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In the crystal structure of Photosystem II (PSII) analyzed at a resolution of 1.9 Å, most of the bond lengths
between Mn and O atoms in the oxygen-evolving Mn4Ca cluster are 1.8–2.1 Å. On the other hand, the
Mn1\O5 bond in the Mn3CaO4 cubane region of the Mn4Ca cluster is significantly elongated to 2.6 Å. Using a
quantummechanical/molecular mechanical approach, we investigated factors that are responsible for distortion
of the Mn3CaO4 cubane. Removal of Ca led to shortening the Mn1\O5 bond by 0.2 Å; however, Mn1\O5
remained significantly elongated, at N2.5 Å. Conversely, removal of Mn4 significantly shortens the Mn1\O5
distance by 0.5 Å to 2.2 Å, resulting in a more symmetric cubane shape. These results suggest that Mn4, not
Ca, is predominantly responsible for distortion of the Mn3CaO4 cubane. It was not the Ca component that was
responsible for the existence of the two S2 conformers but two different Mn oxidation states (Mn1, Mn2, Mn3,
M4) = (III, IV, IV, IV) and (IV, IV, IV, III); they were interconvertible by translocation of the O5 atom along the
Mn1–O5–Mn4 axis. Depletion of Ca resulted in rearrangement of the H-bond network near TyrZ, which proceeds
via a chloride ion (Cl-1 pathway). This may explain why Ca depletion inhibits the S2 to S3 transition, the same
process that can also be inhibited by Cl− depletion.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The heart of the Photosystem II (PSII) reaction center consists of the
D1 and D2 subunits, which form a quasi-symmetrical complex that
contains cofactors arranged to span the transmembrane protein in 2
branches. From the lumenal to the stromal side of the complex, the
following cofactors are present: an overlapping pair of chlorophyll a
(Chla) molecules (PD1/PD2), 2 monomeric Chla molecules (ChlD1/ChlD2),
2 pheophytins, and 2 quinonemolecules (see Ref. [1] for themost recent
crystal structure). Excitation of Chla leads to charge separation on the
D1 branch and formation of the cationic [PD1/PD2]•+ state (reviewed
in Refs. [2,3]). The resulting [PD1/PD2]•+ state serves as an electron
abstractor for the oxygen-evolving Mn4Ca cluster via the redox-active
tyrosine D1-Tyr161.

The PSII crystal structure from Thermosynechococcus vulcanus has
been recently reported at a resolution of 1.9 Å, which exposes all of
the components of the oxygen-evolving Mn4Ca cluster, and identifies
a chemical formula of Mn4CaO5 [1] (Fig. 1). The overall shape of the
Mn4Ca cluster resembles a “distorted chair” form (Figs. 1 and 2), which
mechanics/molecularmechanics
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consists of the Mn3CaO4 cubane region (Mn1, Mn2, Mn3, Ca, O1, O2,
O3, and O5) and the external, back of the chair region (Mn4 and O4).
Although O1, O2, and O3 are likely to be unprotonated O2−, based on
observations of the Mn4Ca cluster geometry, the protonation states of
O4 linking Mn4 and Mn3 in the Mn3CaO4-cubane, and O5 in one of the
corners of the cubane linkingMn4and the cubane, require further inves-
tigation. In particular, O5 might be O2−, protonated OH− [1,4,5], or H2O
[6]. Notably, recent spectroscopic studies suggested that O5 could be one
of the sites for substratewatermolecules [7]. One of the puzzling charac-
teristics of O5 is that it appears to exchange very quickly with bulk
solvent water, a feature not yet observed in synthetic Mn complexes
[8–10]. This fast exchange has been attributed to a number of structural
factors including its ligation to the solvated Ca2+ ion [7]. Several studies
have suggested that the O5 position is not unique between Mn1 and
Mn4 but instead two discrete binding motifs [11,12], which appear to
be associated with distortion of the Mn3CaO4 cubane region induced
by the Jahn–Teller effect [13].

Most of theMn\O bonds are in the range of 1.8–2.1 Å in theMn4Ca
cluster, whereas the Ca–O distances are longer, in the range of 2.3–
2.5 Å. The current literature consensus appears that the X-ray crystal
structure does not represent the catalyst in one of its functional
S-states, owing to photoreduction of the Mn4Ca cluster via the X-ray
beam (e.g., [14]). This results in the elongation of Mn–Mn distances, as
compared to EXAFS data and as a consequence, all Mn–O distances
(e.g., [15,16]). Indeed, DFT models based on the crystal structure typi-
cally have shorter Mn\O bonds, consistent with that observed for
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Fig. 1. Overview of the Mn4Ca cluster in the 1.9-Å crystal structure [1].

160 K. Saito, H. Ishikita / Biochimica et Biophysica Acta 1837 (2014) 159–166
Mn(III)/Mn(IV) model complexes (e.g., all Mn–O distances are shorter
than 2.1 Å [17]).

