surfaces in photosystem |1 of higher plants: experimental identification
of putative water channels within the photosystem. J. Biol. Chem. 288:23565-72 [PubMed:
23814046]

45. Gabdulkhakov A, Guskov A, Broser M, Kern J, Muh F, et al. 2009. Probing the accessibility
of the Mn4Ca cluster in photosystem Il: channels calculation, noble gas derivatization, and
cocrystallization with DMSO. Structure 17:1223-34 [PubMed: 19748343]

46. Geijer P, Peterson S, Ahrling KA, Deék Z, Styring S. 2001. Comparative studies of the Sg and S
multiline electron paramagnetic resonance signals from the manganese cluster in photosystem I1.
Biochim. Biophys. Acta Bioenerg. 1503:83-95

47. George GN, Prince RC, Cramer SP. 1989. The manganese site of the photosynthetic water-splitting
enzyme. Science 243:789-91 [PubMed: 2916124]

48. Glatzel P, Bergmann U, Yano J, Visser H, Robblee JH, et al. 2004. The electronic structure of Mn
in oxides, coordination complexes, and the oxygen-evolving complex of photosystem Il studied by
resonant inelastic X-ray scattering. J. Am. Chem. Soc. 126:9946-59 [PubMed: 15303869]

49. Glatzel P, Schroeder H, Pushkar Y, Boron T I1I, Mukherjee S, et al. 2013. Electronic structural
changes of Mn in the oxygen-evolving complex of photosystem Il during the catalytic cycle. Inorg.
Chem. 52:5642-44 [PubMed: 23647530]

50. Greife P, Schénborn M, Capone M, Assuncéo R, Narzi D, et al. 2023. The electron—proton
bottleneck of photosynthetic oxygen evolution. Nature 617:623-28 [PubMed: 37138082]

51. Guiles RD, Yachandra VK, McDermott AE, Cole JL, Dexheimer SL, et al. 1990. The Sy state
of photosystem Il induced by hydroxylamine: differences between the structure of the manganese
complex in the Sg and Sy states determined by X-ray absorption spectroscopy. Biochemistry
29:486-96 [PubMed: 2154248]

52. Guiles RD, Zimmermann J-L, McDermott AE, Yachandra VK, Cole JL, et al. 1990. The S3 state
of photosystem I1: differences between the structure of the manganese complex in the Sy and Sg
states determined by X-ray absorption spectroscopy. Biochemistry 29:471-85 [PubMed: 2154247]

53. Guo Y, Messinger J, Kloo L, Sun L. 2023. Alternative mechanism for O, formation in natural
photosynthesis via nucleophilic oxo-oxo coupling. J. Am. Chem. Soc. 145:4129-41

54. Gupta R, Taguchi T, Lassalle-Kaiser B, Bominaar EL, Yano J, et al. 2015. High-spin Mn-oxo
complexes and their relevance to the oxygen-evolving complex within photosystem 1. PNAS
112:5319-24 [PubMed: 25852147]

55. Guskov A, Kern J, Gabdulkhakov A, Broser M, Zouni A, Saenger W. 2009. Cyanobacterial
photosystem 11 at 2.9-A resolution and the role of quinones, lipids, channels and chloride. Nat.
Struct. Mol. Biol. 16:334-42 [PubMed: 19219048]

56. Haddy A 2007. EPR spectroscopy of the manganese cluster of photosystem I1. Photosynth. Res.
92:357-68 [PubMed: 17551843]

57. Haumann M, Liebisch P, Muller C, Barra M, Grabolle M, Dau H. 2005. Photosynthetic
O, formation tracked by time-resolved X-ray experiments. Science 310:1019-21 [PubMed:
16284178]

58. Haumann M, Muller C, Liebisch P, luzzolino L, Dittmer J, et al. 2005. Structural and oxidation
state changes of the photosystem Il manganese complex in four transitions of the water oxidation

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 16

cycle (S0 — S1, S1 — S2, S2 — S3, and S3, S4 — S0) characterized by X-ray absorption
spectroscopy at 20 K and room temperature. Biochemistry 44:1894-908 [PubMed: 15697215]
Havelius KGV, Sjoholm J, Ho FM, Mamedov F, Styring S. 2010. Metalloradical EPR signals from
the Yz. S-state intermediates in photosystem II. Appl. Magn. Reson. 37:151-76

Hillier W, Wydrzynski T. 2008. 180-water exchange in photosystem 11: substrate binding and
intermediates of the water splitting cycle. Coord. Chem. Rev. 252:306-17

