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Based on characterization by X-ray absorption spectroscopy, it has been proposed that the Mn4CaOs cluster in
the crystal structure of the water-oxidizing enzyme, photosystem II (PSII), may represent an over-reduced form
arising from reduction by the X-ray beam. Using a quantum mechanical/molecular mechanical approach, and
assuming that all of the py-oxo bridges are deprotonated in S;, we analyzed the reduction process of the Mn,CaOs
cluster. In the crystal structure, the O atom (05), which is linked with three Mn atoms and one Ca atom, has no
H-bond. When reduced to S_,, unexpectedly, a water molecule at Ca?* (W3) reoriented itself, formed a H-bond

with O5, and released a proton to O5, resulting in formation of OH™ at both W3 and O5. Once generated, the
OH™ group at O5 was stable, because the W3...05 H-bond had already disappeared. A weak binding of H,O at
Ca®" led W3 to reorient and serve as a proton donor to O5 upon over-reduction.

1. Introduction

In photosystem II (PSII), the Mn,CaOs cluster catalyzes the water
splitting reaction: 2H,0 — O, + 4H™ + 4e”. The release of protons
has been observed in response to changes in the oxidation state (the S,
state, where the subscript represents the number of oxidation steps
accumulated) of the oxygen-evolving complex with a typical ratio of
1:0:1:2 for the Sop—S; — S, — S3 — Sy transitions, respectively [1-3].
The PSII crystal structure reported at a resolution of 1.9 A shows that
water molecules W1 and W2 are ligands to the Mn4 atom of the
Mn4CaOs cluster, and W3 and W4 are ligands to the Ca atom [4,5]
(Fig. 1). Based on the geometry, Umena et al. have proposed that W3
may be OH™ [4]. In the Sr-substituted PSII crystal structure, the
W3-—Sr bond in the Mn,SrOs cluster was specifically longer than the
W3-—Mn bond in the unsubstituted Mn,CaOs cluster [6]. Thus, Koua
et al. have proposed that W3, rather than W4, may be a substrate water
molecule [6].

Yano et al. [7,8] and Dau et al. [1,9] have argued that the atomic
coordinates of the 1.9-A structure [4] are in conflict with the X-ray
absorption spectroscopy (XAS) data collected at a lower X-ray dose, and
suggested that the PSII crystal structure may have been over-reduced
(e.g., up to S_3) during crystallographic data collection, resulting in the
elongation of Mn-—O bonds. Theoretical studies have also suggested
that the PSII crystal structure may be a mixture of over-reduced states,

e.g., S;; and S_, [10-15]. Although over-reduced forms seem likely to
be more protonated to compensate for the excess negative charge (see
discussion in [16]) and a number of possible protonation patterns in the
over-reduced forms have been investigated in theoretical studies in the
absence of the PSII protein environment (e.g., by Galstyan et al. [14]
and Krewald et al. [17], Fig. 2), little is known about the source of the
proton and the mechanism of Mn,CaOs protonation by the PSII protein
environment. For example, i) Krewald et al. analyzed the over-reduced
states, using a simplified computational model, which lacks not only
D1-Val185 but also, e.g., D1-Asn298, D2-Lys317, and Cl ™. Accordingly,
the absence of even the electrostatic interactions between the Mn,CaOs
cluster and these key components indicates that the simplified model do
not correspond to native PSII but the D1-Vall85-lacking [18], D1-
Asn298-lacking [19,20], D2-Lys317-lacking [21], and Cl™ -depleted
[22] PSII (Fig. 2). ii) The simplified model used by Krewald et al. [17] is
essentially identical to that used by Pantazis et al. [23] and Lohmiller
et al. [24]. These simplified models assume that W2 is OH™~ even in the
absence of the strong proton acceptor in the PSII protein environment.
However, it has been shown that W2 is most likely H,O in S; and S,,
using polarized attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy [25]. W2 = H,O0 is consistent with the models
proposed in Refs. [10,26. iii) In the simplified model [23], the open-
cubane and closed-cubane S, conformations were isoenergetic, whereas
in most theoretical studies, the open-cubane S, conformation [i.e.,
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Fig. 1. Overview of the Mn,CaOs cluster in the 1.9-A crystal structure [4]. H-bond donor groups investigated are in cyan. Other water molecules (red) and Mn,CaOsg
(purple, green, and red for Mn, Ca, and O atoms, respectively) are depicted as balls or sticks. H-bonds or ionic interactions are represented by dotted lines.
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Fig. 2. (a) Computational model used in the present work, which has the PSII protein environment. The QM region is depicted as balls or sticks, whereas the MM
region is depicted as lines. (b) Computational model used by Krewald et al. [17], which has no PSII protein environment. This model lacks not only D1-Val185 but