Remarkably, two Mn\O bonds, namely Mn1\O5 (2.6 Å) and
Mn3\O5 (2.4 Å) in the Mn3CaO4 cubane region, are elongated to an
extent comparable to the Ca\O bonds, thereby causing distortion of
the Mn3CaO4 cubane region [18]. Kawakami et al. have discussed the
possible importance of distortion of the cubane in the process of water
oxidation and O\O bond formation [18]. Indeed, synthesized inorganic
Mn clusters with a shape of regular cubane are considered significantly
less active in catalyzingwater oxidation [19,20]. Robinson et al. reported
that among synthesized inorganic Mn clusters, catalytic activity was
exclusively found in distorted cubic phases of theMnoxide polymorphs,
all possessing elongated Mn\O bonds [17]. The distorted form of the
cubane region therefore appears to be associated with catalytic activity
Fig. 2. Changes in Mn–O distances (Å) in the Mn4Ca cluster (gray, yellow, and red for Mn,
Ca, and O atoms, respectively) upon Ca/Mn4 depletion in the presence of O2− (top) or
OH− (bottom) at O5. In each case (Mn1, Mn2, Mn3, M4) = (III, IV, IV, III) in the S1
state. Note that for clarity, not all of the atoms in the QM region are shown, but all of the
ligand atoms (side chains and water molecules) are included in the QM region.
in water oxidation; as a result, factors that induce distortion of the
Mn3CaO4 cubane region in the 1.9-Å crystal structure appear to be
important in identifying the origin of the water-splitting capability in
PSII.

The presence of two water molecules to the Ca implies that Ca plays
an important role in the water splitting reaction. However, its function
remains yet unclarified (reviewed in Ref. [21]). Kawakami et al. have
noted that the inclusion of Ca in theMn4Ca cluster results in a distorted
cubane structure [18]. Notably, the two elongated Mn\O bonds,
Mn1\O5 and Mn3\O5, are shared by O5, which is linked with the Ca
component (Ca–O5 = 2.5 Å) [1]. If the Ca component significantly
contributes to inducing distortion of the cubane, the distorted cubane
would be relaxed to form a more symmetric cubane upon Ca depletion.
On the other hand, the (electronic) structure of the Mn4Ca cluster
remains essentially unaltered upon Ca depletion in Mn K-edge X-ray
absorption spectroscopy [22] and ENDOR [23] studies. The same phe-
nomenon has also been reported in the Sr-substituted Mn4 cluster. Sr
performs the role of Ca in O2-evolving activity, with approximately
40% efficiency of the Mn4Ca cluster [24–26]. The crystal structure of
the Sr-substituted PSII suggests that the Sr-substituted Mn4Sr cluster
is very similar to the Mn4Ca cluster [27], as has already been noted in
EPR [24,28] and EXAFS [29] studies. (Note: in cyanobacteria, Ca cannot
be removed or replaced in isolated PSII, and they must be substituted
in the culture medium with Sr [30].) In addition, even upon Ca deple-
tion, Mn atoms can be oxidized, although the cluster cannot progress
S-state transitions beyond the S2 state [24,31–33]. These results imply
a role of Ca in the function of the Mn4Ca cluster beyond an integral
structural component, as has been indicated by ENDOR studies [23].

In the present study, we used a large-scale quantum mechanics/
molecularmechanics (QM/MM) approach to identify factors responsible
for distortion of the Mn3CaO4 cubane in the 1.9-Å crystal structure.

2. Computational procedures

2.1. Coordinates and atomic partial charges

The atomic coordinates of PSII were taken from the X-ray structure
of the PSII monomer unit designated monomer A of the PSII complexes
from T. vulcanus at a 1.9-Å resolution (PDB code, 3ARC) [1]. Hydrogen
atoms were generated and energetically optimized with CHARMM
[34], whereas the positions of all non-hydrogen atoms were fixed, and
all titratable groups were kept in their standard protonation states
(i.e., acidic groups were ionized and basic groups were protonated).
For QM/MM calculations, we used additional counter ions to neutralize
the entire system. Atomic partial charges of the amino acids were
adopted from the all-atom CHARMM22 [35] parameter set. The atomic
charges of Chla, Pheoa, and quinones were those reported in our previ-
ous study on PSII [36].

2.2. QM/MM calculations

Weused theQsite [37] programcode as used in a previous study [38].
We employed the unrestricted DFT method with the B3LYP functional
and LACVP* basis sets. The geometries were refined by constrained
QM/MM optimization. Specifically, the coordinates of the heavy atoms
in the surrounding MM region were fixed to the original X-ray coordi-
nates, whereas those of the H atoms in the MM region were optimized
using the OPLS2005 force field. All of the atomic coordinates in the QM
region were fully relaxed (i.e., not fixed) in the QM/MM calculation.
Note that the resulting atomic coordinates of the QM region essentially
did not alter upon full relaxation of the entire atoms (including heavy
atoms) in the surrounding MM region (Table S1).

