Journal of Inorganic Biochemistry 199 (2019) 110797

Contents lists available at ScienceDirect a(')‘;,“g";;;lg
Biog:mistry
. . . LT
Journal of Inorganic Biochemistry SR Ao
Simirs, 8
A\ ~*: L
journal homepage: www.elsevier.com/locate/jinorgbio N e
Implications of structural heterogeneity for the electronic structure of the R)
final oxygen-evolving intermediate in photosystem II s’

Vera Krewald?, Frank Neese”, Dimitrios A. Pantazis™*

2 Theoretische Chemie, Fachbereich Chemie, Technische Universitdt Darmstadt, Alarich-Weiss-Str. 4, 64287 Darmstadt, Germany
® Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Miilheim an der Ruhr, Germany

ABSTRACT

Heterogeneity in intermediate catalytic states of the oxygen-evolving complex (OEC) of Photosystem II is known from a wide range of experimental and theoretical
data, but its potential implications for the mechanism of water oxidation remain unexplored. We delineate the consequences of structural heterogeneity for the final
step of the catalytic cycle by tracing the evolution of three spectroscopically relevant and structurally distinct components of the last metastable S; state to the
transient O,-evolving S, state of the OEC. Using quantum chemical calculations, we show that each S isomer leads to a different electronic structure formulation for
the active S, state. Crucially, in addition to previously hypothesized Mn(IV)-oxyl species, we establish for the first time, how a genuine Mn(V)-oxo can be obtained in
the catalytically active S, state: this takes the form of a five-coordinate and locally high-spin (Sy, = 1) Mn(V) site. This formulation for the S, state evolves naturally
from a preceding S3-state structural intermediate that contains a quasi-trigonal-bipyramidal Mn(IV) ion. The results strongly suggest that water binding in the S; state
is not prerequisite for reaching the oxygen-evolving S, state of the complex, supporting the notion that both substrates are preloaded at the beginning of the catalytic
cycle. This scenario allows true four-electron metal-centered hole accumulation to precede O—O bond formation and hence the latter can proceed via a genuine even-
electron mechanism. This can occur as intramolecular nucleophilic coupling of two oxo units synchronously with the binding of a water substrate for the next

catalytic cycle.

1. Introduction

Light-driven water oxidation in nature is accomplished by photo-
system II, a membrane-embedded multi-subunit enzyme that employs
an oxo-bridged MnyCa cluster to accumulate four oxidizing equivalents
and catalyze the formation of dioxygen [1-9]. The Mn4CaO, cluster of
the oxygen-evolving complex (OEC) passes through five metastable
storage states S; (i = 0-4), of which S,, the state that has accumulated
four oxidizing equivalents, is the final and as yet unobserved transient
state that evolves dioxygen (Fig. 1). Long-standing debates about the
mechanistic details of O—O bond formation have centered on the nature
of the active Mn-oxygen species, for example oxo versus oxyl, the se-
quence of electron and proton transfers, and the type of the critical
coupling step, i.e. radical coupling or nucleophilic attack. Numerous
hypotheses have been proposed and some of them have been explored
computationally [9-23]. However, no consensus can be reached in the
absence of experimental information on active intermediate(s) and, in
view of the accumulated uncertainties, regarding the identity of sub-
strates.