also, e.g., D1-Asn298, D2-Lys317, and Cl ™.

(Mn1, Mn2, Mn3, Mn4) = (III, IV, IV, IV)] is energetically more stable
than the closed-cubane S, conformation [i.e., (Mnl, Mn2, Mn3,
Mn4) = (IV, IV, IV, 1II)] [27-30]. The discrepancy indicates that the
simplified model does not sufficiently represent the PSII protein en-
vironment and does not reproduce the redox potential values for Mn1
and Mn4.

The protonation sites of the Mn4CaOs cluster are five O atoms, O1 to
05 (Fig. 1). O1 to O4 each have corresponding H-bond donors: a water
molecule (W923) for O1, CP43-Arg357 for 02, D1-His337 for O3, and a
water molecule (W539) for O4. Only O5 has no H-bond partner in the
original PSII crystal structures [4,31], which possibly indicates that O5
can be excluded from the candidates of plausible protonation sites.
Although it has been reported that both W2 and W3 are within “the H-
bond distances to O5” (i.e., 0...0 < ~3 A) [4], this does not ne-
cessarily suggest that O5 forms a H-bond with W2 or W3. Indeed, the
H...O...H angles between W2/W3 and O5 do not allow them to form a

proper H-bond in physiological S states (e.g., So and S;) [32,33]. The
absence of a proper H-bond makes proton transfer from O5 unlikely in
the physiological S states, as suggested by theoretical studies [33,34]
and time-resolved infrared measurements [35]. It should be noted that
to propose the O5 deprotonation mechanism in the Sy to S; transition,
Siegbahn removed the hydrophobic D1-Val185 side-chain near O5 and
twisted the ligand D1-His332 side-chain near O5 by 90° to create a
space near O5 and add an extra water molecule [36]. As far as we are
aware, there is no report that could directly demonstrate the release of
the proton from O5 in the Sy to S; transition in the presence of the PSII
protein environment, without significantly manipulating the original
geometry of the PSII crystal structures. Theoretical studies by Pal et al.
[32] show that deprotonation of OH ™~ at O5 was not observed in the Sy
to S transition because of the absence of the H-bond partner of O5 in
the PSII protein environment (i.e., “the QM/MM S, model [32]”). Only
when they used “a small model of the oxidized Sy state [32]” with
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W2 = OH"™, deprotonation of OH™ at O5 was possible. However, as
already mentioned, ATR-FTIR studies suggested that W2 is not OH™ but
H,0 [25]. It seems likely that deprotonation of O5 in the Sy to S
transition is possible only in the absence of the PSII protein environ-
ment (e.g., [17,24,36]).

On the other hand, O4 forms a H-bond with a chain of water mo-
lecules, the O4-water chain. Theoretical studies have suggested that the
O4-water chain facilitates the release of a proton from a p-oxo of 04 in
the Sy to S; transition [33,34]. Recent time-resolved infrared mea-
surements by Shimizu et al. showed that the Sy to S; transition is the
fastest (45 us) among S-state transitions with a small value of 1.2 for
kinetic isotope effect [35].They concluded that deprotonation of 04,
which has the O4-water chain as a proton transfer pathway [33,34], is
more consistent with their results than deprotonation of O5 [32,36].
Recently, Zhang et al. [37] and Chen et al. [38] reported the artificial
Mn4CaO, clusters with exchangeable solvent molecules. Because in all
of the artificial Mn,CaOy, clusters, O5 was present but O4 was absent,
they concluded that O5 in the cubane region is a structurally important
component in the artificial Mn4CaOj, clusters and O4 could be a possible
substrate site [38]. W1 can form a low-barrier H-bond with D1-Asp61 in
higher S states [39], and the proton released from W1 via D1-Asp61 is
likely to be released along the D1-Glu65/D2-Glu312 channel [40].

