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Abstract

The active site of photosynthetic water oxidation is the oxygen-evolving
complex (OEC) in the photosystem II (PSII) reaction center. The OEC is a
Mn4CaOs cluster embedded in the PSII protein matrix, and it cycles through
redox intermediates known as S; states (i = 0—4). Significant progress has
been made in understanding the inorganic and physical chemistry of states
So—S; through experiment and theory. The chemical steps from S; to Sy are
more poorly understood, however, because the identity of the substrate water
molecules and the mechanism of O-O bond formation are not well estab-
lished. In this review, we highlight both the consensuses and the remaining
challenges of PSII research.
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Figure 1

INTRODUCTION

In oxygenic photosynthesis, the photosystem II (PSII) reaction center uses visible light to extract
electrons and protons from water. The O, produced in this reaction (Equation 1) is released to the
environment, having provided an excellent electron sink for efficient respiration (1). The released
electrons are used to reduce plastoquinone (PQ) to plastoquinol (PQH,;) (Equation 2). The PQH,
produced and the protons pumped across the thylakoid membrane are used in the photosynthetic
electron-transport chain to generate the nicotinamide adenine dinucleotide phosphate (NADPH)
and adenosine triphosphate (ATP) needed for CO; fixation and general anabolism (1, 2).

2H,0 — O; +4e™ + 4H jumens 1.
2PQ +4e” +4H  shoma — 2PQH,. 2.

Charge separation in PSIT occurs when the primary chlorophyll-z electron donor, Py, absorbs
a visible photon or receives an exciton from peripheral antenna pigments. The excited electron in
Peso* is efficiently and quickly transferred to pheophytin-z, which in turn transfers the electron
to the primary PQ electron acceptor, Qa. Qa reduces the secondary PQ acceptor, Qg, via a
nonheme iron center. When Qg has accepted two electrons (and two protons from the stroma) to
form PQH,, it diffuses out of the reaction center and into the thylakoid membrane-soluble PQ
pool and is replaced by an oxidized PQ molecule (for a review, see 3). These electron-transfer
steps from Pggo* to PQH, are collectively known as the acceptor side of PSII and determine the
reaction center’s turnover frequency (TOF) (see the sidebar titled How Fast Is PSII?).

"This review focuses on the donor side of PSII, which includes the electron-transfer steps from
water to Pggot. Following charge separation, a redox-active tyrosine residue, Y, reduces Pggo ™ and
oxidizes the oxygen-evolving complex (OEC). The OEC is a MnyCaOjs cluster embedded in the
PSII protein matrix near the lumenal surface (Figure 1) (4, 5). Oxidizing water requires that four
electrons and four protons be stripped from two molecules of water (Equation 1). Therefore, each

The oxygen-evolving complex (OEC) in its dark resting state (S1) is a MnsCaO5(H; O)4 inorganic cluster embedded in the
photosystem II (PSII) reaction center near the lumenal surface. The X-ray crystal structure of the dimeric PSII complex has been
solved to 1.9-A resolution (4). Crystallographic waters are shown as blue spheres. (Insef) The quantum mechanics/molecular mechanics
optimized structure of the OEC in the Sy state. Figure generated in PyMOL from Protein Data Bank file 3WU2 and coordinates from

Reference 8.
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HOW FAST IS PSII?

By simply summing the rate constants of the individual S-state transitions, we see that the OEC can produce
one molecule of O, from two molecules of H,O with a half-time of approximately 1.4-2.0 ms (86-88). This rate
corresponds to a turnover frequency (TOF) of 500-700 O, /(s - PSII). However, the measured TOF of the OEC is
only about 30 O, /(s - PSII) (for a review, see 3). The fastest TOF reported in vitro is 67 O, /(s - PSII) in PSII core
complexes from Thermosynechococcus elongatus (89, 90), and the fastest TOF reported in vivo is 88 O, /(s - PSII) from
Arthrospira maxima (91). This discrepancy between the theoretical and measured rates of O, release indicates that
OEC cycling does not include the rate-determining step for overall turnover of PSIL. Instead, electron transfer on
the acceptor side of PSII limits the kinetics of water oxidation. The half-time of electron transfer from Q5™ to Qg
is 200-800 ps (92-94), and the half-time of PQ exchange of the Qj site is approximately 10 ms (95). The OEC is
thus kinetically limited by these downstream electron-transfer/exchange events and operates at a TOF much lower
than its theoretical limit.