The constantly improving understanding of the lower Sy, S;, and S,
states has contributed significantly to the refinement of possible
structural models. Atomic-resolution crystallographic data of the dark-
stable S; state have been instrumental in this effort [24,25], particularly
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from studies that employ X-ray free electron laser (XFEL) sources to
control radiation damage [26]. The S, state is commonly accepted to
consist of two interconvertible Mn(IV)sMn(III) valence isomers [27,28]
with distinct bonding topology and spectroscopic properties [29-40].
At present, the research frontier does not extend beyond the last me-
tastable state of the catalytic cycle, the S; state, in which it is most
commonly accepted that all four Mn ions of the OEC are present as Mn
(IV) [41-47]. Rationalizing diverse experimental data on the S; state in
terms of precise atomistic models is complicated by the fact that
spectroscopy reveals the coexistence of multiple forms [40,47-52].
Preliminary attempts at structural characterization of the S state with
XFEL crystallography [53-56] have not proven to be sufficiently illu-
minating because they are mutually incompatible and lead to drasti-
cally diverging interpretations. As discussed recently [57], currently
available crystallographic models suffer from issues relating to state
quantification, information content, data analysis [58], and dis-
crimination of structural heterogeneity [9,57]. Most importantly, the
proposed structurally ambiguous models are difficult, if not impossible,
to reconcile with the concrete spectroscopic information on the elec-
tronic structure of the Mn ions of the cluster [42,47]. In a separate
development, however, the rich and state-specific information from
various types of spectroscopy has formed the basis for refinement of
possible spectroscopy-consistent atomistic models for the S; state using
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Fig. 1. a) XFEL crystallographic structure of the S; state of the OEC [26]. b) Schematic depiction of the OEC with labeling of core atoms and the first coordination

sphere amino acids. c) The five-state cycle of water oxidation.

modern quantum chemical approaches.

Computational modelling of structural intermediates in the S>-S3
transition and their correlation with spectroscopic observations pro-
vided evidence for three distinct but functionally connected structural
forms of a Mn(IV), cluster in the S; state [59-61]. Alternative con-
ceivable valence-isomeric forms [62-65] that involve “early onset”
O—O bond formation [57] are not obviously compatible with the
spectroscopy of the S state or the kinetics of substrate exchange and
will not be considered in the present study. The two known components
of the S, state, shown in Fig. 2, differ in the location of the unique Mn
(III) ion and the bonding between the centrally located O5 bridge and
the terminal Mnl and Mn4 ions. The cluster thus exists as either an
“open cubane” with spin S = 1/2 (model S,* in Fig. 2), or as a “closed
cubane” with spin S = 5/2 (S,B). The first one corresponds to the
multiline g = 2 EPR signal of the S, state, the latter to the g = 4.1 (or
higher [38,39]) signal. Given that the Sy-S3 transition involves oxida-
tion and deprotonation as well as potentially the coordination of a
water molecule, at least three structural models can be immediately
conceived and have been described for the S; state [59] as depicted in
Fig. 2: (i) Ss®, a model containing a five-coordinate, approximately
trigonal-bipyramidal Mn(IV) attached to a Mn3CaO,4 cubane [59]; (ii)
$:®%, a closed cubane model that can be generated by low-barrier
water binding at the Mn4 ion of S3B [59] (or alternatively by direct OH
binding at the internal site of Mn4) [28]; and (iii) Ss™" [45,66] with
four six-coordinate Mn(IV) resulting from internal rearrangement
[60,617 of S5%W (or alternatively by direct OH binding to the internal
coordination site of Mn1 in the S,* form) [66,67]. In the present no-
menclature, the superscript W indicates that a new water is bound to a
manganese ion.

The trigonal bipyramidal Ss® was shown by Retegan et al. to be a
requisite component of the S3 state because analysis of the S,—-S3 tran-
sition established that only the S,® component of the S, state can
proceed to S [59]. This is in agreement with EPR studies which showed
that only the minority g = 4.1 component of the S, state progresses to

S; [48]. Therefore, cofactor oxidation in the S»—S3 transition requires
deprotonation of a terminal water ligand but not water binding [59].
The S5 structure was shown to provide a straightforward explanation
for the near-infrared (NIR) absorption in the S3 state and of the re-
sulting tyrosyl radical split EPR signal [59]. The S3™"W component was
identified by magnetic resonance studies [47,68] and supported by si-
mulations of EXAFS spectra [69,70]. S;BW is required to connect the
other two [60]. In the sequence presented in Fig. 2, water binding oc-
curs in S3® at the position previously occupied by W1 through a water
channel terminating at Mn4 [59], which is also associated with sub-
strate analogue delivery to the OEC [71-73]. Importantly, the three
forms are interconvertible regardless of the details of water binding and
of the S,—S; transition, and hence all three are plausible components of
the “Ss state”. Therefore, as the equilibrium remains experimentally
undefined, it is necessary to consider equally all interconvertible S;
components as candidates for advancement to the S, state.

