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Abstract: The oxygen-evolving center (OEC) in photosystem II (PSII) of plants, algae and cyanobacteria
is a unique natural catalyst that splits water into electrons, protons and dioxygen. The crystallographic
studies of PSII have revealed that the OEC is an asymmetric Mn4CaO5-cluster. The understanding
of the structure-function relationship of this natural Mn4CaO5-cluster is impeded mainly due to
the complexity of the protein environment and lack of a rational chemical model as a reference.
Although it has been a great challenge for chemists to synthesize the OEC in the laboratory, significant
advances have been achieved recently. Different artificial complexes have been reported, especially a
series of artificial Mn4CaO4-clusters that closely mimic both the geometric and electronic structures
of the OEC in PSII, which provides a structurally well-defined chemical model to investigate the
structure-function relationship of the natural Mn4CaO5-cluster. The deep investigations on this
artificial Mn4CaO4-cluster could provide new insights into the mechanism of the water-splitting
reaction in natural photosynthesis and may help the development of efficient catalysts for the
water-splitting reaction in artificial photosynthesis.

Keywords: photosystem II; water-splitting reaction; natural Mn4CaO5-cluster; artificial
Mn4CaO4-cluster

1. Introduction

The oxygen-evolving center (OEC) in photosystem II (PSII) of plants, algae and cyanobacteria
is a unique natural catalyst that provides electrons and protons to produce the biomass or biofuel,
and a dioxygen molecule to maintain the oxygenic atmosphere on our planet [1–8]. Due to its
significantly fundamental interests and potential applications, the investigation of the OEC has
attracted extensive attention during the last several decades. A long-standing goal in science seeks
to reveal the structure-function relationship and the catalytic mechanism of the OEC, which would
provide a blueprint to develop efficient artificial catalysts for the water-splitting reaction in artificial
photosynthesis [2,7,9,10].

It is well known that the water-splitting reaction involves five different redox states (Sn, n = 0–4)
of the OEC (Figure 1) [11,12], wherein the S0 state is the initial and most reduced state and the S1 state
is the dark-stable state. The S2 and S3 states are metastable and decay eventually to the dark-stable S1

state, whereas the S4 state is a transient state that releases dioxygen and decays to the S0 state. In 1980s,
it was revealed that the OEC is composed by one calcium and four manganese ions, embedded into
the large protein environment of PSII through some carboxylate and imidazole groups [13–15]. Based
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on the X-ray absorption spectroscopy (XAS) and electron paramagnetic resonance (EPR) investigations
of the OEC in different S-states, it has been found that changes of the valences of the four manganese
ions take place during the catalytic turnover [6,16–19]. The valences for the four manganese ions have
been suggested to be S0 (III, III, III, IV) or (II, III, IV, IV), S1 (III, III, IV, IV), S2 (III, IV, IV, IV) and S3

(IV, IV, IV, IV) [17,18,20,21]. This is the “high-oxidation paradigm” that has been widely adopted in
the field of photosynthetic research [17,18,20,21]. However, some groups proposed a low-oxidation
paradigm, corresponding to S0 (II, III, III, III), S1 (III, III, III, III), or (II, III, III, IV), S2 (III, III, III, IV), and
S3 (III, III, IV, IV), respectively [22–27]. The calcium is an indispensable cofactor for the function of the
OEC, and its depletion results in the complete loss of the water oxidation capability of PSII and it can
only be functionally replaced by strontium [28–30]. The structure and catalytic mechanism of the OEC
have attracted extensive studies during the last three decades [2,6,7].
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Figure 1. The turnover of the OEC in PSII. The valences of the four manganese ions in different S states
are according to the high-oxidation paradigm (see main text for details).

2. Structure of the OEC

It is a long-standing issue to reveal the detailed structure of the OEC in the field of photosynthetic
research. Before the appearance of the crystal structure of PSII, most structural information of
the OEC came from X-ray absorption spectroscopy (XAS) [18,20], electron paramagnetic resonance
(EPR) [6,16,31] investigations, and theoretical calculations [32]. Different structural models were
suggested to explain different experimental observations of the OEC in PSII [33–37]. Figure 2A
shows the structural model proposed by Zhang et al. in 1999 [37,38] in which, apart from all other
models [33–36], the key component of calcium was suggested to be located in the middle of the OEC
and connected with four manganese ions through three oxide bridges and two carboxylate groups [37].
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Figure 2. Scheme for the structural model [37,38] (A) and structure of the OEC [39] (B). 

The crystal structure of the OEC has emerged since the beginning of this century [39–46]. In 2001, 
Zouni et al. [40] reported the first crystal structure of PSII from thermophilic cyanobacterium at a 
resolution of 3.8 Å. In 2004, Ferreira et al. [42] reported the structure of PSII at 3.5 Å resolution, and 
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ligands of the OEC were still elusive due to the low resolution and the radiation reduction induced 
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The crystal structure of the OEC has emerged since the beginning of this century [39–46]. In 2001,
Zouni et al. [40] reported the first crystal structure of PSII from thermophilic cyanobacterium at a
resolution of 3.8 Å. In 2004, Ferreira et al. [42] reported the structure of PSII at 3.5 Å resolution, and
proposed that the OEC could be comprised of a Mn3CaO4 cubane attached with a “dangler” Mn ion
via one bridging oxide, which forms a Mn4CaO4-cluster. However, the detailed core and peripheral
ligands of the OEC were still elusive due to the low resolution and the radiation reduction induced by
the X-ray beam during the crystallographic structural determination [45,47–49].