The QM region was defined as [Mn4CaO5 and all of the ligand resi-
dues and ligand water molecules shown in Fig. 1] for the Mn4Ca cluster
or [Mn4CaO5 and all of the ligand residues, ligand water molecules, and
most of the water molecules in the diamond-shaped water cluster [38]
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Table 2
Experimental (PDB: 3ARC [1]) and calculated distances (in angstrom) for the intactMn4Ca
cluster (intact), the Ca-depleted Mn4 cluster (Ca depl.) and the Mn4-depleted Mn3Ca
cluster (Mn4 depl.). Significantly elongated Mn–O lengths are indicated in bold. n.d.: not
determined.

O5 O2− OH−

Mn1, 2, 3, 4 III, IV, IV, III III, IV, IV, III

W2 H2O H2O

3ARC Intact Ca depl. Mn4 depl. Intact Ca depl. Mn4 depl.

O1–Mn1 1.87 1.84 1.80 1.85 1.83 1.82 1.85
O1–Mn2 2.06 1.83 1.78 1.82 1.81 1.78 1.82
O1–Ca 2.33 2.36 n.d. 2.49 2.35 n.d. 2.45
O2–Mn2 2.13 1.82 1.76 1.80 1.86 1.86 1.80
O2–Mn3 1.87 1.86 1.83 1.94 1.80 1.79 1.89
O2–Ca 2.49 2.45 n.d. 2.38 2.52 n.d. 2.42
O3–Mn1 1.81 1.90 1.89 1.88 1.94 1.92 1.89
O3–Mn2 2.10 1.83 1.85 1.81 1.85 1.85 1.82
O3–Mn3 2.13 1.90 1.90 1.96 1.88 1.89 1.93
O4–Mn3 2.09 1.82 1.82 1.79 1.84 1.82 1.77
O4–Mn4 2.11 1.76 1.77 n.d. 1.78 1.79 n.d.
O5–Mn1 2.60 2.72 2.52 2.21 2.84 2.58 2.38
O5–Mn3 2.38 1.79 1.77 1.71 1.99 1.94 1.87
O5–Mn4 2.50 2.08 2.06 n.d. 2.25 2.25 n.d.
O5–Ca 2.49 2.49 n.d. 2.49 2.51 n.d. 2.49
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near D1-Tyr161/D1-His190 moiety (i.e., W3, W5, andW6 [18])] for the
Ca-depleted Mn4 cluster and the Mn4–depleted Mn3Ca cluster. Upon
deletion of Mn4, O4 was modeled as OH−. All other protein units and
cofactors were approximated by the MM force field. It has been
suggested that the ground state of the Mn4Ca cluster is considered to
be either a singlet or quintet in EPR studies [39–41]. On the other
hand, as considered in previous theoretical studies (e.g., [42,43]), the
cluster was considered to be in the S1 state with ferromagnetically
coupled Mn atoms in QM/MM calculations, (Mn1, Mn2, Mn3, M4) =
(III, IV, IV, III) and the total spin S = 7 for the intact Mn4Ca and
Ca-depleted Mn4 clusters, whereas (Mn1, Mn2, Mn3) = (III, IV, IV)
and S = 5 for the Mn4–depleted Mn3Ca and Mn4/Ca-depleted Mn3
clusters (for the QM/MM optimized geometries, see Supporting PDB
file. For calculated spin densities, see Table S2). Note that the resulting
optimized Mn4Ca geometry appears not to be crucial to the spin confi-
gurations, as demonstrated in previous theoretical studies [42,43].

The potential-energy profile of theMn1–O5–Mn4bondwas obtained
as follows: first, we prepared for the QM/MM optimized geometry
without constraints, and we took the resulting geometry as the initial
geometry. The O5 atom was then moved along the Mn1–Mn4 axis by
0.05 Å, after which the geometry was optimized by constraining the
Mn1–O5 (or Mn4–O5) distances, and the energy of the resulting geom-
etry was calculated. This procedure was repeated until the O5 atom
reached the Mn1 or Mn4 moiety. See text in SI for evaluation of the
resulting Mn4Ca geometries.
3. Results and discussion

