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Abstract

The Sj state of the Mn, CaOs -cluster in photosystem 11 was investigated by DFT calculations and
compared with EXAFS data. Considering previously proposed mechanism; a water molecule is
inserted into an open coordination site of Mn upon S, to Ss transition that becomes a substrate
water, we examined if the water insertion is essential for the Sz formation, or if one cannot
eliminate other possible routes that do not require a water insertion at the Ss stage. The novel S3
state structure consisting of only short 2.7-2.8 A Mn—Mn distances was discussed.

1. Introduction

The oxygen-evolving complex (OEC) of photosystem Il (PSII) is a Mn- and Ca-containing
cofactor which accepts oxidizing equivalents from the photo-oxidized chlorophyll of the
reaction center of PSII [1,2]. After accumulation of four oxidizing equivalents on the OEC
(S/state (7= 0-4) cycle), the OEC oxidizes the water substrate to form dioxygen [3].
Reported studies to elucidate the water oxidation mechanism include X-ray diffraction
(XRD) [4], site-specific mutant [5], spectroscopic method [6,7], substrate water exchange
study using isotope labeling of water [8], and DFT calculations [9-15]. Most recently, the
XRD study with a resolution of 1.95 A has provided the X-ray radiation-damage free crystal
structure of PSII in the dark resting Sy state and revealed the heart of the OEC, the so-called
Mn4CaOs-cluster (S1-(XRD structure) of Figure 1) [16].

The OEC in the S3 state is considered as one of the most critical steps, as it sets the chemical
environment for the O—O bond formation to occur in the subsequent S3 to S transition.
Interruption of the Sj state formation by various chemical and biochemical treatments
therefore blocks O, evolution activity. The two possible Mn oxidation states of the S state
have been discussed based on the X-ray spectroscopic studies [6,7]; one is Mny(IV,) state
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consisting of four Mn(IV) and another is Mng(I11,1V3)* state consisting of three Mn(1V), one
Mn(111) and one non-metal radical residue oxidized in the S, to S transition. The Mng(1V4)
state assignment has been supported by the EPR study [17].

The S3 state has been studied by solution EXAFS, and the metal-metal and metal-ligand
distance information has been reported [7,18]. However, the presence of similar distances
prevents (i.e. a few Mn—Mn) an unique solution, and Glockner et al. reported two possible
EXAFS interpretations [18]; ‘Fit a’ consists of two Mn—Mn pairs with 2.72 A distance and
two Mn—Mn pairs with 2.82 A distance, and Fit b* consists of two Mn—Mn pairs with
2.75 A, one pair with 2.79 A and one pair with 3.26 A. The structure of the OEC in the Sg
state has also been studied by the room temperature crystallography at X-ray free electron
lasers (XFELS) [19,20]. However, the resolution is currently not sufficient to resolve the
atomic distances within the Mn4CaOs cluster. The structure has been investigated also by
theoretical studies. It has been suggested that the Mn,CaOs-cluster keeps the open-cubane
structure like the S state, and takes an additional water-derived ligand in the open-site
(Mn1) to form the six-coordinate Mn atom upon oxidation in the S, to S3 transition (Ss-
(theoretical model-a) proposed by Siegbahn, Cox et al., and Shoji et al., Figure 1)
[11,14,17]. Consequently, the oxidation state becomes Mny(1V,) in the S3 state with all four
Mn atoms six-coordinated. A different route for the OH™ inclusion in the S, to S3 transition
was suggested by other studies (see S3-(theoretical model-b) of Figure 1) [14,17]. In this
case, the additional OH is located next to the dangling Mn atom (Mn4).

Several experimental results support that all Mn are Mn(1V) in the S3 state, by 5 coordinated
Mn site (Mn1 or Mn4) in the S, state becoming 6 coordination. This could happen either by
having an additional water insertion to the open site, or by O5 becoming Li4-0x0. In the
current study, we investigated whether ps-oxo-like structure is possible in the Sj state that
does not require an additional OH™ in the Mn4CaOs-cluster. In this non-water insertion
model, O5 becomes the center of the pi4-0xo that bridges Mn1, Mn3, Mn4 and Ca, and as a
consequence all Mn—Mn distances will be around 2.7-2.8 A which are characteristic of di-
u-oxo bridged Mn—Mn pair (S3-(new model) shown in Figure 1).