The implications of the structural heterogeneity in the S state for
the chemical nature of the catalytically active S, state have not been
explored, given that only the S3*”" model of Fig. 2 has been considered
in past studies. In the present work, we trace the progression of each S3
state component computationally and construct appropriate models for
the resulting S4 “hot” species. A novel, five-coordinate Mn(V)-oxo in-
termediate is identified, which uniquely supports the scenario of ex-
clusively metal-based storage of the four oxidizing equivalents before
initiation of O—O bond formation.

2. Methodology
2.1. Structural models

The S, state models contain the Mn4Ca cluster with all oxo bridges
and three or four additional H,O, OH or terminal O ligands bound to
Mn1 and Mn4 to complete the ligand sphere of Mn1 (octahedral) and
Mn4 (octahedral or trigonal-bipyramidal). Two water molecules are
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Fig. 2. Models of the OEC core for the S, and S3 states [59], indicating a likely progression sequence and the structural relationships between different components.

For clarity, only four amino acid residues are depicted.

bound to Ca®*, and six or seven additional water molecules are placed
at crystallographic positions. All amino acid residues directly bound to
Mn and Ca (from the D1 protein unless stated otherwise) are included:
His332, Glul89, Asp342, Ala344, CP43-Glu354, Aspl70, Glu333.
Furthermore, Tyr161 (Yz), His190, His337 (H-bond with O3), CP43-
Arg357 and backbones of Leu343, Ser169 and part of Glyl71 are in-
cluded. It is noted that inclusion of the redox-active Tyrl61 and its
His190 partner is essential for any studies of S-state transitions in the
OEC; omission of these residues can lead to serious artifacts and errors
in both, electronic structure and computed relative energetics of in-
termediates. The total size of the models was 223 atoms. Quantum
cluster models of this size were shown to yield results and properties
indistinguishable from size-converged quantum-mechanics/molecular-
mechanics (QM/MM) calculations [74].

2.2. Geometry optimizations

All calculations were carried out with ORCA [75]. Geometry opti-
mizations of the S, state models and calculations of electronic structure
properties and energetics used the TPSSh hybrid-meta-GGA density
functional [76], making use of the resolution-of-the-identity and the
chain-of-spheres approximations (RIJCOSX) [77] with increased in-
tegration grids (Grid6 and GridX6 in ORCA convention). The choice of
this specific functional, which incorporates a moderate percentage of
Hartree-Fock exchange (10%), was motivated by numerous past studies
that supported its reliable performance for geometries and energetics of
transition metal complexes in general [78-80], as well as of redox
potentials [81], spin states, and various spin-dependent spectroscopic
properties of exchange-coupled manganese complexes in particular
[82-86]. It is noted that TPSSh was recently shown to even surpass
“double-hybrid” functionals for exchange-coupled manganese systems
[87]. Scalar relativistic effects were incorporated through the zero-
order regular approximation (ZORA) [88-90] applying the one-center
approximation. Relativistically recontracted [91] versions of the
Karlsruhe polarized triple-{ basis sets [92] were used for all atoms ex-
cept for carbons and hydrogens, for which the double-{ polarized ver-
sions were employed. Weigend's auxiliary basis sets [93] were used in

fully decontracted form. Dispersion effects were taken into account
with Grimme's D3 corrections using the Becke-Johnson damping
function [94,95]. Normal optimization criteria for geometry con-
vergence and tight convergence criteria for the SCF procedure were
applied. The electrostatic and structural effects of the protein were
considered implicitly through the COSMO solvation model [96] with a
dielectric constant of 8 and by placing constraints on specific backbone
carbon and associated hydrogen atoms as described in detail previously
[45].