catalytic cycle involves four sequential Pggy charge-separation events and four sequential OEC-
oxidation events. The resulting OEC intermediates are known as S; states (i = 0-4) (Figure 2).
As first described by Kok et al. (6) on the basis of experiments by Joliot et al. (7), the OEC advances
stepwise through the Sy, Sy, Sz, and S; states. When the S; state is advanced to the transient S4
state, O, is spontaneously released and the Sy state is reformed (6).

Significant progress, as described recently in several excellent reviews (14-17), has been made in
understanding the structure and function of the OEC since the landmark discovery of period-four
oscillations in O, production by Joliot and coworkers in 1969 (7). Herein, we discuss consensus
models for states So—S; and their underlying inorganic and physical chemistry. However, an
understanding of the mechanism of O-O bond formation has remained elusive to experimentalists.
This great challenge of photosynthesis research motivates its discussion in this review and extensive
efforts in laboratories throughout the world.

S=5/21IV, IV, IV, Il

H+ S=0 _
W, IV, IV, 1 S=1/721, 1V, IV, IV

H,0

$=3
5=1/2 IV, IV, IV, IV
1L 1V, 0, 1

H,0

0,
H*

Figure 2

The redox intermediates in oxygen-evolving complex (OEC) catalysis are known as S; states (i = 0-4), as
first described by Kok et al. (6). Water enters the cycle in the S; — S3 (9, 10) and S4 — S transitions (9).
Protons are released in each S-state transition except S; — Sz (11, 12). The ground spin state (S) and Mn
oxidation states (I, IV) are shown (13) for each state (for Mn numbering, see Figure 1).
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STRUCTURE OF THE OXYGEN-EVOLVING COMPLEX

The OEC is an inorganic cluster of four Mn ions and one Ca ion connected by t-oxo bridges (4,
5). As shown in Figure 1, the OEC can be described as a Mn;CaOy4 hetero-cubane motif with
a dangler Mn (notated Mn4) (18) connected to the cubane via an additional p-oxo bridge (19).
Amino acid residues (primarily carboxylate groups) make up the majority of the OEC ligands (20).
In states So—S;, Ca*" and Mn#4 each have two terminal water ligands (described below).

In 2011, a remarkable 1.9-A resolution structure of PSIT was produced by Shen and coworkers
(Figure 1) (4). Unfortunately, all PSII X-ray crystal structures collected using conventional
synchrotron radiation have suffered from radiation-induced Mn reduction (21). In 2014, the
same research group produced a 1.95-A resolution structure of PSII using a femtosecond X-ray
free-electron laser method with the hope of avoiding radiation-induced reduction (22). However,
model-dependent errors in the position of p-oxo bridges likely arose from interpretation of
electron-density maps when a light atom (O) was between several heavy atoms (Mn and Ca)
(23). Nonetheless, X-ray diffraction structures have provided a crucial starting point toward
building our modern understanding of the OEC structure. Extended X-ray absorption fine
structure (EXAFS) data are much less prone to radiation-induced Mn reduction and provide
reliable metal-metal and metal-ligand distance constraints (16, 24, 25). Electron paramagnetic
resonance (EPR) and electron nuclear double resonance (ENDOR) data provide reliable
spin-state assignments (26). Computational chemistry methods such as density functional theory
(DFT) (e.g., 19) and quantum mechanics/molecular mechanics (QM/MM) (e.g., 27) have
facilitated the combination of these datasets into the chemically reasonable structures that we
discuss in the following sections.