In the 1.9-Å crystal structure [1], the Mn1–O5 (2.6 Å) and Mn4–O5
(2.5 Å) bonds were significantly elongated relative to the other Mn–O
bonds (1.9 to 2.1 Å). In the QM/MM geometry, the two bonds were
also significantly elongated (2.8 Å and 2.3 Å, respectively, in the pres-
ence of OH− at O5) relative to other Mn–O bonds (1.8 to 2.0 Å) in the
intact PSII (Fig. 2, Tables 1 and 2). O5 was migrated more toward Mn4
than Mn1 in the QM/MM geometry; the same tendency has also been
observed in other theoretical studies [42,44]. Although the Mn3\O5
bond was significantly elongated to 2.4 Å in the 1.9-Å crystal struc-
ture [1], the QM/MM geometry resulted in a shorter bond distance of
1.8–2.0 Å in the S1, i.e., (Mn1, Mn2, Mn3, Mn4) = (III, IV, IV, III) in the
present study (Table 2). This indicates that the Mn4Ca cluster in the
1.9-Å crystal structure is in a S-state lower than S1 [5,14,45], possibly
with Mn3(III), that contributes to lengthening the Mn3\O5 due to the
Jahn–Teller effect.

Because the main purpose of this study is to identify factors respon-
sible for distortion of theMn3CaO4 cubane in the 1.9-Å crystal structure,
these computational results, which have also been reported in previous
theoretical studies [4–6,11,42,43,45], are sufficiently accurate for our
purpose to describe the chemical properties of the Mn4Ca cluster.
Table 1
Experimental (PDB: 3ARC [1]) and calculated Mn–Mn distances (in angstrom) for the
intact Mn4Ca cluster (intact) in the presence of O2– or OH– at O5.

3ARC This work

O5 O2− O2− OH− OH−

Mn1, 2, 3, 4 III, IV, IV, III III, IV, IV, III III, IV, IV, III III, IV, IV, III

W2 OH− H2O OH− H2O

Intact Intact Intact Intact

Mn1–Mn2 2.80 2.75 2.77 2.75 2.77
Mn2–Mn3 2.90 2.77 2.75 2.76 2.74
Mn1–Mn3 3.30 3.17 3.19 3.26 3.32
Mn3–Mn4 2.94 2.71 2.73 2.88 2.90
Mn1–Mn4 4.98 4.61 4.78 4.95 5.06
3.1. Contribution of Ca to the stability of the Mn4Ca cluster

In QM/MM calculations, Ca depletion did not induce a significant
structural change (Fig. 3). It has been suggested that removal of factors
crucial for maintaining the Mn4Ca geometry (e.g., CP43-Arg357 and
D1-His337) results in collapsing the Mn4Ca structure [18]. Obviously,
this is unlikely to be the case for the Ca component, based on observa-
tion in the QM/MM geometry of the Ca-depleted Mn4 cluster.

Upon Ca depletion, the Mn1\O5 bond was shortened by 0.2 Å
(Fig. 2, Table 2), which appears to be sufficient to energetically compen-
sate for the removal of Ca from the Mn4Ca cluster. This is in line with
observations in the EXAFS [22] and ENDOR [23] studies, where
Ca-depletion did not result in a significant structural change in the
Mn4Ca cluster. Notably, the Mn1\O5 bond is still remarkably long
(2.5 Å), even in the Ca-depletedMn4 cluster (Fig. 2, Table 2). Ca binding
Fig. 3. Superimposition of theMn4Ca (pink), Ca-depletedMn4 (yellow) andMn4-depleted
Mn3Ca (cyan) clusters.

pdb:3ARC
image of Fig.�3
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at the Mn4 cluster can therefore contribute to specifically lengthen the
Mn1\O5 bond by 0.2 Å, but is not the predominant factor for distortion
of the Mn3CaO4 cubane observed in the 1.9-Å crystal structure.
3.2. Protonation state of O5

It has been proposed that O5 might be O2−, protonated OH− [1,4,5],
or H2O [6]. Umena et al. have proposed that O5 exists as OH− in the S1
state [1]. Theoretical studies by Galstyan et al. [5] or Yamaguchi et al. [4]
have also suggested that O5may be OH− in the S1 state. Recent theoret-
ical studies by Gatt et al. [6] have suggested that O5 is a neutral water
H2O. One of the puzzling characteristics of O5 is that it appears to
exchange very quickly with bulk solvent water, a feature not yet
observed in synthetic Mn complexes [8–10]. ESEEM and ENDOR studies
have suggested that all of the μ-oxo bridges of the Mn4Ca cluster are
deprotonated in the S2 state, and that either W1 or W2 on Mn4 is
OH− [7,46,47]. Because proton release is not observed in the S1 to S2
transition [48], it is likely that all of the μ-oxo bridges of the Mn4Ca
cluster are already deprotonated in S1.