2.3. Calculations of X-ray absorption spectra

The X-ray absorption spectra were predicted with time-dependent
density functional theory calculations (TD-DFT) using the TPSSh den-
sity functional with the same RIJCOSX approximation as above, using
Grid6 and GridX6 as well as an integration accuracy of 6.0 in ORCA
nomenclature. The ZORA Hamiltonian was used with the ZORA-re-
contracted def2-TZVP(-f) basis sets [97] on all atoms except C and H,
for which ZORA-def2-SVP was used. The XAS spectra for each Mn ion
were predicted with 80 roots and their intensities summed up to yield
the total spectrum for each OEC model [98]. The spectra are shifted to
higher energies by 36.3 eV as specified in benchmark studies [99].

3. Results and discussion
3.1. Geometric and electronic structures of S, state intermediates

Upon oxidation of the S; state, an intermediate S;Y,- state is
formed. The precise chemical details of this intermediate remain under
investigation [100-102], but it is established that S3Y- is subsequently
deprotonated in a kinetically resolvable step [103,104], leading to the
reduction of the Y- radical with concomitant oxidation of the man-
ganese cluster. In the S, and S,Y7- states, the most acidic proton is part
of W1 in the open cubane S,*, oriented towards Asp61, a residue as-
sociated with proton removal from the OEC [59]. Any other deproto-
nation step is disfavored by at least 10 kcal/mol [59]. This finding is not
surprising since W1 is the only Mn-bound H,0, and the resulting species
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Fig. 3. The three lowest-energy forms of the OEC cluster in the S, state, as derived from deprotonation and oxidation of the three distinct S;-state models. S,.B
contains a five-coordinate locally high-spin Mn(V)-oxo site, whereas the other models have Mn(IV)-oxyl units at the Mn4 or Mn1 ions of the cluster.

benefits from better stabilization than the deprotonation product of the
closed-cubane form.

Applying similar considerations to the S;-state models presented in
Fig. 2, the most acidic protons in $5»W and 5%V are on We, (H,0),
the only doubly protonated water ligand, and either of the hydroxyl
ligands W1 or W2 in Ss®. Experiments have shown that substrates
cannot exchange anymore after S3Y;- is formed [105], which is
strongly indicative of both substrates being fully deprotonated. De-
protonation of a water group in $:2W/8,.BW is thus disfavored, as it
requires proton transfer from one hydroxo ligand (on Mnl or Mn4) to
the deprotonated W,,e,, on Mn4. We have nevertheless considered all of
the above deprotonation pathways and their subsequent oxidation to
the S, state. The three S, state models shown in Fig. 3 are the most
likely outcomes. Higher-energy alternatives including higher and lower
overall multiplicities are discussed in the Supporting Information.

Models S, and S, contain Mn(IV)-oxyl units [106,107], si-
milar to structures studied previously in the computational literature
[18,20,108]. The former is an open-cubane structure with the oxyl
group attached to Mnl, while the latter is a closed-cubane structure
with the oxyl group trans to W1 at the octahedrally coordinated Mn4. In
$4*"Y, the Mulliken spin population of Mn1 is 2.76 with —0.51 on the
oxyl, and similarly for $4%"%, the spin populations on the atoms of the
Mn-O- unit are 2.48 and -0.43. The other manganese ions have spin
populations of 2.89 or higher, and oxo-bridge spin populations are
negligible (< 0.10). Therefore, all manganese ions in these two struc-
tures have a formal d* high-spin configuration typical of Mn(IV) (see
Scheme 1 for an idealized diagram). S,*% is 9.4 kcal/mol lower in
energy than S,*%. The greater stability of the Mn(IV)-oxyl on the Mn1
site rather than the Mn4 site is consistent with earlier reports [19]. Mn
(V)-oxo forms of $,%" were found to be > 13 kcal/mol higher in en-
ergy than S;~W (see Supporting Information for several additional
higher-energy models). The present calculations thus agree with pre-
vious studies, concluding that six-coordinate Mn ions in the S, state of
the OEC preferably form Mn(IV)-oxyl over low-spin Mn(V)-oxo species.