Two Ji4-0X0 structures have been reported in the literature that contain Mn and Ca; one is a
planar form [21] and the other is a tetrahedral structure [22]. In order for O5 in the OEC to
be ps-0xo0, however, it has to be a non-tetrahedral (seesaw) geometry as shown in Figure 2.
The seesaw-like non-tetrahedral geometry can connect Mn4—O5—Mn1 linearly, although
the non-tetrahedral geometry of oxo-bridged Mn has not been reported previously.
Therefore, one question arises if such non-tetrahedral geometry can be realized around the
05 center of the OEC. We first examined whether O5 can form a non-tetrahedral geometry
in ‘the first coordination sphere’ that includes the Mn,CaOs-cluster in the Mny(1V,4) or
Mny(111,1V3)" state with the ligands of the first coordination sphere.

The structure in ‘the first coordination sphere’ was investigated with DFT calculations
starting from the structure of the So-Mny(I11,1V3) state based on our previous studies on the
OEC [23]. In the first step, the ligands as well as the Mn,CaOs-cluster were not fixed so that
the ligands can relax and move when the Mn4CaOs-cluster changes from So-Mn(l11,1V,) to
S3-Mny(1V4) where the Jahn—Teller distortion of Mn(l11) is no longer effective. In the
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second step, the ligands of the second coordination sphere are considered by fixing the
terminal atoms from the crystal structure.

2. Computational details

The S, structure (Figure S1) that we used as a starting model for optimizing the S3 structure
was obtained from the 1.9 A crystal structure [24], which is similar to the structure of the
early S, model (So-(theoretical model-a) of Figure 1). As the first step, we carried out full
optimization of ‘first coordination sphere’ that includes the Mn,Ca-cluster only with the
ligands of the first coordination sphere. In the second step, we investigated the ‘second
coordination sphere’ that includes the “first coordination sphere’, plus Asp61, Lys317,
His337, Leu343, Arg354, CI~ around Glu333, and the surrounding water molecules.
Notation for each residue is similar to those in the PDB-data (3ARC) on the dark state [24].
The number of atoms for the ‘second coordination sphere’ is the same as that of the early
theoretical model of the S3 state [11].

The possible position of OH™ was examined based on two earlier models; one is So-
(theoretical model-a/b) where W1, W3 and W4 are H,O and W2 is OH™ in the S, state (note
that the protonation states are not shown in Figure 1 to emphasize the Mn—Mn distances),
and the other is the Sq state where W1-W4 are all H,0O as proposed by Luber et al. [9]. In
the latter case, W1-W4 are present as H,O even in the S, state, because no proton release is
expected during the S; to S, transition. This difference in the protonation state of W2 comes
from the uncertainty in the sequence of events during the S3 to Sy transition, that is, the
precise sequence of O, evolution and two-proton release have not yet been clarified. There
are four possible cases as shown in Figure 3a—d. The first model shown in Figure 3a has
been proposed by an earlier experimental study [25], but it is inconsistent with the recent
photothermal beam deflection (PBD) study [26]. The PBD study is also inconsistent with the
second model shown in Figure 3b. The third shown in Figure 3c is consistent with the PBD
study and represents the release of two protons before O, evolution. This leads one proton
release from the new H,O substrate in the Sp to S; transition, and it requires the presence of
OH™ inthe S; and S, states which is consistent with the protonation state of So-(theoretical
model-a/b) (Figure 1). The fourth shown in Figure 3d represents the release of two protons
via O, evolution. Therefore, it leads to the release of two protons before the S; state, and as
aresult, the S; and S, states become 20H™ or 02~ + H,0 as shown in Figure 3d.

In this study, we considered the two deprotonation models (Figure 3c, d), that match with the
PBD study. The first one is based on the Pantazis models and assumes one of W1, W3 and
W4 is OH™ in addition to W2-OH™. The second model is based on the study by Luber et al.
and assumes that one of W1-W4 becomes OH™ in the S, to S transition. The detailed
discussion on the water ligand deprotonation is described in Sl.