ACCUMULATING HOLES AND REMOVING PROTONS
S() d Sl

EPR and ¥Mn ENDOR data strongly suggest that the Sy state, the most reduced OEC inter-
mediate in the water-oxidation catalytic cycle, has a ground spin state of 1/2 (28-30) and does
not contain a Mn’* ion (31, 32). The spin states of the later S states (described in the following
sections) thus require that the Sy state contain (Mn3**+); Mn**. DFT (9) and QM/MM (8) studies
have assigned the Mn oxidation state pattern as III, IV, III, and III for Mn1, Mn2, Mn3, and Mn4,
respectively (for atom numbering, see Figures 1 and 3). One p-hydroxo bridge is present in Sy
and has been assigned to O5 (8, 9). However, continuum electrostatics methods have presented an
alternative model with a Mn oxidation state pattern of IIL, IIT, IV, IIT and with O1 as a pu-hydroxo
bridge (33).

In the OEC catalytic cycle, charge separation at Py leads to oxidation of Yy, forming a neu-
tral tyrosyl radical, Y,°, which in turn oxidizes Sy to S;. Starting from the dominant Sy model,
this conversion first involves the oxidation of Mn3 from Mn** to Mn**. This change causes the
pK, of O5 (a pu-hydroxo in Sy) to decrease dramatically. Although this pK, change is challeng-
ing to measure, we can estimate a decrease of approximately 10 pH units for a p-oxo bridg-
ing two Mn** centers versus one bridging Mn** and Mn** by analogy to the model complex
[Mn,(1-O),(bpy)s]**/*+, where bpy represents 2,2’-bipyridine (34). Therefore, the proton on OS5
is released following oxidation of Sy (8, 35). Sequential oxidation and deprotonation results in
an equivalent charge of the OEC in Sy and in S; (35). The S; state contains the Mn oxidation
state pattern III, IV, IV, III and is diamagnetic (36). As shown in Figure 3, all p-oxo bridges are
connected to at least one Mn** ion and are therefore deprotonated.

Vinyard o Brudvig
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Figure 3

Quantum mechanics/molecular mechanics optimized structures of the So (8), S1 (8), Sz (S = 5/2) (37), and Sz (S = 1/2) (37) states
from Batista, Brudvig and coworkers. Figure generated in PyMOL from coordinates in References 8 and 37. Comparable structures are
presented in References 9 and 38-41. Mn3* ions are shown in purple, Mn** in lavender, Ca’>* in orange, and O’ in red.

Sl_)SZ

The conversion of Y;*S; to Y;S; involves only an oxidation of the OEC (no proton release;
see 11), and a positive charge is accumulated in the OEC during this transition (i.e., S; — S;*)
(35). The S, state can be generated from PSII preparations poised in the S; state either by a
single-turnover flash at room temperature (42) or by continuous illumination at low temperature
(130-220 K) (43, 44). The resulting S, state is paramagnetic and has been extensively studied
using EPR spectroscopy (for reviews, see 45, 46). When the S, state is prepared in higher-plant
PSII membranes by continuous illumination at <140 K, only a broad EPR signal at approximately
g = 4.1is observed (Figure 4) (44). When the same sample is warmed in complete darkness to
>160 K, a dramatic multiline EPR signal at g = 2 is observed (Figure 4) (47). Both signals can
also be generated by illumination of a sample poised in the S; state at about 200 K (43), but their
relative intensities vary significantly depending on sample preparation (45).