In contrast, a genuine Mn(V)-oxo is found in the S, state model S48
that contains a five-coordinate, approximately trigonal-bipyramidal
Mn4 ion. At this center, the in-plane coordinating ligands are the oxo
unit (derived from W2), a hydroxyl ligand (W1) and the mono-y1-oxo
bridge to the closed Mn(IV)3CaO,4 cubane, while the axial ligands are

the carboxylate groups of Asp170 and Glu333. The Mulliken spin po-
pulations are 1.84 for Mn(V), 0.14 for the attached oxo, and 2.91-2.94
for the remaining Mn(IV) ions, leaving no doubt that S48 contains a d?
high-spin Mn(V)-oxo entity (Scheme 1). The alternative closed-shell
singlet configuration for this Mn(V)-oxo species is 6.6 kcal/mol higher
in energy.

Although S,® is not isodesmic with §,% and §,%", complicating
the discussion of relative energies, a reasonable approximation was
made by positioning the unbound water molecule in the second co-
ordination sphere. This led to S4® being only 3.7 kcal/mol higher in
energy than S,*%, an energy difference smaller than the strength of a
weak O—H hydrogen bond (4-8 kcal/mol) [109]. Therefore, within the
uncertainties of the method, the two models cannot be considered en-
ergetically distinguishable. A synthetic example of a mononuclear five-
coordinate Mn(V)-oxo complex has been reported by Borovik and
coworkers [110,111]. It uses the tripodal ligand Hsbuea®~ which leads
to an axial positioning of the oxo ligand. The Mn—O bond length is
1.68 A (determined from EXAFS and DFT) [110] longer than that found
in 8,8 (1.61 f\) where the oxo is found in the equatorial position of the
approximately trigonal-bipyramidal Mn4 site. This difference in the
coordination sphere is presumably the reason why the Borovik complex
has significant spin density on the oxo (0.45 by EPR; 0.41 by DFT)
[110], whereas in S,® the equatorially positioned oxo does not.

In conclusion, S4® represents a plausible candidate for the fully
oxidized catalytic species in natural water oxidation, supporting a novel
formulation for the S, state as a five-coordinate Mn(V)-oxo species.
Critical for the atomic-level formulation of the catalytic cycle is the
conclusion that from the electronic structure point of view water
binding during the S,-S3 transition or in the Sj state is not required for
progression to the S, state.

3.2. Spectroscopic differentiation of S, state intermediates

Before discussing possible mechanistic implications of the above
results, it is interesting to ask how one could spectroscopically differ-
entiate between Mn-oxo and Mn-oxyl forms in the transient S4 species,
under the assumption that spectroscopic observation of S, inter-
mediates might be achievable in the future. First of all, if either S,*" or
$4%W represent the true S, state, the significant spin density on the oxyl
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Scheme 1. Orbital splitting diagrams and electron configurations for a high-spin Mn(V) ion in a trigonal bipyramidal field relevant for $4® (left), a tetragonal field
that promotes a low-spin Mn(V) configuration (center) and the energetically more favorable Mn(IV)-oxyl situation that describes models $,®W and S,AW (right).

radical could be detectable by EPR techniques that probe ligand hy-
perfine couplings such as 7O ENDOR. The absence of significant O-
based spin in S,® impedes detection by EPR, and the absence of an
oxygen-centered radical signal would likely not be considered sa-
tisfactory evidence to prove the presence of a genuine Mn(V)-oxo en-
tity. However, in view of recent advances in protein X-ray spectroscopy,
we suggest that the K pre-edge signatures of transient species might be
considered as a more direct way to discriminate between the proposed
models.