The calculations were carried out using GAUSSIAN 09 [27] and B3LYP* DFT functional
which is a modification of the original B3LYP functional with a reduction of the exact
exchange to 15% [28]. Grimme’s dispersion correction was used. For the structure
optimization, LanL2DZ and 6-31G(d) basis sets were applied to metals (Mn, Ca) and other
atoms (H, C, N, O), respectively. After that, for the energy refinement, cc-pVTZ was applied
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to all atoms. A dielectric constant was set as 6.0. S= 12/2 spin state was used so that
Mn4(IV4) and/or Mng(I11,1V3)° states can be obtained. The Pipek—Mezey population
localization was used for orbital analysis [29,30].

and discussion

The optimized structures of the “first coordination sphere’ in the Ss state with two of W1-
W4 being OH™ are shown in Figure 4. We primarily focused on two OH™ cases, as this
allows us to compare the energetics of current models with previously reported ones [11].
The details of the S3 models with one of W1-W4 being OH™ are shown in Figure S2.

When W1 and W2 ligands are OH™ (referred to as W1&W2-OH™ hereafter, Figure 4a), the
Mn1—Mn2, Mn1—Mn3, Mn2—Mn3 and Mn3—Mn4 pairs show distances around 2.7-2.8
A. Mulliken’s population analysis for this indicated that all four Mn ions are Mn(I1V)
(Mng4(1Vy), Table S1). When W1 and W3 ligands are OH™ (W1&W3-OH", Figure 4b), W3-
OH~ is located between Ca and Mn4 lengthening the Mn3—Mn4 pair (~3.2 A). The
oxidation state of this form is also formally Mng(1Vy). Similar Mn—Mn distances and
oxidation state are obtained when W2 and W3 ligands are OH™ (W2&W3-OH~, Figure 4d).
When W1 and W4 ligands are OH™(W1&W4-OH™, Figure 4c), on the other hand, W4
becomes an OH-radical reducing Mn1 to Mn(l11) (Mn4(111,1V3)%) due to the weak ionic
interaction between W4-OH™ and Ca?*. The reduced Mn1(111) stays away from Mn3(1V),
showing the longer Mn1—Mn3 distance (~3.1 A). Similar Mn—Mn distances and oxidation
state are obtained when W2 and W4 ligands are OH™ (W2&W4-OH", Figure 4e). When W3
and W4 ligands are OH™ (W3&W4-OH~, Figure 4f), W3 becomes an 02, releasing one
proton to W4, and as a result W4 becomes OH». The resulting W3-02" is located between
Ca and Mn4 lengthening the Mn3—Mn4 pair (~3.1 A).

The W1&W?2-OH" structure (Figure 4a) shows the short Mn—Mn distances (2.7-2.8 A)
matching with the trend of ‘Fit a’ of Mn-EXAFS on the S3 state [18], that consists of two
Mn—Mn pairs with 2.72 A distance and two Mn—Mn pairs with 2.82 A distance as shown
in S3-(new model) of Figure 1. The W1&W?2-OH" structure has O5 close to Mn1, Mn3,
Mn4 and Ca (O5—Mn1: ~1.9 A, 05—Mn3: ~1.9 A, 05—Mn4: ~2.1 A and O5—Ca: ~2.7
A), showing short distances (2.7-2.8 A) for the Mn1—Mn3 and Mn3—Mn4 pairs. Thus, the
O5 position is highly asymmetric to Mn1 and Mn4, with a non-tetrahedral geometry.