The g = 4.1 and g = 2 EPR signals represent two spin isomers of the S, state (38, 48). The
g = 4.1 signal corresponds to an isomer with a ground state of S = 5/2 (49, 50) and with a
Mn oxidation state pattern of IV, IV, IV, III (38). In this closed cubane form of the S; state, the
dangler Mn4 is a five-coordinate Mn** center and is weakly electronically coupled to the other
three Mn** ions in the cubane motif. Spin frustration in the trigonal cuboidal motif promotes a
high spin state. The g = 2 signal corresponds to an isomer with a ground state of S = 1/2 (42)
and with a Mn oxidation state pattern of III, IV, IV, IV (38). In this open cubane form, Mnl is a
five-coordinate Mn’* center. Di-p-oxo bridges connect all Mn ions, resulting in short Mn-Mn
distances. This linear arrangement of pairs promotes antiferromagnetic coupling and a low spin
state.

We have hypothesized that the S, state S = 5/2 spin isomer is the direct product of S; oxida-
tion, as shown in Figure 3 (51). However, the S = 1/2 spin isomer has a slightly lower reduction
potential, as observed experimentally in spinach PSII membranes using sucrose as a cryoprotec-
tant (0.7 £ 0.1 kcal/mol) (51) and predicted computationally (0.4-1.6 kcal/mol) (38, 39, 41, 52).
Therefore, at room temperature, the equilibrium constant of the S, state spin isomers (defined
here as [S = 1/2]/[S = 5/2]) is approximately 3 in spinach PSII membranes under the condi-
tions measured. The relative abundance of each spin isomer is sensitive to PSII preparation (e.g.,
cyanobacterial PSII core complexes versus higher-plant PSII membranes), choice of cryoprotec-
tant, Cl~ concentration, and presence of small molecules such as acetate, ammonia, and methanol

S: ground spin state
(for a review, see 45). ¢ b
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Figure 4

X-band electron paramagnetic resonance spectrum of the S, state in higher-plant PSII membranes in a
sucrose-containing buffer at 7 K. The broad signal centered at g = 4.1 (purple box) arises from the S,
population with a ground spin state of S = 5/2. The multiline signal centered at g = 2 (orange box) arises
from the S, population with a ground spin state of S = 1/2.

Sz—>53

The conversion of Y,°S; to Y;S; involves deprotonation, Mn oxidation, and water coordination
(10, 35). The resulting S state’s Min centers are all six-coordinate Mn** centers (10), as shown in
Figure 5. Although a consensus has emerged for the structure of the S; state (discussed below),
the mechanism of its formation from the S, state is still debated. Three proposed mechanisms are
shown in Figure 5. Siegbahn (9) first showed using DFT calculations that an OEC containing all
Mn** centers required an additional ligand compared to the S state, and this was confirmed by
experiment (10). Siegbahn’s mechanism (Figure 54) starts from the open cubane S = 1/2 spin
isomer of the S, state and involves a new water molecule added to Mn1 when it is oxidized from
Mn** to Mn*". This water is deprotonated to form a terminal hydroxo ligand.

Several computational groups, including Yamaguchi and coworkers (40), Guidoni and cowork-
ers (41), and Kaila and coworkers (39), have suggested that a water molecule is transferred from
Ca’* to Mn4 during this transition. This mechanism (Figure 5b) starts from the closed cubane
S = 5/2 spin isomer of the S, state. W3 moves to Mn4 when it is oxidized from Mn** to Mn**.
A water molecule from the hydrogen-bonded network surrounding the OEC binds to Ca** at the
site previously occupied by W3.

A third mechanism was inspired by studies of ammonia binding to the S, state (for a review,
see 53) and involves water molecules moving around the Mn4 center. As shown in Figure Sc, a
second-shell water molecule denoted by W is a hydrogen-bond donor to O4 in the closed cubane
S = 5/2 spinisomer of the S, state. We proposed that upon formation of the S; state, Wx becomes

Vinyard o Brudvig
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Figure 5

Models for conversion of the S; state to the S3 state. (#) External water addition to Mn1 as proposed by
Siegbahn (9). (b) Transfer of water from Ca>* to Mn4 as proposed by Yamaguchi and coworkers (40),
Guidoni and coworkers (41), and Kaila and coworkers (39). (c) Carousel or pivot movement of water around
Mn#4 as proposed by Brudvig, Batista and coworkers (37), Pantazis, Cox and coworkers (54), and Guidoni
and coworkers (55).