The more detailed structure of the OEC was revealed by the crystal structure of PSII at a resolution
of 1.9 Å reported by Umena et al. in 2011 [39]. In this structure, all possible binding ligands of the
OEC have been clearly resolved, including four water molecules with one imidazole group from
D1-His332 and six carboxylate groups from D1-Asp170, D1-Glu189, D1-Glu333, D1-Asp342, D1-Ala344,
and CP43-Glu354, respectively. Importantly, one additional µ2-oxo (O4) bridge linking the dangler Mn
and Mn3CaO4 cubane in the OEC was observed (Figure 2B). The whole structure of the OEC is an
asymmetric Mn4CaO5-cluster. In this structure, the key component, Ca2+, is located in the middle of
the OEC and connected to the four manganese ions through three oxide bridges and two carboxylate
groups, which is consistent with our previous proposal (Figure 2A) published in 1999 [37,38].

The structure of the OEC (Figure 2B) was further confirmed by the 1.95 Å resolution data obtained
by an X-ray free electron laser (XFEL) reported by Shen’s group [50–52] and other groups [46,53]. It
was also supported by the 2.44 Å resolution reported by Hellmich et al. [44] and the 1.87 Å resolution
reported by Tanaka et al. [54] when using a conventional synchrotron radiation source at an extremely
low X-ray dose (0.03 MGy). Recently, the structure of the OEC in higher plants (e.g., spinach and
pea) has also been revealed by single-particle cryo-electron microscopy (Cryo-EM) at the resolution of
3.2~2.7 Å [55,56].

The structures of the S2 and S3 states of the OEC have also been reported recently by using XFEL,
and it was found that a new oxygen (termed O6 or OX) occupies the sixth coordination site of Mn1
during the S2→ S3 state transition [51–53]. The structures revealed by XFEL have been suggested to
correspond to the native structure of the OEC in PSII [50]. However, consensus of the atomic positions
of the S1 state OEC revealed by XFEL is still not fully reached for all structures with the results of
extended X-ray absorption fine structure (EXAFS) spectroscopy studies on the active sample [49,57].
To evaluate the oxidation valences of the four manganese ions in the structure of the OEC revealed by
XFEL, we have carried out bond-valence sum (BVS) calculations [58,59]. The BVS method is a popular
method in coordination chemistry to estimate the valences of atoms [60,61]. It is derived from the
bond-valence model [60], which is a simple yet robust model for validating chemical structures with
localized bonds or used to predict some of their properties. This method has been used extensively to
estimate the oxidation state of the active site in various metalloenzymes as well [62,63]. Table 1 lists the
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results of the BVS calculations on the XFEL structures of the OEC in the ‘native’ S1, S2, and S3 states,
respectively. Surprisingly, the oxidation valences of the four manganese ions of all these states are
remarkably lower than that of widely adopted S1(III, III, IV, IV) in the field of photosynthetic research
(Figure 1) [16–19]. It is likely that the reduction of the high valences of manganese ions in the OEC
could take place during the structural determination. Alternatively, some significant changes of the
coordination spheres of the manganese ions in the OEC could take place during the X-ray diffraction
measurement [57]. If it was the case, one would expect that the XFEL structures of the OEC would be
different from the native structure of these intermediate states during the catalytic cycle. Recently, it
has been found that the structural modifications of the OEC would take place due to the radiation
damage induced by XFEL such as the position of the µ4-oxide bridge (O5, Figure 2), which can be
significantly disturbed by XFEL [57,64,65].

Table 1. Bond-valence sum (BVS) calculations on the structures of the OEC revealed at different
resolutions in different S states. Roman numerals in parentheses indicate the assignment of the possible
oxidation valences of four manganese ions in the OEC based on BVS calculations. All atomic coordinates
were taken from the first monomer of PSII in the crystal structure data with the Protein Data Bank
(PDB) codes: 4UB6 [50], 5B5E [54], 6DHF [53], 6JLK [52], 6DHO [53], and 6JLL [52], respectively.

S1 (1.95 Å)
(4UB6)

S1 (1.87 Å)
(5B5E)

S2 (2.08 Å)
(6DHF)

S2 (2.15 Å)
(6JLK)

S3 (2.07 Å)
(6DHO)

S3 (2.15 Å)
(6JLL)

Mn1 3.075 (III) 3.244 (III) 3.232 (III) 3.204 (III) 3.901 (IV) 4.300 (IV)
Mn2 3.237 (III) 3.057 (III) 4.316 (IV) 3.775 (IV) 4.193 (IV) 3.852 (IV)
Mn3 2.980 (III) 2.951 (III) 3.784 (IV) 3.347 (III) 3.232 (III) 3.243 (III)
Mn4 2.318 (II) 2.603 (III) 3.139 (III) 2.597 (III) 2.932 (III) 2.531 (III)

3. Mechanism for the Water-Splitting Reaction in the OEC

Based on recent crystallographic studies [39,42,46,50–53], spectroscopic investigations, and
theoretical calculations [17,18,66–75], different proposals for the O-O bond formation have been
suggested [6,49,66,75–81]. Figures 3–6 show four typical proposals from different groups.

The mechanism in Figure 3 was suggested by Barber’s group [77] in which the two oxygens
of two water molecules (W2 and W3, Figure 2B) were proposed to serve as the oxygen sources for
the formation of the O-O bond. The key feature of this mechanism is that the O-O bond is formed
by a nucleophilic attack of a calcium ligated hydroxyl group onto an electrophilic oxo of MnV

≡O or
MnIV-O•, derived from the deprotonation of the second substrate water molecule. Similar proposals
have been suggested by other groups [80,82,83]. However, this proposal was not supported by a recent
theoretical calculation reported by Siegbahn [84].

The second proposal for the mechanism of the water-splitting reaction was suggested by Ishikita’s
group, as shown in Figure 4 [79]. In this mechanism, the µ2-oxide bridge (O4) and one water molecule
(W1) were suggested to provide the oxygen atoms to form the O-O bond. The key feature of this
proposal is that the O-O bond is formed through the coupling of a bridged oxo and an Mn(IV)-O•

oxyl radical. However, the valences (III, IV, IV, IV) of the four manganese ions in the S3 state were not
consistent with the widely accepted valences of (IV, IV, IV, IV) [17,18,20].