In QM/MM calculations, protonation of O5 specifically increased the
Mn3\O5 and Mn4\O5 bonds by 0.2 Å only when Ca exists at the
binding site of the Mn4Ca cluster (Fig. 2, Table 2). The Mn4Ca cluster
with unprotonated O5 (i.e., O5 = O2−) has the Mn4\O5 bond of 2.1 Å
in the intact PSII, which is as short as the other Mn\O bond lengths,
whereas the Mn4Ca cluster with singly protonated O5 (i.e., O5 = OH−)
has a Mn4\O5 bond of 2.3 Å. This suggests that the significantly elon-
gatedMn4\O5 bond in the 1.9-Å crystal structure can be best explained
by the presence of OH− at O5 than the presence of Ca. Notably, the
Mn1\O5 bond in the Mn3CaO4 cubane region remained almost unaf-
fected upon protonation/deprotonation of O5. It appears therefore that
the O5 protonation state is not primarily responsible for distortion of
the Mn3CaO4 cubane.
Table 3
Atomic partial charges (ESP charges) for the intact Mn4Ca cluster (intact) and the
Ca-depleted Mn4 cluster (Ca depl.) in the PSII protein environment. n.d.: not determined.

O5 O2− OH−

Intact Ca depl. Change Intact Ca depl. Change

Mn1 1.40 1.45 0.06 1.34 1.33 −0.02
Mn2 1.77 1.73 −0.04 1.58 1.67 0.09
Mn3 1.90 1.91 0.00 2.00 1.93 −0.07
Mn4 1.55 1.47 −0.08 1.55 1.49 −0.06
Ca 1.74 n.d. −1.74 1.84 n.d. −1.84
[Mn4Ca] 8.36 6.56 −1.80 8.31 6.41 −1.90

O1 −1.01 −0.89 0.13 −0.96 −0.85 0.11
O2 −1.15 −0.92 0.23 −1.04 −0.95 0.09
O3 −0.98 −1.00 −0.02 −0.99 −0.97 0.01
O4 −1.01 −1.05 −0.03 −1.05 −1.04 0.00
O5 a −1.07 −0.90 0.17 −0.74 −0.46 0.28
[O5] −5.22 −4.75 0.47 −4.76 −4.27 0.49

D1-D170 −0.83 −0.77 0.06 −0.76 −0.67 0.08
D1-E189 −0.66 −0.67 −0.01 −0.61 −0.61 0.00
D1-H332 0.40 0.26 −0.14 0.42 0.35 −0.07
D1-E333 −0.47 −0.59 −0.12 −0.44 −0.48 −0.05
D1-D342 −0.62 −0.74 −0.12 −0.48 −0.64 −0.16
D1-A333 −0.64 −0.68 −0.04 −0.55 −0.60 −0.05
CP43-E354 −0.55 −0.68 −0.12 −0.37 −0.56 −0.20
CP43-R357 1.03 0.98 −0.05 1.03 1.00 −0.03
[Ligand] −2.33 −2.88 −0.55 −1.75 −2.22 −0.46

W1 0.07 0.07 −0.01 0.09 0.08 −0.01
W2 0.12 0.01 −0.12 0.14 0.03 −0.11
W3 0.00 −0.01 −0.01 −0.01 0.00 0.01
W4 0.00 −0.05 −0.05 −0.02 −0.08 −0.06
W5 n.d. 0.01 0.01 n.d. 0.00 0.00
W6 n.d. 0.04 0.04 n.d. 0.04 0.04
[Water] 0.19 0.07 −0.12 0.20 0.08 −0.12

a Including charges of the bound H atoms (O5 = OH−).
3.3. Mn4 is primarily responsible for distortion of the cubane

Mn4 is the only Mn atom that does not belong to the Mn3CaO4

cubane region, located rather in the external region (Fig. 2). In particu-
lar, when O5 was unprotonated, removal of Mn4 led to a significant
decrease of 0.5 Å in the Mn1\O5 bond to 2.2 Å (Table 2). Remarkably,
removal of Mn4 also affected the Mn2\O2 bond, which was elongated
to 2.0 Å (Fig. 2). In total, the difference of 0.9 Å between the Mn1\O5
bond (2.7 Å) and the Mn2\O2 bond (1.8 Å) in the Mn4Ca cluster,
which is the main reason for the asymmetric shape of the cubane, was
significantly decreased to 0.2 Å, resulting in a more symmetric shape
of the cubane (Fig. 2). These results indicate that the presence of Mn4,
not Ca, is the predominant factor causing distortion of the Mn3CaO4

cubane of the Mn4Ca cluster in the 1.9-Å crystal structure. Indeed, this
observation can be understood by a symmetric shape of a synthetic
heterometallic cubane model of the PSII Mn4Ca cluster [49] as well as
a symmetric structure of a recent Mn3Ca cubane complex reported by
Mukherjee et al. [50], which lacks a Mn atom corresponding to Mn4.