A time-resolved Mn K, fluorescence study identified a kinetically
resolved intermediate in the S3Yz- to SoYz transition that corresponds
to a deprotonated S3Y;- species, i.e. the Mn oxidation states remain the
same as in S3 [104,112]. Because the fourth oxidation equivalent has
not yet been transferred from the tyrosine to the manganese-calcium
cluster, a further intermediate in which the Mn,CaOj cluster is oxidized
(the S, state) must follow this species, but this remained unresolved
[113]. Here we sought to assess whether the K pre-edges of S4~W, §,5W
and S,® would be sufficiently distinct to permit differentiation. These
features are computed with time-dependent density functional theory,
which has been shown to predict Mn K pre-edge spectra in good
agreement with experiment [45,98,99,114,115].

K pre-edge transitions of transition metal complexes formally arise
from electric quadrupole-allowed 1s to 3d transitions. Deviations from
centrosymmetry allow inherently more intense electric dipole-allowed
transitions due to admixture of p-character into the metal-d-dominated
orbitals. Similarly, a weakening of the Mn—O bond due to a strong li-
gand trans to the oxo group is expected to lower the pre-edge intensity
[116]. In the case of a trigonal-bipyramidal Mn(V)-oxo compared with
an octahedrally coordinated Mn(IV)-oxyl, the former is expected to
have a stronger, shorter bond with increased p/d-mixing, and to deviate
more significantly from centrosymmetry, and should thus have a higher
pre-edge intensity [110,116-119]. This is indeed observed in the cal-
culated K pre-edge spectra (see Fig. 4). The intensity predicted for the
Mn(V)-oxo S4® is significantly higher than that predicted for the Mn
(IV)-oxyl models $4*" and S,®W. From the analysis of the contribu-
tions of excitations originating from the individual Mn ions, the in-
creased total intensity of S,® is clearly attributable to the penta-
coordinate Mn4 ion (see the Supporting Information for individual
contributions). Owing to the same Mn oxidation state, the Mn(IV)-oxyl
models of the S, state have similar pre-edge intensities as the corre-
sponding precursor Sz models. This is mirroring previous observations
in a synthetic complex [120]. Given that the S3™"W pre-edge corre-
sponds well with the experimental spectrum for the S state [45], we
suggest that a significant rise in intensity could be the tell-tale signature
for the formation of the five-coordinate S, Mn(V)-oxo species in the S4
state.

3.3. Implications for the mechanism of water oxidation

In the following, we will explore the implications of the above re-
sults for the mechanism of O—O bond formation. First of all, it is

stressed that all three possible components of the S; state support co-
factor oxidation to the S, state. This is not an inescapable result and
alternative outcomes in terms of the calculations would be formation of
radical species in the periphery of the model, for example in aromatic
residues; this is not observed here. In the case of the S3® structure, the
remarkable result that oxidation remains metal-centered demonstrates
that water binding is not prerequisite for oxidative advancement to the
S, state. Although water can bind to the S3® intermediate from the
Asp61-terminating water channel at Mn4 [8,59,71,72], this process has
a low barrier and is reversible [59]. Whereas the more stable species
$5*"Y has been most easily identified by EPR spectroscopy [47], sub-
strate deprotonation might be inhibited in this model (in analogy to the
situation in the S,Y7- intermediates [59]), thus preventing catalytic
advancement. This would mean that water binding in S; might not be
productive. Importantly, the water that can be associated with the OEC
in the S3 state would not be a substrate in the running catalytic cycle.
This in turn implies that both substrate waters are already present in the
S3® intermediate and hence that both substrate waters are preloaded at
the starting point of the cycle, the S, state.