a direct ligand to the dangler Mn, causing W1 and W2 to be displaced in a carousel around Mn4
(37). Pantazis, Cox and coworkers (54) later proposed an equivalent pivot mechanism (see also 55).
Note that in both the mechanisms shown in Figure 5b,¢, OS5 is converted from a p-oxo bridge to
a terminal hydroxo. W3 (Figure 5b) or W2 (Figure 5¢) is converted from a terminal water ligand
to a p-oxo bridge.

As does the S; state, the S; state decays to the S; state in darkness via charge recombination
with electrons from the acceptor side of PSII (56, 57). The S; state is, however, significantly more
resistant to small molecule reductants such as hydrazine or hydroxylamine than the S, state (58).
‘This behavior is likely the result of each Mn center in the S; state being in a coordinatively saturated
octahedral Mn** oxidation state (10), whereas in the S, state one Mn center is a five-coordinate
Mn?** that is accessible to ligand binding and inner-sphere reaction (38).

www.annualreviews.org « Water Oxidation in Photosystem 11
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Figure 6

Proposed mechanisms for O-O bond formation upon formation of the Sy state. (z) A Mn*t—-O°® species in
the Sy state could give rise to an oxo—oxyl radical attack mechanism. () A Mn®* =0 species in the Sy state
could give rise to a water-nucleophile attack mechanism.

O-0 BOND FORMATION
S3 g [S4] g S()

Experimental data for the S; — S, transition are scarce. Formally, this process must involve the
release of two protons, O, formation and release, and a water-binding event (35). Time-resolved
X-ray fluorescence experiments have shown that when a single-turnover flash is applied to PSII
membranes poised in the S; state, a Y,°S;’ intermediate persists for approximately 250 ps before
Mn reduction is observed, which is rapidly followed by O, release and S state formation (59).
This lag phase is pH dependent and has an H/D isotope effect, which strongly suggests that it
represents a proton release (60). In these time-resolved Mn K-edge X-ray spectroscopy exper-
iments, no Mn oxidation event is observed subsequent to formation of the Y,*S;" intermediate
(59), which suggests either that the final hole transfer is not Mn centered or that a Mn’* inter-
mediate decays faster than it is formed. Siegbahn (9, 19) has championed an S, state containing
a Mn*"-oxyl center (Figure 64). An alternative S state, proposed by Pecoraro and coworkers
(61) and Brudvig and coworkers (62, 63), contains a Mn’*-oxo center (Figure 6b). Both of these
S, states are isoelectronic. A Mn**-oxyl species adjacent to a p-oxo bridge (with correct spin
states; see 64) could give rise to an oxo—oxyl radical coupling mechanism for O-O bond forma-
tion. However, a Mn** =0 center is predicted to be highly electrophilic and could give rise to a
water-nucleophile attack mechanism for O-O bond formation. The former mechanism has been
supported by extensive computational studies (e.g., 9). The latter mechanism is analogous to most
well-described inorganic water-oxidation catalysts (for a review, see 65). As shown in Figure 6,
we favor the assignment of the nucleophile to a terminal water on Ca** (W3). Although a free
hydroxide is a better nucleophile, it has high electrostatic binding energy to the metal center,
which renders a hydroxide ligand to a high-valent metal ion less nucleophilic. However, if the
pK, of a nucleophilic water is tuned to a value close to the ambient pH, it can simultaneously
attack the electrophile and be deprotonated. Because water bound to Ca?* is more acidic than
bulk water (66), it is an excellent candidate for this mechanism. To date, however, neither the
oxo-oxyl radical mechanism nor the water-nucleophile attack mechanism for the OEC has been
supported or rejected by experimental evidence.