Catalysts 2020, 10, 185 5 of 20
Catalysts 2020, 10, 185 5 of 20 

 

 
Figure 3. One possible mechanism for the water-splitting reaction by OEC suggested by Barber’s 
group [77]. Significant changes during the catalytic cycle are given in a red color. Mn and Ca are 
shown in brown and green, respectively. Roman numerals indicate the oxidation states of manganese 
ions. For clarity, all protein ligands of the OEC are omitted. 

The second proposal for the mechanism of the water-splitting reaction was suggested by 
Ishikita’s group, as shown in Figure 4 [79]. In this mechanism, the 2-oxide bridge (O4) and one water 
molecule (W1) were suggested to provide the oxygen atoms to form the O-O bond. The key feature 
of this proposal is that the O-O bond is formed through the coupling of a bridged oxo and an Mn(IV)-
O oxyl radical. However, the valences (III, IV, IV, IV) of the four manganese ions in the S3 state were 
not consistent with the widely accepted valences of (IV, IV, IV, IV) [17,18,20]. 

 
Figure 4. The second proposal for the O-O bond formation involving the 2-oxide bridge (O4) and 
one water molecule (W1) on the dangler Mn [79]. All other depictions are the same as that in Figure 
3. For clarity, all protein ligands of the OEC are omitted. The proton released during the S3S4 state 
transition is from D1-Asp61 instead of the binding water molecule. 

Figure 3. One possible mechanism for the water-splitting reaction by OEC suggested by Barber’s
group [77]. Significant changes during the catalytic cycle are given in a red color. Mn and Ca are shown
in brown and green, respectively. Roman numerals indicate the oxidation states of manganese ions.
For clarity, all protein ligands of the OEC are omitted.

Catalysts 2020, 10, 185 5 of 20 

 

 
Figure 3. One possible mechanism for the water-splitting reaction by OEC suggested by Barber’s 
group [77]. Significant changes during the catalytic cycle are given in a red color. Mn and Ca are 
shown in brown and green, respectively. Roman numerals indicate the oxidation states of manganese 
ions. For clarity, all protein ligands of the OEC are omitted. 

The second proposal for the mechanism of the water-splitting reaction was suggested by 
Ishikita’s group, as shown in Figure 4 [79]. In this mechanism, the 2-oxide bridge (O4) and one water 
molecule (W1) were suggested to provide the oxygen atoms to form the O-O bond. The key feature 
of this proposal is that the O-O bond is formed through the coupling of a bridged oxo and an Mn(IV)-
O oxyl radical. However, the valences (III, IV, IV, IV) of the four manganese ions in the S3 state were 
not consistent with the widely accepted valences of (IV, IV, IV, IV) [17,18,20]. 

 
Figure 4. The second proposal for the O-O bond formation involving the 2-oxide bridge (O4) and 
one water molecule (W1) on the dangler Mn [79]. All other depictions are the same as that in Figure 
3. For clarity, all protein ligands of the OEC are omitted. The proton released during the S3S4 state 
transition is from D1-Asp61 instead of the binding water molecule. 
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one water molecule (W1) on the dangler Mn [79]. All other depictions are the same as that in Figure 3.
For clarity, all protein ligands of the OEC are omitted. The proton released during the S3→S4 state
transition is from D1-Asp61 instead of the binding water molecule.

The third mechanism was first suggested by Siegbahn based on theoretical calculations [67]
(Figure 5). The main feature of this proposal is that the µ4-oxide bridge (O5) serves as the active site for
the O-O bond formation. According to this mechanism, the release of O2 from the S4 state would result
in the formation of four unsaturated metal ions, which includes three 5-coordinated manganese (i.e.,
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Mn1, Mn3, Mn4) and one 6-coordinated calcium. This could certainly require very high activation
energy [85]. Thus, one would expect that the dioxygen release could be the rate-limited step during
the catalytic cycle. However, this is inconsistent with the fast release of the O2 observed in the natural
system [2,86]. Although some spectroscopic studies [6,74] show experimental evidence to support
this proposal to some degree [78], it is still an open question whether the Mn1 is the active site for the
binding site of the second substrate water molecule [2,7,58,59]. In addition, it is also noted that the
suggestion of the protonated µ4-oxide bridge (i.e., OH) for O5 in the S0 state has not been supported
by the theoretical studies from the other group [65,87].

Catalysts 2020, 10, 185 6 of 20 

 

The third mechanism was first suggested by Siegbahn based on theoretical calculations [67] 
(Figure 5). The main feature of this proposal is that the 4-oxide bridge (O5) serves as the active site 
for the O-O bond formation. According to this mechanism, the release of O2 from the S4 state would 
result in the formation of four unsaturated metal ions, which includes three 5-coordinated manganese 
(i.e. Mn1, Mn3, Mn4) and one 6-coordinated calcium. This could certainly require very high activation 
energy [85]. Thus, one would expect that the dioxygen release could be the rate-limited step during 
the catalytic cycle. However, this is inconsistent with the fast release of the O2 observed in the natural 
system [2,86]. Although some spectroscopic studies [6,74] show experimental evidence to support 
this proposal to some degree [78], it is still an open question whether the Mn1 is the active site for the 
binding site of the second substrate water molecule [2,7,58,59]. In addition, it is also noted that the 
suggestion of the protonated 4-oxide bridge (i.e., OH) for O5 in the S0 state has not been supported 
by the theoretical studies from the other group [65,87]. 

 
Figure 5. The third proposal for the O-O bond formation involving the 4-oxide bridge (O5) [52,67,78]. 
All other depictions are the same as that in Figure 3. For clarity, all protein ligands of the OEC are 
omitted. 