The two types of electronic structure represented by the Mn(IV)-
oxyl $,2Y/8,BW and the Mn(V)-oxo S,° lead to fundamentally distinct
scenarios for catalytic progression. In the former, three metal-centered
oxidations (So—S3) are followed by one ligand-centered oxidation, i.e.
the last light-driven electron transfer implicates directly the substrate,
necessitating subsequent radical-type chemistry. In contrast, in the case
of S48 all light-driven oxidation events in the Kok cycle are metal-
centered. Therefore, formation of the five-coordinate Mn(V)-oxo is the
only way in which four oxidizing equivalents can be stored in the Mn
ions of the OEC prior to initiation of water oxidation. This distinction is
not merely conceptual but has direct relevance for understanding the
principles of biological water oxidation. Detailed thermodynamic con-
siderations have shown that a concerted four-electron oxidation of
water is thermodynamically most favorable, followed by two two-
electron transfers, while odd-electron transfer sequences represent the
thermodynamically least favorable scenarios [121]. The formation of a
Mn(IV)-oxyl species in the S, state is part of an odd-electron transfer
sequence and hence belongs to the thermodynamically unfavorable
category. Conversely, progressing through the five-coordinate Mn(V)-
oxo unit of the S, model, all charge accumulation steps including
formation of the S, state are metal-based as required for genuine even-
electron (concerted four-electron or sequential 2 + 2 electron) oxida-
tion of substrates.

It is common in discussions of alternative hypothetical mechanisms
for biological water oxidation to refer to the conflicting views of ra-
dical-based versus nucleophilic attack mechanisms. However, this is
somewhat misleading because such discussions tend to describe com-
peting mechanisms that — in the context of biological water oxidation —
are not equally supported by actual quantum chemical studies. An
overview of quantum chemical studies that utilize realistic models of
the OEC and report on their electronic structure (for representative
cases see [17-20]) reveals that regardless of the nomenclature used to
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Fig. 4. Comparison of computed Mn K pre-edge absorption spectra for the Mn(IV)-oxyl species S4*% (red) and its precursor 3" (blue), and for the Mn(V)-oxo

species S,B (orange) and its precursor S5B (green).

describe the O—O bond formation process, “radical coupling”, “ox-
o-oxyl coupling” or “nucleophilic attack”, computational studies al-
ways find a Mn(IV)-oxyl in the S, state as the lowest-energy electronic
configuration. To our knowledge, no quantum chemical study of rea-
listic OEC models has identified a bona fide Mn(V)-oxo species that
would support a genuine, rather than nominal, nucleophilic O—O
coupling scenario. Here “genuine” refers to the demonstrated absence
of radical character for both O atoms that form the O—O bond. The
present results confirm that obtaining a Mn(IV)-oxyl species is the in-
escapable result of constraining the Mn center to be six-coordinate, the
common assumption of previous computational studies. In contrast, the
electronic structure of the five-coordinate S, is the first genuine Mn(V)
species and, in terms of physiological catalytic progression, comes
about by simply delaying water binding at this site in the S3-S4 tran-
sition. In turn, this species provides a quantum chemical basis for even-
electron chemistry in the OEC.

0—0 bond formation based on oxyl-containing species such as $,*"
has been extensively discussed in past studies and will not be further
elaborated here. Of more interest is the question what alternative me-
chanistic possibilities become possible based on the novel S,® model. In
this case at least two distinct ways of forming the O—O bond can be
envisaged. First, the terminal oxo group of Mn4 can be attacked by any
vicinal nucleophilic water. Ca-bound H,O (or OH) is an obvious can-
didate. However, experiment indicates that substrate exchange rates are
similar in S, and S3 [122] while differing significantly in lower S-state
intermediates, and that substrate exchange is arrested before the S,
state [105]. Assigning either of the Ca-bound H,O molecules — which
probably retain their protonation states at least until the S; state [59] —
as substrate would be hard to reconcile with the above observations. In
addition, there is strong spectroscopic evidence in support of O5 being
one of the substrates [73].