The strong interaction of O1 andO3withMn1 (through formation of
theMn1\O1 andMn1\O3 bonds) prevents O5 from approachingMn1
in the presence of Mn4, and O5 is therefore located away from Mn1 in
the S1 state. On the other hand, Mn4 has only a single Mn\O bond
(i.e., Mn4\O4) besides the focusingMn4\O5 bond. This likely explains
why O5 migrates more to the Mn4 moiety than the Mn1 moiety in the
S1 state. The slightly lengthened Mn1\O5 bond (2.2 Å), even in the
absence ofMn4, is likely to be due to the contribution of the Jahn–Teller
effect toMn1(III). Further removal of Ca from theMn4–depleted cluster
(i.e., forming Mn3 cluster) did not significantly affect the Mn1\O5
length (Table S4), confirming that Mn4, rather than Ca, is the factor
that increases the Mn1\O5 length, thereby causing distortion of the
Mn3CaO4 cubane.
3.4. Influence of Ca on the charges of the cluster

Upon Ca depletion, atomic charges of each Mn ion of the cluster
essentially remained unaffected (Table 3). On the other hand, Ca deple-
tion resulted in increase in the charges of O1, O2 andO3, andD1-Asp170
(Table 3); these O atoms are bounded to Ca in an intact cluster (Fig. 1).
BecauseD1-Asp170 is also ligated toMn4,D1-Asp170wasmore oriented
toward Mn4 upon Ca depletion (Fig. 4, left). Due to reorientation of the
side chain, the induced positive charge is smaller in D1-Asp170 than in
O1, O2 and O3 (Table 3). Notably, Mn4 is less positively charged in the
Ca-depleted PSII (Table 3), because D1-Asp170 is exclusively ligated to
Mn4 in the absence of Ca. Hence, it appears that Ca is functionally linked
to Mn4 via ligation/reorientation of D1-Asp170.

3.5. Is Ca responsible for the existence of two S2 conformers?

It has been reported that the S2 state exhibits an EPRmultiline signal
at g = 2.0 (e.g., Ref. [51]) and higher signals at g ≥ 4.1 (e.g., Ref. [52]).
Recent theoretical studies by Pantazis et al. demonstrated that the two
basic EPR signals originate from two energetically similar structures,
conformers A and B [12]; the Mn1\O5 bond is shorter than the
Mn4\O5 bond in conformer A, whereas the Mn4\O5 bond is shorter
than theMn1\O5bond in conformer B. Remarkably, the two conformers
are interconvertible by translocation of the O5 atom along the Mn1–O5–
Mn4 axis [12].

We analyzed the potential energy profile of the Mn1\O5\Mn4
bond for the intact Mn4Ca cluster in the PSII protein environment, by
altering O5 atom position along the Mn1\O5 or O5\Mn4 bonds
(Fig. 5). When O5 was close to Mn4 with respect to Mn1 (i.e. Mn1–
O5 ≥ 2.2 Å), the Mn4Ca cluster had (Mn1, Mn2, Mn3, Mn4) = (III, IV,
IV, IV) (Fig. 5) and the geometry was similar to conformer A in
Ref. [12] (Table 4). On the other hand, when O5 was close to Mn1
with respect to Mn4 (i.e. Mn1–O5 ≤ 2.2 Å), the Mn4Ca cluster had



Fig. 4. Rearrangement of the ligandwatermolecules (W1 toW4) upon Ca depletion; intact Mn4Ca (pink) and Ca-depletedMn4 (yellow) clusters. (Left) Rearrangement of the D1-Asp170
side chain. (Right) Formation of an H\bond betweenW3 and O5 in the Ca-depleted PSII. For clarity, the D1-Asp170 side chain is not shown.

Fig. 5. Potential-energy profiles for the O5 (=O2−) atom between Mn1 and Mn4 for the intact Mn4Ca cluster (black solid curves) and the Ca-depletedMn4 cluster (red dotted curves) in
the S1 (right) and S2 (left) states. (a)W2 = H2O. (b)W2 = OH−. The horizontal axis indicates theMn1–O5distance, which practically describesmovement of theO5 atombetweenMn1
and Mn4moieties. Vertical dotted lines indicate the O5 positions at which the valence of (Mn1, Mn2, Mn3, M4) alters. Note that the energy minimum is set to 0 kcal/mol for each curve.
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Table 4
Geometries of the two S2 conformers (in angstrom). n.d.: not determined.

3ARC This
work

Pantazis et.al. a This work Pantazis et.al. a

O5 O2−

Mn1, 2, 3, 4 III, IV, IV, IV (conformer A a) IV, IV, IV, III (conformer B a)

W2 H2O OH− H2O OH−

Intact Ca
depl.

Intact Intact Ca
depl.