Although 04 [33,34] and W1 [39] are involved in long proton-
transfer pathways that connects the Mn4CaOs cluster with the protein
bulk surface, these physiological proton transfer pathways may not ne-
cessarily be used for protonation of an over-reduced Mn,CaOs cluster
during crystallographic data collection. Galstyan et al. [14] demon-
strated that upon over-reduction, O3 can be protonated by the release
of a proton from the H-bond partner D1-His337 [14], without using
physiological proton transfer pathways. As the pK, value of a titratable
residue is lowered when the residue is closer to the MnsCaOs moiety
[41], proton transfer from the protein bulk surface to the reduced
Mn,CaOs cluster via the long physiological proton transfer pathways is
less advantageous. In addition, the driving force for the formation of a
low-barrier H-bond is provided by changes in the Mn,CaOs reduction
state (not changes in the bulk state) [34]. Therefore, a proton is more
likely to be provided by the direct H-bond partner of the Mn,CaOs
cluster, in particular upon over-reduction. For proton transfer, forma-
tion of a low-barrier H-bond [42-44] with an over-reduced Mn,CaOs5
cluster is prerequisite. Formation of a low-barrier H-bond cannot be
judged only by the H-bond distances, but should be evaluated by the
potential-energy profile, as pointed out by Schutz and Warshel [43]. As
far as we are aware, the potential-energy profiles of the H-bonds of the
over-reduced Mn4CaOs cluster have not been reported in the presence
of the PSII protein environment.

Here, we analyzed the reduction processes of the deprotonated S;-
Mn,CaOs cluster [45-49] in the presence of the explicit PSII protein
environment, using a quantum mechanical/molecular mechanical
(QM/MM) approach, considering not only the Mn4CaOs cluster and the
ligand residues but also the second sphere residues and the H-bond
network quantum chemically.

2. Computational procedures
2.1. Coordinates and atomic partial charges

The atomic coordinates of PSII were obtained from the X-ray
structure of the PSII monomer unit “A” of the PSII complexes from
Thermosynechococcus vulcanus at a resolution of 1.9A (PDB ID: 3ARC)
[4]. Hydrogen atoms were generated and energetically optimized with
CHARMM [50], while 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 proto-
nated). D1-His337 was considered to be protonated [25]. For the QM/
MM calculations, we added additional counter ions to neutralize the
entire system. Atomic partial charges of the amino acids were adopted
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from the all-atom CHARMM?22 [51] parameter set. The atomic charges
of the cofactors were taken from our previous studies on PSII [52].

2.2. QM/MM calculations

We employed the electrostatic embedding QM/MM scheme, in
which electrostatic and steric effects created by a protein environment
were explicitly considered, and we used the Qsite [53] program code, as
in previous studies [54]. We employed the unrestricted DFT method
with the B3LYP functional and LACVP* basis sets. To analyze the
Mn,CaOs geometries in S; and deprotonated S, states, the QM region
was defined as the Mn4CaOs cluster (including the ligand side-chains of
D1-Asp170, D1-Glu189, D1-His332, D1-Glu333, D1-Asp342, and CP43-
Glu354, and the backbone of D1-Ala344), the ligand water molecules of
W1-W4, the O4-water chain (W538 and W539), the D1-His337 net-
work (W370 and W387), and the Ol netwotk (W398, W778, and
W923). To analyze the Mn,CaOs geometries in S_j, s ,, and s, and the
H-bond potential-energy profiles, the QM region was defined as the
Mn4CaOs cluster (including the ligand side-chains of D1-Asp170, D1-
Glul89, D1-His332, D1-Glu333, D1-Asp342, and CP43-Glu354, and the
backbone of D1-Ala344), the ligand water molecules of W1-W4, the
0O4-water chain (W538 and W539), the D1-His337 network (W370 and
W387), the O1 netwotk (W398, W778, and W923), the Cl-1 binding site
(Cl-1, W442, W446, and the side-chains of D1-Asn181 and D2-Lys317),
the second-sphere ligands (side-chains of D1-Asp61 and CP43-Arg357),
the H-bond network of TyrZ (side-chains of D1-Tyr161, D1-His190, and
D1-Asn298), and the diamond-shaped cluster of water molecules [52]
(W5, W6, and W7). Specifically, the coordinates of the heavy atoms in
the surrounding MM region were fixed at their original X-ray co-
ordinates, while 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. All
of the H-bond partners were included in the QM region, which did not
hinder proton transfer along the H-bonds in calculations. The cluster
was considered to comprise ferromagnetically coupled Mn atoms,
where the total spin S = 14/2, 15/2, 16/2, 17/2, and 18/2 in S;, Sy,
S_1, S_», and S_s, respectively. We assigned the valence of Mn atoms
from calculated Mulliken spin populations. Note that the resulting op-
timized Mn,CaOs geometry appears not to be crucial to the spin con-
figurations within the same Mn redox distribution, as demonstrated in
previous theoretical studies [12,27].