Although the involvement of a Ca-bound species cannot be con-
clusively excluded, we favor instead an alternative scenario in which
the O—O bond is formed between the p3-oxo bridge bound to Ca, Mnl
and Mn3, and the terminal oxo of five-coordinate Mn4(V). This scenario
tentatively identifies the substrates with the W2 and O5 oxygen atoms

of the lower S-states. The nucleophilic coupling between the terminal
Mn4 oxo and O5 entirely avoids protonated intermediates and is ex-
pected to involve a minimal amount of reorganization energy, as the
two groups are ideally positioned to react. Mechanistic details will be
examined in depth in future studies, but Fig. 5 shows how an electron
rearrangement might occur. The proposed mechanism for O—O bond
formation could be quasi-synchronous and would involve redistribution
of four electrons: Mnl and Mn3 would be reduced by one electron each
from Mn(IV) to Mn(III), while Mn4 would be reduced by two electrons
from Mn(V) to Mn(III). Therefore, the OEC could transition from the S,
state (with Mn oxidation states IV-IV-IV-V) to the S, state (III-IV-III-III),
avoiding intermediates with metal oxidation states that would im-
plicate peroxidic species.

The high-spin electronic configuration of the five-coordinate
Mn4(V) in S4® is expected to enable unimpeded same-spin electron
transfer to the unoccupied Mn4 d orbitals for a direct high-spin d? to
high-spin d* reduction, which would not be the case for an octahedral
closed-shell Mn(V) ion (Scheme 1). O—O bond formation could be
coupled with water binding externally at Mn4, along the incipiently
formed Jahn-Teller axis of this ion. Another water could be delivered
directly at the site of the departing O, [123] to form the O5 bridge of
the subsequent S, state [124]. Note that in the above scenario depicted
in Fig. 5 the newly formed dioxygen moiety would find itself located at
the locus of three converging Jahn-Teller axes (of Mnl, Mn3, and
Mn4). This is likely a critical contributor to the driving force for the
expulsion of O, from the metal cavity and potentially a factor that
determines the strict irreversibility of oxygen evolution in the OEC.

4. Conclusions

In the present work we examined if and how each of three possible
structural models for the last metastable S; state of the oxygen-evolving
complex may progress by deprotonation and oxidation to the transient
oxygen-evolving S, state. Our results demonstrate that water binding in
the S state is not required for progression to the S, state, and hence on
electronic structure grounds both substrate waters can already be
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Fig. 5. Proposed O—O intramolecular nucleophilic coupling mechanism based on the Mn4(V)-oxo species S,®. Redistribution of four electrons can be accompanied by
concerted water binding at the Mn4 ion. In terms of redox state, the cluster transitions from S4 (IV-IV-IV-V) to Sy (III-IV-III-IIT) with the O, placed at the locus of three

Jahn-Teller axes (indicated by thick and dashed lines).

bound upon reconstitution of the Sy state. It is confirmed that structures
where all Mn ions are six-coordinate invariably lead to a terminal Mn
(IV)-oxyl species in the S, state. By contrast, Mn-based oxidation in the
S3-S,4 transition is possible for a structural form of S3 that contains a
five-coordinate Mn(IV) ion. Upon advancement to the S, state this
structure yields an unprecedented formulation for the final catalytic
state: an energetically favorable species that contains a five-coordinate
Mn(V)-oxo center. The Mn(V) ion in this case has a local high-spin
electronic configuration and the oxo unit has no radical character. The
S, structural model with the five-coordinate site is therefore the only
one that allows a genuine Mn(V)-oxo species to form in the OEC. The
model drastically departs from the commonly accepted progression of
three metal-based and one ligand-based light-driven oxidations (the
only computationally supported scenario until now), since it allows for
complete separation between a charging phase of the cycle, in which
four holes are stored on the Mn ions, and the catalytic phase of di-
oxygen evolution. As a consequence, this intermediate opens the pos-
sibility of genuine even-electron water oxidation chemistry. This po-
tentially allows the realization of the thermodynamically most
favorable scenario of four-electron chemistry. Based on this model it is
suggested that the initial O—O bond formation step can be a genuine
intramolecular nucleophilic coupling with concerted water binding. As
opposed to previously proposed mechanisms, the present suggestion
does not need to invoke oxygen radical intermediates in O—O bond
formation, or indeed at any point in the catalytic cycle of biological
water oxidation.
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