HoFM Styring S. 2008. Access channels and methanol binding site to the CaMny cluster in
photosystem Il based on solvent accessibility simulations, with implications for substrate water
access. Biochim. Biophys. Acta Bioenerg. 1777:140-53

Hussein R, Ibrahim M, Bhowmick A, Simon PS, Bogacz I, et al. 2023. Evolutionary diversity of
proton and water channels on the oxidizing side of photosystem Il and their relevance to function.
Photosynth. Res. 158:91-107 [PubMed: 37266800]

Hussein R, Ibrahim M, Bhowmick A, Simon PS, Chatterjee R, et al. 2021. Structural dynamics

in the water and proton channels of photosystem Il during the S to S3 transition. Nat. Commun.
12:6531 [PubMed: 34764256]

Ibrahim M, Fransson T, Chatterjee R, Cheah MH, Hussein R, et al. 2020. Untangling the sequence
of events during the Sp—S3 transition in photosystem Il and implications for the water oxidation
mechanism. PNAS 117:12624-35 [PubMed: 32434915]

Ifuku K, Nagao R. 2021. Evolution and function of the extrinsic subunits of photosystem II.

In Photosynthesis: Molecular Approaches to Solar Energy Conversion, ed. Shen J-R, Satoh K,
Allakhverdiev SI, pp. 429-46. Berlin: Springer

Ishikita H, Saenger W, Loll B, Biesiadka J, Knapp EW. 2006. Energetics of a possible proton exit
pathway for water oxidation in photosystem II. Biochemistry 45:2063-71 [PubMed: 16475795]
Isobe H, Shoji M, Suzuki T, Shen J-R, Yamaguchi K. 2021. Exploring reaction pathways for the
structural rearrangements of the Mn cluster induced by water binding in the Sg state of the oxygen
evolving complex of photosystem I1. J. Photochem. Photobiol. A 405:112905

Joliot P, Barbieri G, Chabaud R. 1969. A new model of photochemical centers in system II.
Photochem. Photobiol. 10:309-29

Kamiya N, Shen JR. 2003. Crystal structure of oxygen-evolving photosystem Il from
Thermosynechococcus vulcanus at 3.7-A resolution. PNAS 100:98-103 [PubMed: 12518057]

Kashino Y, Koike H, Yoshio M, Egashira H, Ikeuchi M, et al. 2002. Low-molecular-mass
polypeptide components of a photosystem Il preparation from the thermophilic cyanobacterium
Thermosynechococcus vulcanus. Plant Cell Physiol. 43:1366-73 [PubMed: 12461137]

Kern J, Alonso-Mori R, Hellmich J, Rosalie T, Hattne J, et al. 2012. Room temperature
femtosecond X-ray diffraction of photosystem Il microcrystals. PNAS 109:9721-26 [PubMed:
22665786]

Kern J, Alonso-Mori R, Tran R, Hattne J, Gildea RJ, et al. 2013. Simultaneous femtosecond

X-ray spectroscopy and diffraction of photosystem Il at room temperature. Science 340:491-95
[PubMed: 23413188]

Kern J, Chatterjee R, Young ID, Fuller FD, Lassalle L, et al. 2018. Structures of the intermediates
of Kok’s photosynthetic water oxidation clock. Nature 563:421-25 [PubMed: 30405241]

Kern J, Tran R, Alonso-Mori R, Koroidov S, Echols N, et al. 2014. Taking snapshots of
photosynthetic water oxidation using femtosecond X-ray diffraction and spectroscopy. Nat.
Commun. 5:4371 [PubMed: 25006873]

Kern J, Yachandra VK, Yano J. 2015. Metalloprotein structures at ambient conditions and in
real-time: biological crystallography and spectroscopy using X-ray free electron lasers. Curr. Opin.
Struct. Biol. 34:87-98 [PubMed: 26342144]

Kim CJ, Debus RJ. 2019. One of the substrate waters for Oo formation in photosystem Il is
provided by the water-splitting Mn4CaOs cluster’s Ca2* jon. Biochemistry 58:3185-92 [PubMed:
31276397]

Klauss A, Haumann M, Dau H. 2012. Alternating electron and proton transfer steps in
photosynthetic water oxidation. PNAS 109:16035-40 [PubMed: 22988080]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