Ttis likely an oversimplification to notate the Sy state formally as either Mn**~O® or Mn’*=0.
Instead, the hole is almost certainly delocalized between Mn and O. In the Sy state predicted by Li
& Siegbahn (67), the spin population on O was calculated to be approximately 0.7. In a Mn**=0
model complex recently prepared by Borovik and coworkers (68, 69), the spin population on O
was measured by EPR spectroscopy to be approximately 0.45. Subtle changes both within the

Vinyard o Brudvig



HOW EFFICIENT IS PSII?

Although the photochemical quantum yield of PSII approaches 100% (96), its net solar-to-chemical energy con-
version efficiency is significantly lower (71). The production of one molecule of O, requires four charge-separation
events. Assuming that four 680-nm photons are sequentially absorbed by Pesy, the solar energy inputis4 x 1.83 eV,
or 7.32 eV. The reduction potential of Qg ~/Qg, the terminal electron acceptor of PSII, is +0.09 V (97). The re-
duction potential of H,O/O,, the electron donor of PSII, is +0.88 V at pH 6.0 (98). Consequently, the chemical
energy change in each PSII turnover is 4 x (4+0.09 — 0.88) eV or —3.16 eV. Each PSII turnover also pumps eight
protons across the thylakoid membrane (four protons are released to the lumen from the oxidation of water, and
four protons are consumed from the stroma from the reduction of PQ). Assuming a proton-to-ATP ratio of 4.67 for
the chloroplast ATPase (99), 1.71 ATP are formed for each molecule of O,, corresponding to a change of —0.56 eV
in chemical energy (100).

Therefore, of the 7.32 eV of solar energy that enters PSII, approximately 3.72 eV, or 50.8%, is converted to
chemical energy (3.16 eV from reaction center chemistry plus 0.56 ¢V from ATP production). This calculation
implies that approximately half of the input solar energy is used to overcome activation barriers and/or is released
to the surroundings as heat.

OEC and in its local environment will likely propagate into large differences in the spin density
distribution between Mn and O in the S4 state and will, therefore, influence the electronics of
O-0 bond formation.

Proton-Coupled Electron Transfer in the Oxygen-Evolving Complex

As described above, the Y;So — Y°S; transitions involve alternating oxidation and deprotonation
steps, and all of the redox transitions occur within a narrow range of reduction potentials. This
redox leveling is responsible for maintaining the low overpotential requirement of the OEC

(70-72). However, it is possible that the final oxidation step, in which the S; state is formed,

is a concerted proton-coupled electron transfer (PCET). Such a mechanism would involve a
proton transfer (Yz*S; — Y,°S;’) followed by a low-barrier PCET (Y2°S;" — Y2S4). Such PCET
strategies for lowering activation barriers are widely used in other redox-active enzymes (73). See
the sidebar titled How Efficient Is PSII? for a discussion of the overall efficiency of PSII.

RATIONALIZING SUBSTRATE WATER EXCHANGE KINETICS
The Wydrzynski laboratory first developed a method to measure the rates at which H'%0 ex-

changes with substrate waters in each S state (for reviews, see 14, 74). The resulting data (Table 1)

are crucial for understanding the mechanism of PSII water oxidation, but have been difficult to

rationalize with the chemical structures of the S states.

In the Sy and S; states, only one substrate water exchange rate is resolved. This result implies

either that the second substrate water is not bound to the OEC in these intermediates or that it

exchanges at a rate faster than the experiment can detect. The exchange rate of the slow water  pcpT.
decreases 500-fold in the Sy — S; transition (Table 1). proton-coupled

Two substrate water exchange rates are observed in the S; (77) and S; (78) states. The slow  electron transfer

water exchanges at the same rate in both states, but, surprisingly, this rate is 100-fold faster than
the rate of exchange in the S; state. The fast water exchanges at a rate of approximately 120 s™!
in the S, state and slows to 40 s~! in the S; state (Table 1).