2.3. H-bond potential energy

To follow the proton transfer (PT) pathways, we employed an
iterative (constrained) QM/MM geometry optimization, with fixing of
the selected reaction coordinate. First, we prepared the QM/MM opti-
mized geometry without constraints, and we used the resulting geo-
metry as the initial geometry. Next, the reaction coordinate was defined
as a linear combination of two PT distances (O/Ngonor—H and
H—Opgcceptor)- The H atom was then moved from the H-bond c}onor atom
(O/Ngonor) toward the acceptor atom (O,cceptor) by 0.05A, and the
geometry was optimized by constraining the O/Ngono—H and
H—Ogcceptor distances in order to follow the proton motion. Next, we
calculated the energy of the resulting geometry at each PT coordinate.
This procedure was repeated until the H atom reached the Ogcceptor
atom. Except for the atoms directly involved in the PT reaction co-
ordinate (i.e., O/Ngonor, transferring H, and Ogcceptor atoms), all the
atomic coordinates in the QM region were fully relaxed (i.e., not fixed)
in the generation of the scans.

2.4. Protonation states and H-bond partners of the Mn,CaOs cluster
Previous electron spin echo envelope modulation (ESEEM) and

electron nuclear double resonance (ENDOR) studies have suggested
that all of the u-oxo bridges of the Mn,CaOs cluster are deprotonated in
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the S, state [49]. Because proton release is not observed in the S; to S,
transition, the ESEEM and ENDOR data thus imply that the p-oxo
bridges of the Mn,CaOs cluster are already deprotonated in S; [45-49].
If the PSII crystal was originally in S; before X-ray exposure, the de-
protonated Mn4CaOs cluster (i.e., O1 to O5 are 027) should have been
reduced during crystallographic data collection. Thus, we assumed that
the p-oxo bridges of the Mn4CaOs cluster were initially fully deproto-
nated in S; and further reduced by accepting protons via the H-bonds
during X-ray exposure. The possible protonation of the Mn,CaOs cluster
was considered to originate from the proton of the immediate proton
donors.

To analyze the potential-energy profiles of the H-bonds in the
Mn4CaOs cluster, we considered the following bonds: O1...W923,
02...CP43-Arg357, 03...D1-His337, 04...W539, and O5...W3.
Siegbahn rationalized that O5 (=OH ™) deprotonation occurred in the
So to S; transition, by assuming an additional water molecule near O5
in DFT calculations, which was invisible in the original PSII crystal
structure [36]. If there were a properly oriented proton acceptor for O5,
then it would help decrease the energy barrier for the release of a
proton from O5. However, as pointed out in ref. [33], in the actual
geometry of the PSII crystal structure, the water molecule cannot be
placed at the corresponding position because of the presence of the
hydrophobic D1-Vall85 side-chain. Thus, we neither specifically
modeled the corresponding water molecule nor specifically added
protons in the reduced Mn,CaOs cluster (e.g., at O5 in Sp).