Page 17

Klauss A, Haumann M, Dau H. 2015. Seven steps of alternating electron and proton transfer in
photosystem Il water oxidation traced by time-resolved photothermal beam deflection at improved
sensitivity. J. Phys. Chem. B 119:2677-89 [PubMed: 25402235]

Kok B, Forbush B, McGloin M. 1970. Cooperation of charges in photosynthetic oxygen evolution.
A linear four step mechanism. Photochem. Photobiol. 11:457-75 [PubMed: 5456273]

Kulik LV, Epel B, Lubitz W, Messinger J. 2007. Electronic structure of the Mn4OxCa cluster in the
Sp and Sy states of the oxygen-evolving complex of photosystem Il based on pulse S5Mn-ENDOR
and EPR spectroscopy. J. Am. Chem. Soc. 129:13421-35 [PubMed: 17927172]

Kuroda H, Kawashima K, Ueda K, Ikeda T, Saito K, et al. 2021. Proton transfer pathway from

the oxygen-evolving complex in photosystem Il substantiated by extensive mutagenesis. Biochim.
Biophys. Acta Bioenerg. 1862:148329 [PubMed: 33069681]

Kusunoki M 2007. Mono-manganese mechanism of the photosytem Il water splitting reaction by a
unique Mny4Ca cluster. Biochim. Biophys. Acta Bioenerg. 1767:484-92

Latimer MJ, DeRose VJ, Mukerji |, Yachandra VK, Sauer K, Klein MP. 1995. Evidence for

the proximity of calcium to the manganese cluster of photosystem I1: determination by X-ray
absorption spectroscopy. Biochemistry 34:10898-909 [PubMed: 7662671]

Liang WC, Roelofs TA, Cinco RM, Rompel A, Latimer MJ, et al. 2000. Structural change of the
Mn cluster during the S, — Sg state transition of the oxygen-evolving complex of photosystem

I1. Does it reflect the onset of water/substrate oxidation? Determination by Mn X-ray absorption
spectroscopy. J. Am. Chem. Soc. 122:3399-412 [PubMed: 25152534]

Liao R-Z, Masaoka S, Sieghahn PEM. 2018. Metal oxidation states for the O—-O bond formation in
the water oxidation catalyzed by a pentanuclear iron complex. ACS Catal. 8:11671-78

Loll B, Kern J, Saenger W, Zouni A, Biesiadka J. 2005. Towards complete cofactor arrangement in
the 3.0 A resolution structure of photosystem 11. Nature 438:1040-44 [PubMed: 16355230]

Lubitz W, Pantazis DA, Cox N. 2023. Water oxidation in oxygenic photosynthesis studied by
magnetic resonance techniques. FEBS Lett. 597:6-29 [PubMed: 36409002]

Malone LA, Proctor MS, Hitchcock A, Hunter CN, Johnson MP. 2021. Cytochrome bgF—
orchestrator of photosynthetic electron transfer. Biochim. Biophys. Acta Bioenerg. 1862:148380
[PubMed: 33460588]

Mamedov M, Govindjee, Nadtochenko V, Semenov A. 2015. Primary electron transfer processes in
photosynthetic reaction centers from oxygenic organisms. Photosynth. Res. 125:51-63 [PubMed:
25648636]

McDermott AE, Yachandra VK, Guiles RD, Cole JL, Dexheimer SL, et al. 1988. Characterization
of the manganese O»-evolving complex and the iron-quinone acceptor complex in photosystem

I from a thermophilic cyanobacterium by electron paramagnetic resonance and X-ray absorption
spectroscopy. Biochemistry 27:4021-31 [PubMed: 2843222]

Messinger J, Nugent JHA, Evans MCW. 1997. Detection of an EPR multiline signal for the SO*
state in photosystem Il. Biochemistry 36:11055-60 [PubMed: 9333322]

Messinger J, Robblee JH, Bergmann U, Fernandez C, Glatzel P, et al. 2001. Absence of Mn-
centered oxidation in the S to S3 transition: implications for the mechanism of photosynthetic
water oxidation. J. Am. Chem. Soc. 123:7804-20 [PubMed: 11493054]

Messinger J, Robblee JH, Yu WO, Sauer K, Yachandra VK, Klein MP. 1997. The Sy state of the
oxygen-evolving complex in photosystem Il is paramagnetic: detection of an EPR multiline signal.
J. Am. Chem. Soc. 119:11349-50 [PubMed: 25221336]