www.annualreviews.org  Water Oxidation in Photosystem Il 109



Table 1  Rates of fast (k¢) and slow (ks) substrate water
exchange at 10°C in spinach thylakoid membranes (75, 76)

ks (s1) ke 71
Sy 10 >120
S 0.02 >120
S, 2 120
S; 2 40

Exchange of a u-Oxo Bridge Adjacent to a Terminal Water
in the Oxygen-Evolving Complex

Researchers (14, 79, 80) including ourselves (81) have argued that the slow-exchanging water
in the Sy and S; states represents the exchange of the p-oxo bridge O5. Both the exchange of
a p-hydroxo bridge between two Mn** centers (analogous to Sy) and the exchange of a p-oxo
bridge between one Mn** and one Mn** center (analogous to S;) have been observed in model
complexes (82, 83). The OS5 position is of particular interest in that it is adjacent to a terminal
water ligand bound to Mn4. We present a proposed mechanism of O5 exchange in the S; state in
Figure 7 on the basis of results from p-oxo exchange in inorganic complexes (83). In this model,
the terminal water ligand W2 on the dangler Mn4 is exchanged with two rates. The first rate
is fast and represents direct water exchange (Figure 7, reaction @). The second rate is slower
and represents the equilibrium between the O label in the O5 and W2 positions (Figure 7,
reactions @-0).

H,0 H,0 H,0 H,0
i [e} v o 1 o) v e i 0 % e 1 e} Y
Mn Mn Mn Mn
H,0 H,0 H,0 H,0
N AT emo N S N ~ L s
I P— | — | — |
0—|[—mn"—|—o0 ~H,0 0—|—mn"—|—o0 0—|[—mn"—|—o0 o0—|-mn"—|—o0
[/ 1/ [/ 1/ [/ 1/ / /N
H,0 Mn'" o Mn!! H,0 Mn" 0 Mn'! H,0 Mn" OH Mn!! H,0 Mn‘!;--, 0’\H Mn'!
H,0 HOH HO H
H,0 H,0 H,0
H,0 o) MnlV o H,0 l [e) MnV e H,0 o] MnlV
~N s ~N s ~N s
Ca 0 o Ca I o) Ca 0
- —
0—|—mn"— 70 /o— —Mn"— 70 0—|~Mn"— 70
H,0 Mn" o/ Mn!" H,0 Mn" OH/ Mn! H,0 Mn'--- . 6’;H Mn'"
/ /M/ O\ '
H,0 HO H
Figure 7

A proposed chemical mechanism for the exchange of O5 with H>'8O (red). Reaction @: Exchange of a terminal water ligand on a
Mn'™ center is facile, especially if the ligand is on the Jahn-Teller axis (84). Reaction @: A p-oxo bridge must be protonated before
dissociation (83). By analogy to model complexes, the pK, of O3 bridging one Mn! and one Mn!V is several pH units below
physiological pH (82), and water bound as a terminal ligand to Mn' is acidic (85), which facilitates proton transfer from a terminal
water ligand to O5. Reaction ©: Once protonated, (OH)5 partially dissociates from one or both Mn centers and forms a hydrogen
bond with the labeled terminal water. Reaction @: This hydrogen-bonded network facilitates exchange of the isotopically labeled
oxygen atom between the two positions (83). This equilibrium effectively scrambles the label between the W2 and OS5 positions.
Reaction @: (OH)S5 reforms the formal p-hydroxo bridge between the two Mn centers, and the hydrogen bond with the terminal water
ligand is broken. Reaction @: The low pK, of (OH)5 results in its facile deprotonation to complete the %O exchange.
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Table 2  Potential identities of the oxygen-evolving complex substrate waters on the basis of the
mechanism of S; — S3 water delivery and O-O bond formation; for O numbering, see Figure 1

0-0 bond formation mechanism
Oxo-oxyl radical Water-nucleophile
S; — S3 mechanism coupling (9, 19) attack (61-63)
External water addition (Figure 52) (9) OS5 + outside water W3 + outside water
Ca’*-mediated water addition (Figure 5b) (39-41) 05+ W3 W3 + 05
Carousel or pivot around Mn4 (Figure 5¢) (37, 54, 55) | O5 + W2 W3 + 05