The possibility of O5 being the ps-oxo ligand is examined by analyzing localized orbitals.
Two types of the localized orbitals were observed around O5; the first one has the lobe from
O5 over Mn1 or over the Mn3 atom, indicating the distribution of the shared electrons
(Figure 5a, b), and the second one is just distorted from O5 toward Mn4 or Ca atom
indicating the unshared electrons (Figure 5c, d), where the orbitals for O5—Mn4 and O5—
Ca are assigned as the non-bonding orbitals. We have also investigated the localized orbitals
of a pg-oxo bond in the Mn,CaOy, cluster reported by Zhang et al. [22], that forms a
tetrahedral ligand geometry. The result shows that this |14-0xo bond may better be explained
as a covalent po-0xo bond plus two ionic interactions (Figure S3), similar to what we
observed in the OEC.
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The above observation implies that, Mn4—O5 (distance of 2.1 A) is non-bonded in the
W1&W2-OH" structure. There are two reasons for a short Mn4—Mn3 distance of 2.8 A.
The first is the ionic interaction of O5 and Mn4, even if O5—Mn4 is non-bonding. The
second reason is the ligation mode of Asp170, that bridges Mn4 and Ca with only one
oxygen atom (monodentate bridge, see Figure 5e), with the second oxygen of the
carboxylate being near Ca. The monodentate bridge of Asp170 takes the role resembling a
u-oxo bridge between Mn4 and Ca, bringing these two metals closer. Because Ca is bridged
to 05, the monodentate bridge of Asp170 also makes the O5—Mn4 distance shorter. The
formation of such a monodentate bridge was observed during the “first coordination sphere’
optimization. When the structure is re-optimized by restoring the initial bidentate bridge
(e.g. Sy-(theoretical model-a/b) of Figure 1), the monodentate-bridged structure was
obtained. Thus, the monodentate bridge of Asp170 seems to be essential for this W1&W2-
OH™ model.

The W1&W2-OH~ structure obtained from the “first coordination sphere’ optimization in
the Sy state is energetically lower than the other structures. Thus, we further carried out the
analysis by using the ‘second coordination sphere’. The total number of atoms in the ‘second
coordination sphere” model was the same as Ss-(theoretical model-a) [11], where W1, W3,
W4 and other water molecules are H,O, with two OH™, that comes from W2 and the water-
derived ligand (OH") inserted into the Mn,CaOs-cluster. In this ‘second coordination
sphere’ analysis, we added an extra H,O in the W1&W2-OH~ structure so that the total
mass is consistent with the models with the inserted OH™. The location of the extra H,O was
optimized based on the position of water molecules observed in the XRD structure of the S;
state [24]. When the space between Leu343 and Glu354 was filled with a H,0, the
W1&W2-OH" structure shows the lowest energy.

The optimized structures for the ‘second coordination sphere” with W1 and W2 being OH~
(W1&W2-OH") are shown in Figure 6. Two structures were examined; the first structure
(Figure 6a) was obtained by fixing the a-carbon and its two nearest atoms along the
backbone from the XRD structure, by following the same method taken by Siegbahn to
obtain S3-(theoretical model-a) [11]. The second structure (Figure 6b) was obtained by
fixing the a-carbon atoms of the selected ligands (Asp61, Lys317, His337 and Arg357) in
the second coordination sphere so that the first coordination sphere of the Mn,CaOs-cluster
is relaxed. The fully optimized structures are shown in Figure S4.

Both structures (Figure 6a, b) indicate the Mny4(1V4) oxidation state for the Mn4Cas-cluster
(Tables S2 and S3). And both structures have 2.7-2.8 A distance for the Mn1—Mn2, Mn1—
Mn3 and Mn2—Mn3 pairs, while different distances are observed for the Mn3—Mn4 pair
(~2.98 A of Figure 6a and ~2.83 A of Figure 6b). The difference in the Mn3—Mn4 distance
reflects the complicated ligand environment of Mn4. Mn4 exists in the bonding network of
Asp6l--(W1-OH7)--Mn4---O5, where Mn4 is attracted by O5 as well as Asp61 through the
hydrogen bonding of Asp61---(W1-OH™). Mn4 is also coordinated by Asp170 which bridges
Mn4 and Ca with one oxygen atom (different from that of the S; XRD structure). It is
noteworthy that the position of Mn4 and therefore the Mn3—Mn4 distance changes
depending on whether the ligands of the first coordination sphere were relaxed. Thus, the
second structure of W1&W2-OH™ (Figure 6b) shows the trend of ‘Fit a’ of Mn-EXAFS in
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the S3 state (being similar to the W1&W2-OH™ structure (Figure 4a) obtained by “first
coordination sphere’ analysis) [18].