Mukerji I, Andrews JC, DeRose VJ, Latimer MJ, Yachandra VK, et al. 1994. Orientation of

the oxygen-evolving manganese complex in a photosystem Il membrane preparation: an X-ray
absorption spectroscopy study. Biochemistry 33:9712-21 [PubMed: 8068650]

Murray J, Barber J. 2008. Oxygen, water, proton and quinone channels in PSII. In Photosynthesis.
Energy from the Sun, ed. Allen JF, Gantt E, Golbeck JH, Osmond B, pp. 467—70. Dordrecht,
Neth.: Springer

Murray JW, Barber J. 2007. Structural characteristics of channels and pathways in photosystem

Il including the identification of an oxygen channel. J. Struct. Biol. 159:228-37 [PubMed:
17369049]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

Page 18

97. Nakamura S, Ota K, Shibuya Y, Noguchi T. 2016. Role of a water network around the

Mny4CaOs cluster in photosynthetic water oxidation: a Fourier transform infrared spectroscopy and
guantum mechanics/molecular mechanics calculation study. Biochemistry 55:597-607 [PubMed:
26716470]

98. Neutze R, Wouts R, van der Spoel D, Weckert E, Hajdu J. 2000. Potential for biomolecular

imaging with femtosecond X-ray pulses. Nature 406:752-57 [PubMed: 10963603]

99. Nixon PJ, Diner BA. 1994. Analysis of water-oxidation mutants constructed in the cyanobacterium

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Synechocystis sp. PCC 6803. Biochem. Soc. Trans. 22:338-43 [PubMed: 7958321]

Noguchi T2007.Light-induced FTIR difference spectroscopy as a powerful tool toward
understanding the molecular mechanism of photosynthetic oxygen evolution. Photosynth. Res.
91:59-69 [PubMed: 17279438]

Noguchi T 2008. Fourier transform infrared analysis of the photosynthetic oxygen-evolving
center. Coord. Chem. Rev. 252:336-46

Noguchi T, Suzuki H, Tsuno M, Sugiura M, Kato C. 2012. Time-resolved infrared detection of
the proton and protein dynamics during photosynthetic oxygen evolution. Biochemistry 51:3205-
14 [PubMed: 22458839]

Ono T, Inoue Y. 1988. Discrete extraction of the Ca atom functional for O, evolution in higher-
plant photosystem |1 by a simple low pH treatment. FEBS Lett. 227:147-52

Pantazis DA, Ames W, Cox N, Lubitz W, Neese F. 2012. Two interconvertible structures that
explain the spectroscopic properties of the oxygen-evolving complex of photosystem |1 in the Sy
state. Angew. Chem. Int. Ed. 51:9935-40

Peloquin JM, Campbell KA, Randall DW, Evanchik MA, Pecoraro VL, et al. 2000. S5Mn
ENDOR of the Sy-state multiline EPR signal of photosystem 11: implications on the structure of
the tetranuclear cluster. J. Am. Chem. Soc. 122:10926-42

Penner-Hahn JE. 1998. Structural characterization of the Mn site in the photosynthetic oxygen-
evolving complex. In Metal Sites in Proteins and Models: Redox Centres, ed. Hill HAO, Sadler
PJ, Thomson AJ, pp. 1-36. Berlin: Springer

Penner-Hahn JE, Fronko RM, Pecoraro VL, Yocum CF, Betts SD, Bowlby NR. 1990. Structural
characterization of the manganese sites in the photosynthetic oxygen-evolving complex using
X-ray absorption spectroscopy. J. Am. Chem. Soc. 112:2549-57

Pirson A 1937. Erndhrungs- und stoffwechselphysiologische Untersuchungen an Fontinalis und
Chlorella. Z. Bot. 31:193-267

Pokhrel R, Brudvig GW. 2014. Oxygen-evolving complex of photosystem Il: correlating structure
with spectroscopy. Phys. Chem. Chem. Phys. 16:11812-21 [PubMed: 24700294]

Pushkar Y, Ravari AK, Jensen SC, Palenik M. 2019. Early binding of substrate oxygen is
responsible for a spectroscopically distinct Sy state in photosystem 11. J. Phys. Chem. Lett
10:5284-91 [PubMed: 31419136]

Pushkar Y, Yano J, Sauer K, Boussac A, Yachandra VK. 2008. Structural changes in the Mn4Ca
cluster and the mechanism of photosynthetic water splitting. PNAS 105:1879-84 [PubMed:
18250316]