Mn3-Mn4 is a key distance that can allow us to evaluate the re-
duction state of PSII crystal structures with respect to geometries ob-
tained from ENDOR, EPR, or simulation of the EXAFS [7,9,45-47,58] in
S;. From ENDOR, EPR and simulation of the EXAFS, it has been pro-
posed that a Mn——Mn distance is ~2.7A in Si (2.73A [58], 2.72A
[45], or 2.75 A [46]). In the present calculations, Mn3-Mn4 was 2.76 A
in S;.

3. Results
3.1. Overall shape of the over-reduced Mn,CaOs cluster

For the deprotonated Mn4CaOs cluster, the resulting Mn oxidation
states (Mn1, Mn2, Mn3, Mn4) were (III, III, IV, III) in Sy, (III, IIL, IV, II)
in S_y, (IIL, III, IIT, II) in S_», and (II, III, IIL, II) in S_s in the PSII protein
environment. The overall shape of the deprotonated Mn4CaOs cluster
and the H-bond geometry essentially remained unchanged in S; [33],
So, and S_; (Fig. 3). In contrast, there were remarkable changes in the
geometry when reduced from S_; to S_, (Fig. 3). In S_,, the potential
energy profile suggests that protonation of O2 by CP43-Arg357 and
protonation of O3 by D1-His337 [14] can occur (Fig. 4). The most
striking feature was the formation of the H-bond between O5 and W3
by donation of a H-bond from H,0O at W3 to 0~ at O5 (Fig. 3). As the
cluster was reduced, the O5...H-Oyy3 angle of 67° in S; (i.e., no H-bond)
was increased to 87° in Sy (no H-bond), 109° in S_; (no H-bond), and
finally 151° in S_,.

Protonation was not observed upon reduction of deprotonated S; to
S_; via Sy, i.e., over-reduction of deprotonated S; to Sy was an electron
transfer (ET) process. In contrast, the physiological Sy to S; transition is
a proton-coupled electron transfer (PCET) process. Thus, the Mn oxi-
dation state in over-reduced Sy (111, III, IV, III) was different from that in
physiological Sy, (III, IV, III, III) for the O4-protonated (04-H, e.g.,
[33]) and O5-protonated (O5-H, e.g., [28]) Mn,4CaOs clusters. The
difference in the Mn oxidation state is due to the difference in the Sy
protonation state (protonated in physiological So and deprotonated in
over-reduced S0). Mn3(IV) was more significantly destabilized by 04-H
or O5-H in physiological Sy than by deprotonated O4 or deprotonated
05 in over-reduced Sy. The difference in the protonation state and the
Mn oxidation state in Sp also implies the irreversibility between over-
reduction and physiological oxidation processes.

In S_,, reduction of Mn3 makes O5 attract both Mn1(III) and the W3
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Fig. 3. Changes in the Mn4CaOs geometries upon reduction (So, S_;, and S_5)
and protonation (S_30s.n). 1) Reduction of deprotonated S; (III, IV, IV, III)
resulted in deprotonated S, (IIL, III, IV, III). 2) Upon reduction of Sy to S_;,
Mn4(I1I) was preferentially reduced to Mn4(Il), because Mn4 is involved in only
two Mn——O0 bonds. 3) In S_,, W3 reorients toward O5 and donates an H-bond
with O5. 4) Once proton transfer occurs and forms protonated O5, OH™ at O5
does not orient toward W3 and cannot form an H-bond with W3. See
Supporting Information for the atomic coordinates.
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Fig. 4. The energy profiles along the proton transfer coordinate for H-bonds
with deprotonated Mn,CaOs cluster in a) S_;. H-bonds are O1...W923 (01),
02...CP43-Arg357 (02), 03...D1-His337 (03), 04...W539 (04), and 05...W3
(05). The energy drop in O5 is due to an alteration of an H-bond pattern in the
diamond-shaped cluster of water molecules near TyrZ. b) S_,. For comparison,
the energy minimum in the H-bond partner moiety was set to zero. c)
Heterogeneity in the energy profiles for forward proton transfer from H;Ows3 at
Ca®* to 052~ (solid thick curve with closed circles) and backward proton
transfer from O5-H™ to OwsH ™ (dotted thick curve with open circles) in S_,.
The solid and dotted arrows indicate forward and backward proton transfer,
respectively. The red dotted arrow indicates the relaxation process (i.e., reor-
ientation of OH™ at O5) after formation of OH~ at both W3 and O5.