The W1&W?2-OH™ (Figure 6a, b) structures are also compared with that of the OH™-inserted
Mn4CaOs-cluster (Figure 6c¢, d) with the same number of atoms and conditions. The first
structure™ (Figure 6a) shows +7.7 kcal/mol higher in energy than that of the OH™-inserted
Mn4CaOs-cluster (Figure 6c¢). On the other hand, when the ligands are relaxed, the same
model (Figure 6b) shows —0.1 kcal/mol energy lower than that of the OH™-inserted
Mn4CaOs-cluster (Figure 6d). Namely, the W1&W2-OH™ structure (Figure 6b) becomes
equally stable as the OH™-inserted Mn,CaOs-cluster (Figure 6d), when the ligands in the
first coordination sphere are relaxed. This implies that neither of these structures can yet be
ruled out as a candidate for the actual structure in the S3 state. The W1&W2-OH™ structure
(Figure 6b) matches with the distances interpreted as ‘Fit-a’ in the EXAFS study, and the
OH™-inserted Mn4CaOs-cluster (Figure 6¢) matches with those as ‘Fit-b’ that consists of
two Mn—Mn pairs with 2.75 A, one pair with 2.79 A and one pair with 3.26 A [18]. The
superpositions (Figures S4 and S5) of the structures shown in Figure 6 indicate that the a.-
carbon atoms in the first coordination sphere of the W1&W2-OH™ (Figure 6b) are displaced
from those of the OH™-inserted structure (Figure 6d). The OH™-inserted structure (Figure
S5b) with the ligands taken from the W1&W2-OH~ structure (Figure 6b) shows that the
amino acids are held by the OH™-inserted Mn,CaOs-cluster (Figure 6d). The water
molecules maintain their positions in the W1&W2-OH™ structure. Further study is required
to elucidate the structure and the bridging mode of the Mn4CaOs-cluster in the S state, and
a QM/MM study is in progress.

A stable S3 structural model was obtained in this study, that consists of only short (2.7-2.8
A) Mn—Mn distances. All Mn is Mn(IV), with non-bonding Mn4—O5 distance of 2.1-2.3
A. If the OEC forms such a structure in the S state, we anticipate that W1 or W2 may
change from OH™ to 02~ to increase the negative charge around Mn4 upon H* release before
e~ transfer during the S3 to Sy transition [26]. Thus, W1 or W2 becomes a terminal oxo-
ligand transiently and can be oxidized to a terminal oxo-radical ligand by Mn4 or tyrosyl-
radical. In the first scenario (Figure 7a), W1 is expected to be the oxo radical in the S, state
before the O—O bond formation with W2. In the second scenario (Figure 7b), W2 is
expected to be an oxo radical in the S, state before the O—O bond formation with W1.
These two cases (Figure 7a,b) both generate the O, molecule from two ligands of Mn4 atom
[31]. On the other hand, in the third scenario (Figure 7¢) when W2 is an oxo radical, the W2
forms an O—O bond with the O5 atom. After O, evolution and the supply of two new H,O
substrates, the new O5 ligand becomes OH™ in the Sy state which is in agreement with 2H+
release during the S3 to Sy transition. By H+ rearrangement, the Sy state in the lower path
can convert to that in the upper path (see Figure 7, H* rearrangement path).