Rappaport F, Blancharddesce M, Lavergne J. 1994. Kinetics of electron-transfer and
electrochromic change during the redox transitions of the photosynthetic oxygen-evolving
complex. Biochim. Biophys. Acta Bioenerg. 1184:178-92

Renger G 2012. Mechanism of light induced water splitting in photosystem |1 of oxygen evolving
photosynthetic organisms. Biochim. Biophys. Acta Bioenerg. 1817:1164—76

Riggs-Gelasco PJ, Mei R, Yocum CF, Penner-Hahn JE. 1996. Reduced derivatives of the Mn
cluster in the oxygen-evolving complex of photosystem Il: an EXAFS study. J. Am. Chem. Soc.
118:2387-99

Robblee JH, Messinger J, Cinco RM, McFarlane KL, Fernandez C, et al. 2002. The Mn cluster in
the Sg state of the oxygen-evolving complex of photosystem |1 studied by EXAFS spectroscopy:
Avre there three Di-p-oxo-bridged Mno moieties in the tetranuclear Mn complex? J. Am. Chem.
Soc. 124:7459-71 [PubMed: 12071755]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131
132.

133.

134.

135.

Page 19

Roelofs TA, Liang MC, Latimer MJ, Cinco RM, Rompel A, et al. 1996. Oxidation states of the
manganese cluster during the flash-induced S-state cycle of the photosynthetic oxygen-evolving
complex. PNAS 93:3335-40 [PubMed: 11607649]

Romero E, Novoderezhkin VI, van Grondelle R. 2017. Quantum design of photosynthesis for
bioinspired solar-energy conversion. Nature 543:355-65 [PubMed: 28300093]

Rutherford AW, Osyczka A, Rappaport F. 2012. Back-reactions, short-circuits, leaks and other
energy wasteful reactions in biological electron transfer: redox tuning to survive life in Oo. FEBS
Lett. 586:603-16 [PubMed: 22251618]

Saito T, Yamanaka S, Kanda K, Isobe H, Takano Y, et al. 2012. Possible mechanisms of water
splitting reaction based on proton and electron release pathways revealed for CaMn4Os cluster of
PSII refined to 1.9 angstrom X-ray resolution. Int. J. Quantum Chem. 112:253-76

Sakashita N, Ishikita H, Saito K. 2020. Rigidly hydrogen-bonded water molecules facilitate
proton transfer in photosystem I1. Phys. Chem. Chem. Phys. 22:15831-41 [PubMed: 32613215]

Sanchez-Baracaldo P, Cardona T. 2020. On the origin of oxygenic photosynthesis and
cyanobacteria. New Phytol. 225:1440-46 [PubMed: 31598981]

Schlodder E, Witt HT. 1999. Stoichiometry of proton release from the catalytic center in
photosynthetic water oxidation. Reexamination by a glass electrode study at pH 5.5-7.2. J. Biol.
Chem. 274:30387-92 [PubMed: 10521415]

Schuth N, Zaharieva I, Chernev P, Berggren G, Anderlund M, et al. 2018. Ka X-ray emission
spectroscopy on the photosynthetic oxygen-evolving complex supports manganese oxidation and
water binding in the S state. Inorg. Chem. 57:10424-30 [PubMed: 30067343]

Shevela D, Kern JF, Govindjee G, Messinger J. 2023. Solar energy conversion by photosystem I1:
principles and structures. Photosynth. Res. 156:279-307 [PubMed: 36826741]

Shevela D, Messinger J. 2013. Studying the oxidation of water to molecular oxygen in
photosynthetic and artificial systems by time-resolved membrane-inlet mass spectrometry. Front.
Plant Sci. 4:473 [PubMed: 24324477]

Shimizu T, Sugiura M, Noguchi T. 2018. Mechanism of proton-coupled electron transfer in

the Sp-to-S; transition of photosynthetic water oxidation as revealed by time-resolved infrared
spectroscopy. J. Phys. Chem. B 122:9460-70 [PubMed: 30251857]

Siegbahn PE. 2009. Structures and energetics for O, formation in photosystem Il. Acc. Chem.
Res. 42:1871-80 [PubMed: 19856959]

Simon PS, Makita H, Bogacz I, Fuller F, Bhowmick A, et al. 2023. Capturing the sequence of
events during the water oxidation reaction in photosynthesis using XFELs. FEBS Lett. 597:30-
37 [PubMed: 36310373]