Figure 6 shows a hypothesis proposed by Zhang and Sun [88]. In all previous proposals, the 
highest oxidation valance of the manganese ion was MnV (e.g., Figure 3). Remarkably, in the proposal 
shown in Figure 6, the authors suggested that the highest oxidation valance of the manganese ion, 
MnVII, could be present in the S4 state induced by charge and structural rearrangements of the first 
coordination spheres around the MnVII-oxo site on the dangling Mn4 with de-coordination and re-
coordination of carboxylates (D1-Glu333 and D1-Asp170) [88]. Generally, MnVII ion displays a special 
UV-visible absorption at a range of 400–600 nm. Therefore, if this is the case, one could observe the 
typical MnVII absorption feature during the turnover of the catalytic cycle. 

Figure 5. The third proposal for the O-O bond formation involving the µ4-oxide bridge (O5) [52,67,78].
All other depictions are the same as that in Figure 3. For clarity, all protein ligands of the OEC
are omitted.

Figure 6 shows a hypothesis proposed by Zhang and Sun [88]. In all previous proposals, the
highest oxidation valance of the manganese ion was MnV (e.g., Figure 3). Remarkably, in the proposal
shown in Figure 6, the authors suggested that the highest oxidation valance of the manganese ion,
MnVII, could be present in the S4 state induced by charge and structural rearrangements of the first
coordination spheres around the MnVII-oxo site on the dangling Mn4 with de-coordination and
re-coordination of carboxylates (D1-Glu333 and D1-Asp170) [88]. Generally, MnVII ion displays a special
UV-visible absorption at a range of 400–600 nm. Therefore, if this is the case, one could observe the
typical MnVII absorption feature during the turnover of the catalytic cycle.

As mentioned above, although various mechanisms for the water-splitting reaction have
been proposed [67,77,79,80,82,89,90], the detailed mechanism for the O-O bond formation is still
elusive [2,7,59] mainly due to the complexity of the huge protein environment and the dynamic
structural changes of the OEC during the water-splitting reaction. In this regard, precisely structural
data for different S states of the OEC are still highly required in the future [46,51–53,77,85].
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Figure 6. The hypothesis for the O-O bond formation involving a MnVII species [88]. All other
depictions are the same as that in Figure 3. For clarity, all protein ligands of OEC are omitted. During
the S3→S4 state transition, two protons of two hydroxide groups bound to the dangling manganese ion
are delivered to D1-Asp170 and D1-Glu333, respectively [88].

4. Challenge for the Synthesis of the OEC in the Laboratory

In order to better understand the structure and properties of the OEC as well as to develop highly
efficient and cheap man-made catalysts for the water-splitting reaction to overcome the bottleneck of
the artificial photosynthesis, many groups have tried to synthesize the OEC in the laboratory since the
1990s. However, it was a great challenge for chemists to synthesize the whole structure of the OEC
due to several reasons [38,91] including: i) It is very difficult to incorporate Ca2+ into the Mn4-cluster
through µ-oxo bridges because the affinity of Ca2+ to µ-oxo is significantly weaker than that of the
Mn ion. In general, only a homometallic cluster, instead of the heterometallic manganese-calcium
cluster, can be isolated. ii) The core structure of the OEC is an asymmetric Mn4Ca-cluster [1]. It was
fully unknown whether such an asymmetric structure could be synthesized in a chemical system. iii)
The ligands of the natural OEC are mainly composed of carboxylate groups and water molecules,
which are drastically different from the multi-pyridine ligands used in most previous chemical model
systems [92–95]. iv) The redox potential of the OEC is very high (+0.8 ~ +1.0 V vs. normal hydrogen
electrode(NHE)) [4,96] due to the presence of the high valence Mn(IV)/Mn(III) ions.

A large number of artificial Mn complexes have been reported in the literature [82,92,95,97–104].
Among them, tetra-manganese complexes containing Mn4O4-cubane [101,105–108] are attractive.
However, both the structure and properties of most model complexes are remarkably different from
that of the OEC in a natural system.

Significant advances for the synthesis of the OEC have emerged since 2011. Agapie’s group reported
the first artificial Mn3CaO4-cluster using a multi-pyridylalkoxide ligand (i.e., 1,3,5–triarylbenzene motif
appended with alkoxide and pyridine donors) [107] (Figure 7A,B). By treating the Mn3CaO4-cluster
with Ln(CF3SO3)3 (Ln = La3+, Ce3+, Gd3+, etc), they isolated different Mn3LnO4-clusters, and observed
a linear correlation between the redox potential of the cluster and the pKa of the lanthanide metal
ions [109]. The same group reported a series of analogues or derivatives [110] for the artificial
Mn3CaAgO4-complex [111] (Figure 7C,D).
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Figure 7. Structures of artificial complexes containing the Mn3CaO4 cubane. (A) Core structure of the
Mn3CaO4-complex [107]. (B) Whole structure of the Mn3CaO4-complex [107]. (C) Core structure of the
Mn3CaAgO4-complex [111]. (D) Whole structure of the Mn3CaAgO4-complex [111]. (E) Core structure
of the Mn3Ca2O4-complex [112]. (F) Whole structure of the Mn3Ca2O4-complex [112]. Distances are
given in Å units. Mn, Ca, Ag, O, N, F, S, and C are shown in purple, green, gray, orange, blue, green
yellow, bright yellow, and yellow, respectively. For clarity, all hydrogen atoms are not shown.

In 2012, Christou’s group reported the Mn3Ca2O4-complex with one Ca2+ attached to the
Mn3CaO4 cubane [112] (Figure 7E,F). Distinct from previous Mn3CaO4-complexes and its derivatives,
the peripheral ligands of the Mn3Ca2O4-complex are pivalic anions or neutral pivalic acid, which
closely mimics the peripheral carboxylate ligands of the OEC in PSII. In these artificial complexes, all
the manganese ions are in an IV oxidation state, and the typical bond lengths for Mn-O and Ca-O
range from 1.8–1.9 Å to 2.4–2.7 Å, respectively. The distances of the Mn . . . Mn and Mn . . . Ca range
from 2.7–2.8 Å to 3.2–3.5 Å, respectively.