Intact

O1–Mn1 1.87 1.85 1.81 1.87 1.82 1.78 1.85
O1–Mn2 2.06 1.81 1.78 1.87 1.81 1.79 1.89
O1–Ca 2.33 2.34 n.d. 2.49 2.34 n.d. 2.51
O2–Mn2 2.13 1.85 1.79 1.82 1.83 1.78 1.82
O2–Mn3 1.87 1.80 1.78 1.84 1.83 1.79 1.84
O2–Ca 2.49 2.53 n.d. 2.62 2.51 n.d. 2.59
O3–Mn1 1.81 1.94 1.90 1.93 1.85 1.84 1.89
O3–Mn2 2.10 1.86 1.87 1.92 1.84 1.86 1.92
O3–Mn3 2.13 1.86 1.88 2.01 1.88 1.90 1.97
O4–Mn3 2.09 1.85 1.83 1.81 1.82 1.82 1.80
O4–Mn4 2.11 1.75 1.76 1.90 1.76 1.78 1.87
O5–Mn1 2.60 3.08 2.91 3.21 1.90 1.85 1.87
O5–Mn3 2.38 1.91 1.87 1.85 1.89 1.87 1.90
O5–Mn4 2.50 1.79 1.78 1.87 2.92 2.62 3.16
O5–Ca 2.49 2.58 n.d. 2.72 2.58 n.d. 2.73

a See Ref. [12].

Fig. 6. Interconversion of the two conformers in the S2 state in response to movement of
the O5 atom and electron transfer between Mn(III) and Mn(IV). [red] and [ox] indicate
reduced and oxidized states (i.e., Mn(III) and Mn(IV)), respectively.
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(Mn1, Mn2, Mn3, Mn4) = (IV, IV, IV, III) (Fig. 5) and the geometry was
similar to conformer B in Ref. [12] (Table 4). The two conformers were
almost isoenergetic in theoretical studies by Pantazis et al. [12], whereas
the conformer A-like structurewas somewhat stable with respect to the
conformer B-like structure in the present study (Fig. 5); this may be due
to the difference in e.g., the QM size (~240 atoms [12] and ~110 atoms),
the absence/presence of the MM region as a protein environment
(absent [12] and present), spin configuration (antiferromagnetic [12]
and ferromagnetic), and the protonation state of D1-His337 (positively
charged [12] and neutral, respectively).

To evaluate if Ca contributes to the existence of the twoS2 conformers,
we also analyzed the potential energy profile of theMn1\O5\Mn4bond
for the Ca-depleted Mn4 cluster. The resulting potential energy curve for
the Ca-depleted Mn4 cluster resembles that for the intact Mn4Ca cluster,
which demonstrates the existence of the two S2 conformers with (Mn1,
Mn2, Mn3, Mn4) = (III, IV, IV, IV) and (IV, IV, IV, III) in the absence of
Ca (Fig. 5). The two S2 conformers exist irrespective of the protonation
state of W2, i.e., W2 = H2O (Fig. 5a) or OH− (Fig. 5b). Interestingly, the
potential energy curve obtained for the S1 state possesses a single energy
minimum in both the intact Mn4Ca and Ca-depleted Mn4 clusters; this
suggests that there exists only a single conformer in the S1 state (Fig. 5).

Thus, it can be concluded that Ca is not required for generating two
conformers in the S2 state. This is consistent with EPR studies; the S2
state responsible for the multiline signal (conformer A [12] or the (III,
IV, IV, IV) conformer in Figs. 5 and 6) can be converted to the state
responsible for the g = 4.1 signal (conformer B [12] or the (IV, IV, IV,
III) conformer in Figs. 5 and 6) upon the absorption of infrared light in
the Ca-depleted PSII [52–54]. Indeed, the Mn4 cluster can form the S2
state even in the absence of Ca [24,31–33]. It appears that incapability
of the Ca-depleted Mn4 cluster to progress S-state transitions beyond
the S2 state [24,31–33] is not due to significant changes in the electronic
structure of the cluster but due to other factors, e.g., alterations in an
H-bond network, which may play a key role in a proton transfer event
in the S state transitions (discussed later).

The two conformers in the S2 state can be interconvertible by an
electron transfer from an electron donorMn(III) to an electron acceptor
Mn(IV), which is induced by approach of O5 to an electron donor
Mn(III) (Fig. 6). Such an electron transfer event is possible only in the
specific oxidation state Mn(IV)3Mn(III) (i.e., S2), where Mn(IV) must
be reduced concertedly to oxidize Mn(III) in the Mn4Ca cluster; this is
supported by the absence of the corresponding interconvertible con-
formers in the S1 state (Fig. 5).