Solomon EIl, Hedman B, Hodgson KO, Dey A, Szilagyi RK. 2005. Ligand K-edge X-ray
absorption spectroscopy: covalency of ligand-metal bonds. Coord. Chem. Rev. 249:97-129

Soo RM, Hemp J, Parks DH, Fischer WW, Hugenholtz P. 2017. On the origins of oxygenic
photosynthesis and aerobic respiration in cyanobacteria. Science 355:1436-39 [PubMed:
28360330]

Spence JCH. 2017. XFELSs for structure and dynamics in biology. 1UCrJ 4:322-39

Sproviero EM, Gascon JA, McEvoy JP, Brudvig GW, Batista VS. 2008. Quantum mechanics/
molecular mechanics study of the catalytic cycle of water splitting in photosystem I1. J. Am.
Chem. Soc.130:3428-42 [PubMed: 18290643]

Suga M, Akita F, Hirata K, Ueno G, Murakami H, et al. 2015. Native structure of photosystem

11 at 1.95 A resolution viewed by femtosecond X-ray pulses. Nature 517:99-103 [PubMed:
25470056]

Suga M, Akita F, Sugahara M, Kubo M, Nakajima VY, et al. 2017. Light-induced structural
changes and the site of O=0 bond formation in PSII caught by XFEL. Nature 543:131-35
[PubMed: 28219079]

Suga M, Akita F, Yamashita K, Nakajima Y, Ueno G, et al. 2019. An oxyl/oxo mechanism for
oxygen-oxygen coupling in PSII revealed by an X-ray free-electron laser. Science 366:334-38
[PubMed: 31624207]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yano et al.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Page 20

Suzuki H, Sugiura M, Noguchi T. 2009. Monitoring proton release during photosynthetic water
oxidation in photosystem Il by means of isotope-edited infrared spectroscopy. J. Am. Chem. Soc.
131:7849-57 [PubMed: 19435351]

Takaoka T, Sakashita N, Saito K, Ishikita H. 2016. pKj of a proton-conducting water chain in
photosystem 11. J. Phys. Chem. Lett 7:1925-32 [PubMed: 27128410]

Tommos C, Hoganson CW, Valentin MD, Lydakis-Simantiris N, Dorlet P, et al. 1998. Manganese
and tyrosyl radical function in photosynthetic oxygen evolution. Curr. Opin. Chem. Biol. 2:244—
52 [PubMed: 9667938]

Tso J, Sivaraja M, Dismukes GC. 1991. Calcium limits substrate accessibility or reactivity at

the manganese cluster in photosynthetic water oxidation. Biochemistry 30:4734-39 [PubMed:
1851435]

Ugur I, Rutherford AW, Kaila VR. 2016. Redox-coupled substrate water reorganization in the
active site of photosystem Il—the role of calcium in substrate water delivery. Biochim. Biophys.
Acta Bioenerg. 1857:740-48

Umena Y, Kawakami K, Shen J-R, Kamiya N. 2011. Crystal structure of oxygen-evolving
photosystem 11 at a resolution of 1.9 A. Nature 473:55-60 [PubMed: 21499260]

Vassiliev S, Zaraiskaya T, Bruce D. 2012. Exploring the energetics of water permeation in
photosystem |1 by multiple steered molecular dynamics simulations. Biochim. Biophys. Acta
Bioenerg. 1817:1671-78

Ward LM, Kirschvink JL, Fischer WW. 2016. Timescales of oxygenation following the evolution
of oxygenic photosynthesis. Orig. Evol. Biosph. 46:51-65

Weisz DA, Gross ML, Pakrasi HB. 2017. Reactive oxygen species leave a damage trail that
reveals water channels in photosystem II. Sci. Adv. 3:eaa03013 [PubMed: 29159285]

145. Wydrzynski T, Satoh S, eds. 2005. Photosystem II: The Light-Driven Water:Plastoquinone

146.

147.

148.

149.

150.

151.

152.

153.

154.