In 2014, we reported a heterometallic cluster containing two MnIV
3SrO4-clusters linked by one

µ2-oxide bridge [113], which mimics the three types of oxide bridges (µ2-oxide, µ3-oxide, and µ4-oxide)
and the Mn3SrO4 cubane of the Sr2+-containing OEC [30] at the same time (Figure 8).Catalysts 2020, 10, 185 9 of 20 
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It should be pointed out that, even though all complexes shown in Figures 7 and 8 have mimicked
some key structural motifs of the Mn3CaO4 or Mn3SrO4 cubane in the OEC, until recently, it remains a
great challenge to synthesize the entire Mn4Ca-cluster with similar ligands, as seen in the OEC of PSII.

5. Closer Mimicking of the OEC

Inspired by the evolution of the OEC [114] and assembly processes of the OEC in PSII [115–117],
in 2015, we successfully prepared the first artificial Mn4CaO4-cluster [118] (Figure 9 C,D), which was
synthesized through a two-step procedure using inexpensive commercial chemicals. The first step was
to synthesize a precursor through a reaction of Bun

4NMnO4 (Bun = n-butyl), Mn(CH3CO2)2· (H2O)4,
and Ca(CH3CO2)2·H2O (molar ratio of 4:1:1) in boiling acetonitrile in the presence of an excess of
pivalic acid. The second step was to treat the precursor with organic base (pyridine) in ethyl acetate,
which leads to the formation of a final product. We have found that both the acetonitrile solvent and
pivalic acid are crucial for the formation of the final product, and the replacements of them by other
organic solvents (e.g., THF, CH3OH) and/or organic acids (e.g., acetic acid and propionic acid) lead to
failing to prepare the Mn4CaO4-complex.Catalysts 2020, 10, 185 10 of 20 
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Figure 9. Structures of the natural OEC [50] (A,B) and the artificial Mn4Ca-cluster [118] (C,D). Distances
are given in Å units. Mn, Ca, O, N and C are shown in purple, green, orange, blue, and yellow,
respectively. The oxidation states of the four manganese ions in A are directly taken from the previous
suggestion [50], which are different from the BVS calculations listed in Table 1. For clarity, all the methyl
groups and hydrogen atoms are not shown.

The artificial Mn4CaO4-complex contains a Mn3CaO4 cubane attached with a dangler Mn ion,
which forms an asymmetric Mn4CaO4-core structure. This is exactly the same as the OEC structure
proposed by Ferreira et al. in 2004 [42]. The surrounding ligands of the Mn4CaO4-cluster are provided
by eight (CH3)3CCO2

- anions and three exchangeable neutral ligands (two pivalic acid and one pyridine
molecules), which are similar to the peripheral ligands of the OEC (Figure 9B).

It should be pointed out that the structure of the artificial Mn4CaO4-cluster is well-defined and
the effect from the X-ray radiation reduction is limited mainly due to the absence of water as solvent in
the crystal of the artificial Mn4CaO4-complex. BVS calculations have clearly shown that the oxidation
states of the four manganese ions of the artificial Mn4CaO4-complex are (III, III, IV, IV), which are
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essentially the same as that proposed for the OEC in the S1 state in the high-oxidation paradigm
(Figure 1).

The similarity between the artificial Mn4CaO4-cluster and the natural OEC was further supported
by the observation of four redox transitions revealed by cyclic voltammogram (CV) measurements
(Figure 10). The redox potential of ~ 0.8 eV (vs. NHE) for the S1→S2 transition of artificial
Mn4CaO4-complex is close to the estimated potential of the corresponding OEC redox transition
(≥0.9 V) [4,96], but it is remarkably different from that of the previously Mn3CaO4-complex without a
dangling Mn ion [107]. This result indicates that the dangler manganese ion could play a crucial role in
tuning the redox potential of the Mn4CaO4-cluster.Catalysts 2020, 10, 185 11 of 20 
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Figure 10. Cyclic voltammogram (CV) of the artificial Mn4CaO4-complex [118]. Peak positions of CV
waves are in red and estimated midpoint potentials are in blue. The likely oxidation states of the four
Mn ions in various oxidation states of artificial complex are indicated using black numbers.

Moreover, the one-electron oxidation of the artificial Mn4CaO4-complex gave rise to two distinct
electron paramagnetic resonance (EPR) signals (g = 4.9 and g = 2.0) [118] (Figure 11), which is similar to
the g ≈ 4 and g = 2.0 EPR signals observed in PSII for the OEC in the S2 state [16,119–123]. In the field of
photosynthetic research, the latter two EPR signals have been considered as fingerprint spectroscopic
characteristics to evaluate the structure and function of the OEC. Therefore, the experimental observation
of two EPR signals suggested that the artificial Mn4CaO4-cluster would have a similar electronic
structure as that of the OEC in the biological system.

The origin of the g = 2 and g ≈ 4 EPR signals in both natural and artificial Mn4Ca-clusters have
been theoretically investigated recently [71,72,100,120,124–128]. It was suggested that the two EPR
signals could be raised from two different conformations of the OEC in the S2 state [72,120,125], and
the g = 2 EPR signal could correspond to the structure with an open Mn3CaO4 cubane, while the
g ≈ 4 EPR signal may be raised with a closed Mn3CaO4 cubane. Narzi et al. suggested that the
conversion between these two conformations could be crucial for the function of the OEC [71]. On
the contrary, Corry and O’Malley suggested that the high-spin (g ≈ 4) and low spin (g = 2) EPR
signals could be raised from the same conformation of the OEC, but have different protonation states
of O4 (i.e., µ2-O2- or µ2-OH-) in the Mn4CaO5-cluster [125]. Pushkar et al. recently proposed that
the high spin (g = 4) EPR signal could be raised from the early binding of the substrate oxygen to
the five-coordinate Mn1 ion in the S2 state [128]. Some theoretical studies on the two EPR signals
of the artificial Mn4CaO4-cluster have been reported [126,127], while the real origin of these signals
is still elusive. So far, the origin of these two EPR signals observed in both a natural and artificial
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Mn4Ca-cluster is still an open question [123,124,128,129]. Considering the lack of µ2-oxo (O4) in the
reported artificial Mn4CaO4-cluster resulting in a large and significant change in the orientation of
dangling Mn4, as compared to the Mn4CaO5-cluster in OEC, we suggest that the precise mimic of
the OEC with the presence of the µ2-oxo (O4) is pressingly needed in the future. This would provide
crucial information for the entities and process of the biological Mn4CaO5-cluster in PSII.Catalysts 2020, 10, 185 12 of 20 
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Figure 11. Electron paramagnetic resonance (EPR) spectra for the artificial Mn4CaO4-cluster [118] (top)
and natural Mn4CaO5-cluster [16] (below) in the S2 state.