proton more strongly (Fig. 3, panel 3), which shortens the W3-05 bond
to 2.58 A (i.e., the W3-H...05 H-bond forms). The short O5...0Oy3 H-
bond in S_, implies that the H atom is significantly migrated toward the
acceptor O5 moiety. Because the characteristics of H-bonds cannot be
analyzed solely by the H-bond distances, we analyzed the potential-
energy profiles of the H-bonds in the Mn,CaOs cluster, i.e., 01...W923,
02...CP43-Arg357, 03...D1-His337, 04...W539, and O5...W3. The
potential-energy profile suggests that the energy barrier for proton
transfer along the O5...0w3 bond is high and the Mn4CaOs cluster re-
mains deprotonated in S_; (Fig. 4a). In contrast, S_, strongly requires
protonation at any of the five O atoms of the Mn4CaOs (Fig. 4), in-
cluding O5. Remarkably, the O5...03 H-bond exists in S_, only before
proton transfer occurs from W3 to O5 and disappears immediately
afterward (Fig. 3). After protonation of O5, the H-bond disappears as
indicated by an increase in the O5...Oys3 distance from 2.58 (Fig. 3,
panel 3) to 2.94 A (Fig. 3, panel 4) and a decrease in the O5...H-Ows3
angle from 151 to 126°. It should also be noted that all the other H-
bonds remained during over-reduction.

In S_3, where (Mnl, Mn2, Mn3, Mn4) = (I, III, III, II) and
O5 = OH ™, protonation of O2 by the H-bond donor CP43-Arg357 and/
or protonation of O3 by the H-bond donor D1-His337 occurred, re-
sulting in three different protonation patterns, (02——H, O3-—H,
05—H), (02-—H, 05——H), and (03-—H, O5-—H). See Supporting
Information for the atomic coordinates of the resulting QM region.
These protonation states can energetically co-exist and it seems likely
that the protonation pattern of the Mn,CaOs cluster is not unique in S_s,
which might be associated with S_; being the dominant over-reduced
state [11].

3.2. Mn——O0 lengths in the over-reduced Mn,CaO:s cluster

According to XAS studies, the PSII crystal structure may have been
over-reduced during crystallographic data collection, resulting in the
elongation of Mn——O bonds [1,7-9]. Yano et al. estimated that ~25%
of the Mn ions are reduced to Mn(II) in the 1.9-A structure [8]. Mn(II),
which is absent in the S state over S, is generated on the dangling Mn4
site upon reduction to S_; and S_, (Fig. 3). As proposed by XAS studies,
Mn4(II-05 (1.94 Ain Sp) is lengthened to 2.17 Ain S_; in response to
the formation of Mn4(II)-O5. The same tendency also holds true for
Mn4-04, i.e., Mn4(Ill)-04 = 1.94 A in So and Mn4(I)-04 = 2.04 A in
S_].

However, it should also be noted that a long or even longest Mn——0O
bond does not necessarily contain Mn(II) in the over-reduced Mn,CaOs
cluster. Indeed, Mn4(ID-O5 (2.17A) is shorter than Mn1(IID-O5
(2.50 A) in S_; (Fig. 3). Furthermore, Mn4(ID-O5 (2.17 A in S_; and
2.11 A in S_y; Fig. 3) is even shorter than Mn4-05 (2.50 A [4]) of the
1.9-A structure. These facts suggest that the presence of Mn(II) should
not be evaluated based only on the Mn——O distances.

4. Discussion

The protonation of O5 by W3 upon over-reduction, as reported here,
is unique since O5 has no direct H-bond partner in the original
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geometry of the 1.9-A structure [32]. To form a H-bond between O5
and W3, deformation of the Mn,CaOs geometry is needed. In the de-
protonated Mn4CaOs cluster, reduction of S_; (IIL, III, IV, II) to S_, (III,
I1I, III, 1II) occurs with reduction of Mn3(IV) to Mn3(III), which sig-
nificantly lengthens the Mn3(III)-O5 bond to 2.26 A as the Jahn-Teller
axis (Fig. 3). Notably, the Mn3(III)-O5 bond length of 2.26 A is similar
to the Mn3-05 bond lengths of 2.20 A determined by Suga et al. [31]
and 2.38 A determined by Umena et al. [4] based on the crystal
structures. Based on these results, it seems likely that the long Mn—05
distances in the PSII crystal structures do not necessarily be interpreted
as the Mn(Il)-containing over-reduced cluster or the O5-H cluster.