155

Oxidoreductase. Berlin: Springer

Yachandra VK, DeRose VJ, Latimer MJ, Mukerji I, Sauer K, Klein MP. 1993. Where plants make
oxygen: a structural model for the photosynthetic oxygen-evolving manganese cluster. Science
260:675—-79 [PubMed: 8480177]

Yachandra VK, Guiles RD, McDermott A, Britt RD, Dexheimer SL, et al. 1986. The state

of manganese in the photosynthetic apparatus: 4. Structure of the manganese complex in
photosystem 11 studied using EXAFS spectroscopy. The Sq state of the O»-evolving photosystem
11 complex from spinach. Biochim. Biophys. Acta Bioenerg. 850:324-32

Yachandra VK, Guiles RD, McDermott AE, Cole JL, Britt RD, et al. 1987. Comparison of the
structure of the manganese complex in the S1 and Sy states of the photosynthetic O5-evolving
complex: an X-ray absorption spectroscopy study. Biochemistry 26:5974-81 [PubMed: 3318924]
Yachandra VK, Sauer K, Klein MP. 1996. Manganese cluster in photosynthesis: where plants
oxidize water to dioxygen. Chem. Rev. 96:2927-50 [PubMed: 11848846]

Yachandra VK, Yano J. 2011. Calcium in the oxygen-evolving complex: structural and
mechanistic role determined by X-ray spectroscopy. J. Photochem. Photobiol. B 104:51-59
[PubMed: 21524917]

Yamaguchi K, Shoji M, Isobe H, Miyagawa K, Nakatani K. 2019. Theory of chemical bonds

in metalloenzymes XXII: a concerted bond-switching mechanism for the oxygen-oxygen bond
formation coupled with one electron transfer for water oxidation in the oxygen-evolving complex
of photosystem I1. Mol. Phys. 117:2320-54

Yano J, Kern J, Irrgang K-D, Latimer MJ, Bergmann U, et al. 2005. X-ray damage to the Mn4Ca
complex in photosystem 11 crystals: a case study for metallo-protein X-ray crystallography.
PNAS 102:12047-52 [PubMed: 16103362]

Yano J, Kern J, Sauer K, Latimer M, Pushkar Y, et al. 2006. Where water is oxidized to dioxygen:
structure of the photosynthetic MngCa cluster. Science 314:821-25 [PubMed: 17082458]

Yano J, Pushkar Y, Glatzel P, Lewis A, Sauer K, et al. 2005. High-resolution Mn EXAFS of

the oxygen-evolving complex in photosystem Il: structural implications for the Mn4Ca cluster. J.
Am. Chem. Soc. 127:14974-75 [PubMed: 16248606]

. 'Yano J, Yachandra VK. 2007. Oxidation state changes of the Mn4Ca cluster in photosystem II.
Photosynth. Res. 92:289-303 [PubMed: 17429751]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yano et al.

156.

157.

158.

159.

160.

161.

Page 21

Yano J, Yachandra VK. 2008. Where water is oxidized to dioxygen: structure of the
photosynthetic Mn4Ca cluster from X-ray spectroscopy. Inorg. Chem. 47:1711-26 [PubMed:
18330965]

Yano J, Yachandra VK. 2014. Mny4Ca cluster in photosynthesis: where and how water is oxidized
to dioxygen. Chem. Rev. 114:4175-205 [PubMed: 24684576]

Yoneda Y, Arsenault EA, Yang S-J, Orcutt K, Iwai M, Fleming GR. 2022. The initial charge
separation step in oxygenic photosynthesis. Nat. Commun. 13:2275 [PubMed: 35477708]
Young ID, Ibrahim M, Chatterjee R, Gul S, Fuller FD, et al. 2016. Structure of photosystem Il and
substrate binding at room temperature. Nature 540:453-57 [PubMed: 27871088]

Zimmermann J-L, Rutherford AW. 1984. EPR studies of the oxygen-evolving enzyme of
photosystem 11. Biochim. Biophys. Acta Bioenerg. 767:160-67

Zouni A, Witt H-T, Kern J, Fromme P, KrauR N, et al. 2001. Crystal structure of photosystem 11
from Synechococcus elongatus at 3.8 A resolution. Nature 409:739-43 [PubMed: 11217865]

Annu Rev Biophys. Author manuscript; available in PMC 2024 August 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yano et al.

Page 22

2H*

B
.f PQH,

4 Pheo
%2%* =2 Fhlzm

\‘\

Peso
Chlm . Hi ChIDZ ‘;‘J«
Yz A "J“:\P
e“( Pp1 Fp2
OEC
= »0, +4e +4H*
2I-Izo4photons .
W ”A‘%‘t N\(\A(”/&/
b s‘ 6/ ’
V4
& &
" e
!
r
H* <

(A
N\ /g/

Wil

Figurel.
Photosystem 11 (PS 11) structure and the oxygen-evolving complex. (&) The structure of PS