Considering the close mimicking of both the geometric and electronic structures as well as the
redox properties of the OEC, we expect that the artificial Mn4CaO4-cluster should be able to serve as
a catalyst for the water-splitting reaction. A remarkable catalytic current was observed during the
CV measurement in the presence of an artificial Mn4CaO4-complex and 1% water in acetonitrile [118]
(Figure 12). The artificial Mn4CaO4-complexes can also catalyze an oxygen-evolving reaction efficiently
by using (CH3)3COOH (tert-butyl hydroperoxide) as an oxidant in acetonitrile [130]. However, it
should be pointed out that the artificial complex is very sensitive to the experimental conditions.
Quantification of the catalytic reaction is difficult due to the rapid degradation of the catalyst in the
presence of water in solution. Particularly, the calcium ion in the artificial cluster has been found to be
easily dissociated in the presence of water, which leads to the formation of multi-manganese complexes.

To improve the stability of the artificial Mn4CaO4-cluster, we have recently prepared two new
Mn4CaO4-clusters with an exchangeable solvent known as acetonitrile or N, N-dimethylformamide
(DMF) [58] on the calcium, as shown in Figure 13. Remarkably, the replacement of one or two ligands
on the calcium by organic solvent molecules does not modify the core structure and valences of the four
manganese ions as well as the main peripheral environmental ligands. More importantly, these new
Mn4CaO4-clusters become more stable in the polar solvent, which may provide a great opportunity to
investigate the catalytic activity of the artificial Mn4CaO4-cluster in the future.
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Figure 13. Crystal structures of two new artificial Mn4CaO4-complexes with an exchangeable solvent,
acetonitrile (A, B) and DMF (C, D) on the calcium [58]. Mn, Ca, O, N, and C are shown in purple,
green, orange, blue, and yellow, respectively. Distances are given in Å. The oxidation states of four
manganese ions are obtained by the BVS calculation. For clarity, all the methyl groups in pivalic groups
and hydrogen atoms are omitted.
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6. Implications for the Mechanism of the Water-Splitting Reaction in OEC

Artificial Mn4CaO4-clusters shown in Figures 9 and 13 have mimicked the main structural
motifs of the OEC, which could provide distinct chemical insight into understanding the principle
of the OEC [127,131,132]. First, the successful isolation of different artificial Mn4CaO4-complexes
demonstrates that the Mn4CaO4-cluster is thermodynamically stable, which supports the proposal that
the Mn4CaO4-cluster could be an evolutionary origin of the natural OEC by Barber [133]. Second, from
the structure of an artificial Mn4CaO4-cluster, we can clearly see that the µ4-O2- bridge (O5) is tightly
bound to four metal ions (one calcium and three manganese ions). This is a position less prone to be
removed or replaced, which indicates that the similar µ4-O2- bridge (O5) in OEC could not be directly
involved in serving as an oxygen source to form the O-O bond, as proposed recently [6,52,66,67,78].
Kawashima et al. have recently proposed that the µ2-O2- bridge (O4) in OEC (Figure 4) may play
a role as the substrate binding site to form the O-O bond [79]. In this proposal and some previous
suggestions [77,80,82], the Mn4CaO4 fragment does not undertake significant changes during the
water-splitting reaction, which is consistent with the isolation of the stable artificial Mn4CaO4-clusters
described in this case. It should be pointed out that the µ2-O2- (O4) in OEC is absent in the artificial
Mn4CaO4-cluster [100,134], which is replaced by a bridging carboxyl group in the latter. Clearly, the
future investigation of this missing µ2-O2- bridge in an artificial Mn4Ca-cluster may provide new
insights into the mechanism for the O-O bond formation during the OEC turnover.

7. Conclusions

In summary, the crystallographic studies of PSII have revealed that the OEC is composed by an
asymmetric Mn4CaO5-cluster. Although extensive investigations have been carried out on both the
natural and artificial OEC in the last three decades, the detailed mechanism for the water-splitting
reaction in a natural system is still elusive due to the complexity of the large protein environment and
structural uncertainty of the OEC in different S-states during the catalytic turnover. A long-standing
goal in science seeks to understand the structure-function relationship of the OEC and develop efficient
man-made water-splitting catalysts in artificial photosynthesis. Recently, different model complexes
have been synthesized to mimic the OEC in the laboratory where the artificial Mn4CaO4-cluster
closely mimics both the geometric and electronic structures of the OEC. This artificial Mn4CaO4-cluster
provides a rational chemical model to investigate the structure-function relationship of the OEC, and
also sheds new insights into the mechanism of the water-splitting reaction in natural photosynthesis.
These recent advances in the mimicking of the OEC may help develop efficient man-made catalysts
for the water-splitting reaction by using earth-abundant and non-toxic chemical elements in artificial
photosynthesis in the future.
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Åkermark, B. Photosensitized water oxidation by use of a bioinspired manganese catalyst. Angew. Chem. Int.
Ed. 2011, 50, 11715–11718. [CrossRef] [PubMed]