The exchange of a p-oxo bridge is possible only when it can be protonated and can, therefore,
dissociate from at least one of the Mn centers (83). In the model complex [Mn, ™M (1-O), (bpy)4]*+,
the pK, of the p-oxo is approximately 12 (34) and is, therefore, predominantly protonated at neutral
pH. For [Mn,"™V(1-O),(bpy)4]**, the p-oxo pK, decreases to approximately 2 (82), and for
[Mn,™V'V(11-O), (bpy)4]**, it has been estimated to be approximately —6 (34). This trend suggests
that O35 exchanges readily in the Sy state (adjacent to two Mn** ions) and exchanges much more
slowly in the S; state (adjacent to one Mn’** ion and one Mn** ion) (14, 81). These comparisons
are qualitatively consistent with the exchange rates for slow water shown in Table 1 for Sg and Sy,
respectively. In the S; state, OS5 is adjacent to two Mn** ions. On the basis of inorganic chemistry
precedent, one would, therefore, expect the rate of OS5 exchange in the S, state (u-oxo adjacent
to two Mn** ions) to be several orders of magnitude slower than in the S; state. However, the
exchange rate of the slow water instead increases 100-fold in the S; — S, transition. We have
interpreted this unusual observation as suggesting that the observed exchange rate for slow water
reflects the slow phase of a terminal water (W2) being labeled via exchange with OS5 in the Sy
and S; states (Figure 7) and reflects the direct exchange of a terminal water in the S, and S;
states (81).

Which Waters Are Substrate Waters?

In two of the mechanisms for water delivery to the S; state from the S, state (Figure 55,c),
the oxygen atom OS5 is converted from a p-oxo bridge to a terminal hydroxo ligand on a Mn**
ion. Such a transition would substantially increase its exchange rate. In the mechanism for water
delivery shown in Figure 54, one of the substrate waters is not bound in the S, state, which is
likely in contradiction to experimental data.

Table 2 summarizes the possible identities of the two substrate waters in the OEC on the
basis of both the S; — S; water delivery mechanism (Figure 5) and the O-O bond formation
mechanism (Figure 6). At this time, it is not possible to confirm any of the entries in Table 2.
Instead, we present this discussion of O—O bond formation and S, — S; water delivery mechanisms
as a foundation for the development of new experiments to test these hypotheses.

SUMMARY POINTS

® The OEC in PSII is the source of nearly all O, on Earth, yet a complete chemical
mechanism of water oxidation has not been established.
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®  Multiple experimental and computational groups have arrived at consensus structures of
the Sy, Si1, Sy, and S3 intermediates of the OEC.

® In the S; — S; transition, a new water molecule is added to the OEC, but multiple
mechanisms are still being discussed.

® The S, state likely contains either a Mn**—O° species or a Mn’* = O species. The former
could give rise to an oxo—oxyl radical mechanism for O-O bond formation, whereas the
latter could lead to a water-nucleophile attack mechanism.

B Tnorganic chemistry precedent strongly suggests that a p-oxo bridge cannot exchange
fast enough to account for the millisecond kinetics of substrate exchange in the S, and
S; states, which provides a constraint on the binding modes of substrate waters proposed
in mechanistic models.

FUTURE ISSUES

8 Much of our understanding of O-O bond formation comes from computational studies.
What experiments could be designed to confirm or reject hypotheses generated from
theory? Are structural studies (e.g. femtosecond X-ray crystallography) or spectroscopic
studies (e.g. EXAFS, EPR) more likely to provide these insights?

®  What are the exact assignments of the substrate water exchange kinetics? How does this
inform the mechanism of O-O bond formation?

B How can a detailed knowledge of OEC chemistry inform the design of synthetic catalysts
for efficient water oxidation?
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