I1, with the protein backbone shown in gray. The groups involved in charge separation and
transfer across the membrane lipid bilayer section of the thylakoid membrane are shown
in color. The red arrows show the electron transfer path from the pair of primary donor
chlorophylls, Pp; and Ppy, via Chlp; and Pheop; to the acceptor quinone molecules Qa
and Qg, respectively. The oxygen-evolving complex (OEC) with the Mn4CaOs cluster is
located in the boundary region between the membrane and the extrinsic peptides, with

the redox-active tyrosine Yz located between the complex and the primary donor. (6) The
S-state Kok clock shows the kinetic model for water oxidation, with the intermediate Sp to
S, states and the respective oxidation states of Mn. Absorption of a photon advances each
S-state to the next with the release of protons and the introduction of waters as shown. (¢)
The structure of the OEC in the native dark-adapted PS Il with the ligands to the Mn and
Ca shown (Mn in purple, Ca in green, and O in red). Free waters are shown as red spheres,
and the starting points of the O1, O4, and CI1 channels, which connect the OEC to the
bulk, are indicated in light red, light blue, and light green, respectively. Figure adapted from
Reference 6 (CC BY 4.0).
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Figure 2.
Changes in the structure of the Mn4Ca cluster during the S-state cycle. (a) The center panel

shows the ligand environment of the oxygen-evolving complex (OEC). The right-open,
cubane-like structure is preserved throughout the S-state cycle. The Mn atoms are shown in
yellow (oxidation state 3+) and purple (4+). Ca atoms are shown in green, and O atoms are
shown in red. The most reduced state is Mn3!'"Mn!V in Sy, and the most oxidized state is
Mn4'V in S3. Ox, which is introduced during the S,—Ss transition and is bridged to Mn1
and Ca, is shown in orange. (6) The structural changes among S», Ss, and Sg are shown, with
the distances between atoms given in angstroms. The distance between O5 and the newly
introduced Oy is 2.09 A. The movement of E189 away from Ca upon the S2—S3 transition
is indicated by the increase of the Ca—O distance from 2.69 A to 3.02 A, which is again
shortened in the Sy state when Ox is no longer present. Figure adapted from Reference 73.
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Figure 3.
Mechanistic proposals for water oxidation in photosystem Il (PS I1). The circle in the center

shows the S-states and the time sequence. The S; state structure, including ligands and
surrounding waters, is shown at the top; the oxidation states of Mn are Mn,!!! (ourple)

and Mn,!V (magenta). Upon absorption of a photon, Mn4 is oxidized from 111 to IV, with
the only major change being the disappearance of water W20. Transitioning to Ss involves
oxidation of Mn1, along with elongation of the Mn1-Mn4 distance and the insertion of Oy
between Mn1 and Ca. Delivery of water to the cluster via the water wheel and Ca ligands

is shown by the blue dashed arrow. Changes are seen in the proton gate area formed by
residues Glu65 and Glu312 of the CI1 channel. During the S3—Sg transition, there is a
decrease in electron density at Oy, 05, W3, and W4, with Oy eventually disappearing upon
formation of the Sy state and two deprotonation events occurring, as shown by the closing
and opening of the gate at D1-Glu65. Two likely O-O bond formation mechanisms are
shown in the left panel. Figure adapted from References 6 (CC BY 4.0) and 63 (CC BY 4.0).
Additional abbreviation: OEC, oxygen-evolving complex.
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Figure 4.
Proton and water substrate channels in photosystem Il (PS I1). (&) The O1, O4, and CI1

channels connecting the oxygen-evolving complex (OEC) to the lumen are shown in red,
blue, and green, respectively, with some lining residues indicated. The numbers indicate
crystallographically identified waters in the channels. The circles indicate areas expanded

in panels b, ¢, and d. (b) The proposed proton gate in the CI1 channel, with green shading
showing the open gate between the OEC and the bulk and red showing the gate closed
around the D1-Glu65, D2-Glu312, and D1-Arg334 residues. (¢) The unidirectional H-bond
sequence from 04 in the MnsCaOg cluster to the bulk. There is a discontinuity or bottleneck
region between W51 and W72, making it unlikely that the O4 channel acts as a water
channel, as suggested by Sakashita et al. (120). (@) The water wheel in the O1 channel
consisting of five waters (W26-30) that exhibit high mobility between the S-states and are
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postulated to transport water from the bulk to the Mn,CaOs cluster via the Ca atom ligands
W3 and W4. Panels a, b, and d adapted from Reference 63 (CC BY 4.0).
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