105. Ruettinger, W.F.; Campana, C.; Dismukes, G.C. Synthesis and characterization of Mn4O4L6 complexes with
cubane-like core structure: A new class of models of the active site of the photosynthetic water oxidase. J.
Am. Chem. Soc. 1997, 119, 6670–6671. [CrossRef]

106. Chakov, N.E.; Abboud, K.A.; Zakharov, L.N.; Rheingold, A.L.; Hendrickson, D.N.; Christou, G. Reaction
of [Mn12O12(O2CR)16(H2O)4] single-molecule magnets with non-carboxylate ligands. Polyhedron 2003, 22,
1759–1763. [CrossRef]

107. Kanady, J.S.; Tsui, E.Y.; Day, M.W.; Agapie, T. A synthetic model of the Mn3Ca subsite of the oxygen-evolving
complex in photosystem II. Science 2011, 333, 733–736. [CrossRef] [PubMed]

108. Chakov, N.E.; Thuijs, A.E.; Wernsdorfer, W.; Rheingold, A.L.; Abboud, K.A.; Christou, G. Unusual Mn(III/IV)4

cubane and Mn(III)16M4 (M = Ca, Sr) looplike clusters from the use of dimethylarsinic acid. Inorg. Chem.
2016, 55, 8468–8477. [CrossRef]

109. Lin, P.H.; Takase, M.K.; Agapie, T. Investigations of the effect of the non-manganese metal in
heterometallic-oxido cluster models of the oxygen evolving complex of photosystem II: Lanthanides
as substitutes for calcium. Inorg. Chem. 2015, 54, 59–64. [CrossRef]

110. Tsui, E.Y.; Agapie, T. Reduction potentials of heterometallic manganese–oxido cubane complexes modulated
by redox-inactive metals. Proc. Natl. Acad. Sci. USA 2013, 110, 10084–10088. [CrossRef]

http://dx.doi.org/10.1007/s11427-015-4889-1
http://dx.doi.org/10.1016/j.ccr.2007.07.021
http://dx.doi.org/10.1021/ic402236f
http://dx.doi.org/10.1021/cr400572f
http://www.ncbi.nlm.nih.gov/pubmed/25354019
http://dx.doi.org/10.1126/science.283.5407.1524
http://www.ncbi.nlm.nih.gov/pubmed/10066173
http://dx.doi.org/10.1021/bi00217a037
http://www.ncbi.nlm.nih.gov/pubmed/1988070
http://dx.doi.org/10.1021/cr0206014
http://dx.doi.org/10.1021/acs.chemrev.5b00340
http://dx.doi.org/10.1016/j.ccr.2016.04.002
http://dx.doi.org/10.1039/C7GC00425G
http://dx.doi.org/10.1021/ar900249x
http://dx.doi.org/10.1016/j.scib.2017.04.005
http://dx.doi.org/10.1038/s41929-017-0004-2
http://dx.doi.org/10.1002/anie.201104355
http://www.ncbi.nlm.nih.gov/pubmed/21983946
http://dx.doi.org/10.1021/ja9639022
http://dx.doi.org/10.1016/S0277-5387(03)00222-5
http://dx.doi.org/10.1126/science.1206036
http://www.ncbi.nlm.nih.gov/pubmed/21817047
http://dx.doi.org/10.1021/acs.inorgchem.6b01077
http://dx.doi.org/10.1021/ic5015219
http://dx.doi.org/10.1073/pnas.1302677110


Catalysts 2020, 10, 185 19 of 20

111. Kanady, J.S.; Lin, P.H.; Carsch, K.M.; Nielsen, R.J.; Takase, M.K.; Goddard, W.A.; Agapie, T. Toward models
for the full oxygen-evolving complex of photosystem II by ligand coordination to lower the symmetry of the
Mn3CaO4 cubane: Demonstration that electronic effects facilitate binding of a fifth metal. J. Am. Chem. Soc.
2014, 136, 14373–14376. [CrossRef]

112. Mukherjee, S.; Stull, J.A.; Yano, J.; Stamatatos, T.C.; Pringouri, K.; Stich, T.A.; Abboud, K.A.; Britt, R.D.;
Yachandra, V.K.; Christou, G. Synthetic model of the asymmetric [Mn3CaO4] cubane core of the
oxygen-evolving complex of photosystem II. Proc. Natl. Acad. Sci. USA 2012, 109, 2257–2262. [CrossRef]

113. Chen, C.; Zhang, C.; Dong, H.; Zhao, J. A synthetic model for the oxygen-evolving complex in Sr2+-containing
photosystem II. Chem. Commun. 2014, 50, 9263–9265. [CrossRef]

114. Cardona, T.; Rutherford, A.W. Evolution of photochemical reaction centres: More twists? Trends Plant Sci.
2019, 24, 1008. [CrossRef]

115. Dasgupta, J.; Ananyev, G.M.; Dismukes, G.C. Photoassembly of the water-oxidizing complex in photosystem
II. Coord. Chem. Rev. 2008, 252, 347–360. [CrossRef]

116. Zhang, M.; Bommer, M.; Chatterjee, R.; Hussein, R.; Yano, J.; Dau, H.; Kern, J.; Dobbek, H.; Zouni, A.
Structural insights into the light-driven auto-assembly process of the water-oxidizing Mn4CaO5-cluster in
photosystem II. eLife 2017, 6, e26933. [CrossRef]

117. Vinyard, D.J.; Badshah, S.L.; Riggio, M.R.; Kaur, D.; Fanguy, A.R.; Gunner, M.R. Photosystem
II oxygen-evolving complex photoassembly displays an inverse H/D solvent isotope effect under
chloride-limiting conditions. Proc. Natl. Acad. Sci. USA 2019, 116, 18917–18922. [CrossRef]

118. Zhang, C.; Chen, C.; Dong, H.; Shen, J.R.; Dau, H.; Zhao, J. A synthetic Mn4Ca-cluster mimicking the
oxygen-evolving center of photosynthesis. Science 2015, 348, 690–693. [CrossRef]