3.6. Possible mechanism of inhibition of the S state transition: Ca depletion
and Cl− depletion

We observed that Ca depletion induced reorientation/displacement
of water molecules near the Mn4Ca cluster, including the ligand water
molecules of Ca, W3 and W4 (Fig. 4). Among the water molecules, W3
underwent a significant displacement upon Ca depletion, whereas W4
almost remained at the original position in the crystal structure (Fig. 4).
The same tendency has also been reported in the Sr-substituted Mn4
cluster, where upon substitution of Ca with Sr, the Sr\O bond is pre-
dominantly elongated for W3, not for W4 [27]. The larger mobility of
W3 relative to W4may be due to the fact that W3 has only water mol-
ecules as an H-bond partner, whereasW4 has side chains of D1-Tyr161
(TyrZ) and D1-Gln165. Hence, it appears that the W3 position is more
significantly linked with the presence of Ca (or e.g., Sr) than the W4
position.

O5 has no H-bond partner in the 1.9-Å crystal structure [1]. On the
other hand, Ca depletion leads to formation of an H-bond between O5
and W3 (OW3–O5 = 2.79 Å, Fig. 4). In addition, displacement of the
W3 position upon Ca depletion also leads to significant rearrangement
of the H-bond network near TyrZ (Fig. 7). In particular, “the diamond-
shaped cluster (W3 and W5−W7)”, which has been reported to play
a role in forming the unusually short H\bond (≤2.5 Å [1]) between
TyrZ and D1-His190 [38], disappears in the corresponding H-bond
network in the Ca-depleted PSII (Fig. 7).

Remarkably, this region is also a part of an H-bond network that
proceeds toward the protein bulk surface via a chloride ion, Cl-1 (the
Cl-1 pathway) (Fig. 8) [55]. Because Cl− is required to progress through
the S2 to S3 [56,57] and S3 to S0 transitions [58], it has been proposed
that the Cl-1 pathway may be active specifically for the S2 to S3 or S3
to S0 transitions [55]. Thus, the H-bond network of the Cl-1 pathway
can also be affected by Ca depletion. This may explain why the S2 to S3
transition is commonly inhibited in both the Ca-depleted [24,31–33]
and Cl−-depleted [56,57] PSII.

4. Concluding remarks

Using a QM/MM approach and the 1.9-Å crystal structure, we were
able to clarify factors that affect distortion of theMn3CaO4 cubane region
of the Mn4Ca cluster in the PSII protein environment. The geometry of
the Mn4Ca remained essentially unaltered upon Ca depletion (Fig. 3),
as already suggested in Mn K-edge X-ray absorption spectroscopy [22]

image of Fig.�6


Fig. 7.H\bond (blue solid line) patterns in the intact PSII (left) and Ca-depleted PSII (right). Red dotted lines indicate ligation to the Mn4Ca cluster. TyrZ, D1-Gln165, D1-His190, andW7
are included in the MM region, whereas all of the other groups are included in the QM region.
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and ENDOR [23] studies. The Ca component at the binding site contrib-
utes to lengthening theMn1\O5bondby 0.2 Å. However, theMn1\O5
lengthwas 2.5 Å, whichwas significantly long even in the absence of Ca
(Fig. 2), indicating that the Ca component is not primarily responsible
for distortion of theMn3CaO4 cubane region. On the other hand, removal
of Mn4 significantly shortened theMn1\O5 bond to 2.2 Å, significantly
eliminating distortion of the Mn3CaO4 cubane (Fig. 2). Therefore, the
presence of Mn4, and not Ca, is the predominant factor that causes dis-
tortion of theMn3CaO4 cubane in the1.9-Å crystal structure.Mn4,which
is located in the external region of the cubane, plays a role in weakening
theMn1\O5 bond andpossibly increasing or tuning the reactivity of O5
during the water oxidation reaction.

Two interconvertible S2 conformers [12] were observed irrespective
of the presence/absence of the Ca component. The potential energy
curve for the Ca-depleted Mn4 cluster resembles that for the intact
Mn4Ca cluster (Fig. 5). Thus, Ca is not directly responsible for theflexible
coordination ofO5 along theMn1–Mn4axis. Instead,we clarified that the
two conformers have different valence of (Mn1, Mn2, Mn3, Mn4) = (III,
Fig. 8. An H\bond network (the Cl-1 pathway) that proceeds from the TyrZ moiety via a
chloride ion, Cl-1 [55].
IV, IV, IV) and (IV, IV, IV, III), which is interconvertible only in the S2
state via electron transfer between Mn1 and Mn4 (Fig. 6). The corre-
sponding two interconvertible conformers are absent in the S1 state
(Fig. 5).

Ca depletion induces rearrangement of an H-bond network near
TyrZ (including the diamond-shaped water cluster [38], Fig. 7), which
also proceeds via Cl-1 toward the protein bulk surface (Cl-1 pathway
[55], Fig. 8). Rearrangement of the H-bond network of the Cl-1 pathway
upon Ca depletion may explain why both Ca-depletion [24,31–33] and
Cl−-depletion [56,57] commonly inhibit the S2 to S3 transition. These
results provide insights that help our understanding of the assembly
of the Mn4Ca cluster as well as the reaction mechanism of water
oxidation.
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