4. Conclusion

The novel Ss state structure that consists only short (2.7-2.8 A) Mn—Mn pairs (Sz-(new
model) of Figure 1) was investigated with DFT optimizations. The short Mh—Mn pairs are
obtained when the ligands in the first coordination sphere are fully relaxed, and when W1
and W2 ligands of Mn4 are OH™ (Figures 4a and 6b) and the di-p-0xo bridged structures
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are formed except for the Mn3—Mn4 pair. The Mn3—Mn4 pair is bridged by an O4 ligand,
while Mn4 is non-bonding with O5. The Mn3—Mn4 pair keeps a short distance (~2.8 A)
similar to the other di-p-oxo bridged Mn—Mn pairs when the ligands of the first
coordination sphere are relaxed. The reason for the short Mn3—Mn4 distance is the ligation
mode of Aspl70, that bridges Mn4 and Ca with only one oxygen atom resembling the role
of a p-oxo bridge between Mn4 and Ca. This may imply that the catalytic reaction is a
process under physiological conditions where structural and electronic structure fluctuations
could play an important role. The novel Sj state structure we reported here is in agreement
with EXAFS data (Fit-a) [18], and its stability is compatible with the other Sj state structure
(S3-(theoretical model-a)).
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Kok cycle and proposed structure of the Mn,4 Ca-cluster, S; -(XRD structure) [16], Sp -
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(theoretical model-a/b) [10], S3 -(theoretical model-a/b) [11,14,17] and S3 -(new model).

Notations for each residue are similar to those in the PDB-data on the dark state [16].

Possible proton positions are not shown to emphasize the Mn—Mn distances and to respect

the different proposals [9-11], except in Sz -(theoretical model-a/b) the inserted OH™

presented in red color. Throughout this Letter, a solid line is used if Mn—O bond distance is
covalently bound with 2.0 A or less, a broken ling if it is non-bonding but ionically
interacting with 2.0 to 2.5 A, and no line if 2.5 A or longer. On the hand Ca—O interaction
is always ionic; a solid line is used if Ca—O bond distance is 2.8 A or less, a broken line if it
is between 2.8 and 3.0, and no line if 3.0 A or longer. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Chem Phys Lett. Author manuscript; available in PMC 2018 June 21.
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Ca

~

Mn4 O Mn1

Mn3
(seesaw-like) non-tetrahedral geometry

Figure2.
Schematic representation of the (seesaw-like) non-tetrahedral geometry which is required to

form O5 as the 4 -0xo in the OEC of the Sg state.
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Figure 3.

Possible details of Kok-cycle (a—d) and the possible deprotonation state of water substrates
in each S;state.
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(2) WI&W2-OH" (b) W1&W3-OH"
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Figure 4.
Optimized structures of “first coordination sphere’ in the S3 state; (a) W1&W2-OH™; (b)

W1&WS3-OH™; (¢) W1&WA4-OH™; (d) W2&W3-OH™; (e) W2&W4-OH™; (f) W3&W4-OH
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(b) O5-Mn3

(e) "Sz-(new model)" vs. "S3-(W1&W2-OH" structure)"
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Figureb.
(a—d) Localized orbitals at around O5 of W1&W2-OH~ structure in the Ss state; bonding

with surrounding metals in (a, b) and nonbonding in (c, d), (e) schematic representations for
the expected S3 -(new model) and the optimized W1&W2-OH™ structure.
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(a) W1&W2-OH- fixing a-carbon and its two nearest atoms

!
§ Pdufen
H-Op v

0\

N\t
Ho~£\\| T—

= cla’ —o1

|
OwiMgdv)  0sT—pn1(¥)=ord_

. oS G
o I 3 MI\Z(\\I/)"Q/
5 04— Mp3(IV) =0 H
S I 2 RN
! .

O~Ciam G

Mn1-Mn2: 273 A
Mn1-Mn3: 2.87 A
Mn2-Mn3: 2.75 A
Mn3-Mn4: 2.98 A

E=+0.0 kcal/mol

(b) W1&W2-OH- fixing a-carbon of Asp61, Lys317, His337 and Arg357
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Figure 6.
Optimized structures of ‘second coordination sphere’ in the Ss state; (a) W1&W2-OH~

fixing the a-carbon and its two nearest atoms; (b) W1&W2-OH™ fixing the a.-carbon atoms
of Asp61, Lys317, His337 and Arg357; (c) W2&inserted water-OH™ fixing the a.-carbon
and its two nearest atoms; (d) W2&inserted water-OH™ fixing the a-carbon atoms of Asp61,
Ly317, His337 and Arg357. A red broken line is used if Mn—O bond distance is between
2.0 and 2.5 A or Ca—O bond distance is between 2.8 and 3.0 A. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Figure7.
Possible O, evolution paths based on the W1&W2-OH™ structure in the S3 state.
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