119. Boussac, A.; Rutherford, A.W. Comparative study of the g=4.1 EPR signals in the S2 state of photosystem II.
Biochim. Biophys. Acta 2000, 1457, 145–156. [CrossRef]

120. Pantazis, D.A.; Ames, W.; Cox, N.; Lubitz, W.; Neese, F. Two interconvertible structures that explain the
spectroscopic properties of the oxygen-evolving complex of photosystem II in the S2 state. Angew. Chem. Int.
Ed. 2012, 51, 9935–9940. [CrossRef]

121. Dismukes, G.C.; Siderer, Y. Intermediates of a polynuclear manganese center involved in photosynthetic
oxidation of water. Proc. Natl. Acad. Sci. USA 1981, 78, 274–278. [CrossRef]

122. Boussac, A.; Ugur, I.; Marion, A.; Sugiura, M.; Kaila, V.R.I.; Rutherford, A.W. The low spin-high spin
equilibrium in the S2-state of the water oxidizing enzyme. Biochim. Biophys. Acta 2018, 1859, 342–356.
[CrossRef]

123. Chatterjee, R.; Lassalle, L.; Gul, S.; Fuller, F.D.; Young, I.D.; Ibrahim, M.; Lichtenberg, C.D.; Cheah, M.H.;
Zouni, A.; Messinger, J.; et al. Structural isomers of the S2 state in photosystem II: Do they exist at room
temperature and are they important for function? Physiol. Plant. 2019, 166, 60–72. [CrossRef]

124. Bovi, D.; Narzi, D.; Guidoni, L. The S2 state of the oxygen-evolving complex of photosystem II explored by
QM/MM dynamics: Spin surfaces and metastable states suggest a reaction path towards the S3 state. Angew.
Chem. Int. Ed. 2013, 52, 11744–11749. [CrossRef]

125. Corry, T.A.; O’Malley, P.J. Proton isomers rationalize the high- and low-spin forms of the S2 state intermediate
in the water-oxidizing reaction of photosystem II. J. Phys. Chem. Lett. 2019, 10, 5226–5230. [CrossRef]

126. Shoji, M.; Isobe, H.; Shen, J.R.; Yamaguchi, K. Geometric and electronic structures of the synthetic Mn4CaO4

model compound mimicking the photosynthetic oxygen-evolving complex. Phys. Chem. Chem. Phys. 2016,
18, 11330–11340. [CrossRef]

127. Paul, S.; Cox, N.; Pantazis, D.A. What can we learn from a biomimetic model of nature’s oxygen evolving
complex? Inorg. Chem. 2017, 56, 3875–3888. [CrossRef]

128. Pushkar, Y.; Ravari, A.K.; Jensen, S.C.; Palenik, M. Early binding of substrate oxygen is responsible for a
spectroscopically distinct S2 state in photosystem II. J. Phys. Chem. Lett. 2019, 10, 5284–5291. [CrossRef]

129. Mino, H.; Nagashima, H. Orientation of ligand field for dangling manganese in photosynthetic
oxygen-evolving complex of photosystem II. J. Phys. Chem. B 2020, 124, 128–133. [CrossRef]

130. Chen, C.; Li, Y.; Zhao, G.; Yao, R.; Zhang, C. Natural and artificial Mn4Ca cluster for the water splitting
reaction. ChemSusChem 2017, 10, 4403–4408. [CrossRef]

131. Kuang, T. A breakthrough of artificial photosynthesis. Nat. Sci. Rev. 2016, 3, 2–3. [CrossRef]
132. Yu, Y.; Hu, C.; Liu, X.; Wang, J. Synthetic model of the oxygen-evolving center: Photosystem II under the

spotlight. ChemBioChem 2015, 16, 1981–1983. [CrossRef]

http://dx.doi.org/10.1021/ja508160x
http://dx.doi.org/10.1073/pnas.1115290109
http://dx.doi.org/10.1039/C4CC02349H
http://dx.doi.org/10.1016/j.tplants.2019.06.016
http://dx.doi.org/10.1016/j.ccr.2007.08.022
http://dx.doi.org/10.7554/eLife.26933
http://dx.doi.org/10.1073/pnas.1910231116
http://dx.doi.org/10.1126/science.aaa6550
http://dx.doi.org/10.1016/S0005-2728(00)00073-6
http://dx.doi.org/10.1002/anie.201204705
http://dx.doi.org/10.1073/pnas.78.1.274
http://dx.doi.org/10.1016/j.bbabio.2018.02.010
http://dx.doi.org/10.1111/ppl.12947
http://dx.doi.org/10.1002/anie.201306667
http://dx.doi.org/10.1021/acs.jpclett.9b01372
http://dx.doi.org/10.1039/C5CP07226C
http://dx.doi.org/10.1021/acs.inorgchem.6b02777
http://dx.doi.org/10.1021/acs.jpclett.9b01255
http://dx.doi.org/10.1021/acs.jpcb.9b10817
http://dx.doi.org/10.1002/cssc.201701371
http://dx.doi.org/10.1093/nsr/nwv071
http://dx.doi.org/10.1002/cbic.201500302


Catalysts 2020, 10, 185 20 of 20

133. Barber, J. Mn4Ca cluster of photosynthetic oxygen-evolving center: Structure, function and evolution.
Biochemistry 2016, 55, 5901–5906. [CrossRef]

134. Sun, L. A closer mimic of the oxygen evolution complex of photosystem II. Science 2015, 348, 635–636.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.biochem.6b00794
http://dx.doi.org/10.1126/science.aaa9094
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure of the OEC 
	Mechanism for the Water-Splitting Reaction in the OEC 
	Challenge for the Synthesis of the OEC in the Laboratory 
	Closer Mimicking of the OEC 
	Implications for the Mechanism of the Water-Splitting Reaction in OEC 
	Conclusions 
	References