4.1. Mechanism of O5 protonation by W3 at Ca®*

The forward proton transfer from H,O at W3 to deprotonated O5
can occur in S_, but the backward proton transfer from OH™ at O5 to
OH™ at Ows is energetically disfavored because the O5...Ow3; H-bond
disappears immediately once the forward proton transfer occurs
(Fig. 3). The loss of the H-bond makes proton transfer specifically to O5
in S_, irreversible (even in the same S state), in contrast to proton
transfer to other O sites (Fig. 4b, c). Thus, once generated, OH™ at O5
remains stable.

If a water molecule were able to access the O5 moiety, OH™ at O5
might release a proton via the water molecule. However, this is not the
case for O5, because the O5 moiety is hydrophobic due to the conserved
D1-Val185 side-chain being ~3.5A away [4,31]. In addition, there is
no space near O5 to place a water molecule, as demonstrated by Sieg-
bahn [36], who placed a water molecule at O5 only after removing the
D1-Val185 side-chain and twisting the D1-His332 side-chain by 90°
(discussed in refs. [33, 60]). Dynamics of D1-Vall85 cannot increase
the cavity space at O5. Indeed, molecular dynamics simulations using
the water-removed PSII structure demonstrated that no water molecule
could enter the O5 moiety even at the time scale when most of the
water molecules found in the crystal structure (including those in the
water channels near the Mn,CaOs cluster) were reproduced [40].

The irreversible proton transfer from W3 to O5 is due to the loss of
the H-bond after the forward proton transfer, which ultimately origi-
nates from the weak ligation of W3 to Ca®>*. Both W2 and W3 are at a
distance of 3.0-3.1 A from 05 [4]. Upon reduction to S_,, W3 moved
away from Ca®*, reoriented toward O5, and the proton migrated sig-
nificantly toward O5, being ready for proton transfer (Fig. 3), whereas
W2 remained fixed. The weak binding of W3 at Ca®>* (with respect to
W2 at Mn2) makes reorganization of W3 (i.e., reorientation of W3 and
donation of a H-bond to O5) and exergonic proton transfer possible
upon over-reduction.

The large mobility of a water molecule at Ca>* reported here may
resemble the Ca?*-mediated water oxidation models in the S, to S3
transition, in which a water molecule near Ca®* (e.g., W3) releases a
proton and is incorporated into the O5 moiety [61,62], rather than the
Mn4-mediated models, in which a water molecule at Mn4 releases a
proton and is incorporated into the O5 moiety [63-65]. It seems likely
that in S_,, interaction between the Mn4-d and W2-p orbitals makes W2
immobile with respect to W3 (Fig. 5).

In general, deprotonation of a water molecule occurs effectively
when it directly binds at the redox-active site, e.g., release of the proton
from protonated O4 upon oxidation of Mn3 in the Sy to S; transition
[33] and from W1 upon oxidation of Mn4 in the S, to S5 transition [39].
In both cases, the O atom, as a deprotonation site, directly binds at Mn
and form a short low-barrier H-bond with the proton acceptor (a water
molecule W539 for 04 [33] and D1-Asp61 for W1 [39]). It is unclear
how W3 at Ca®* could deprotonate specifically in the S, to Ss transi-
tion, because Ca®" is never oxidized during the S-cycle. Nakamura and
Noguchi proposed that oxidation of Mn1 and Mn4 would alter the po-
larization of the ligand residues D1-Glul89 and D1-Aspl170 and de-
crease pK, of W4 and W3, respectively [67], which might be a possible
mechanism if W3 or W4 released the proton in the S, to S; transition.
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Fig. 5. The absence of molecular orbitals at the Ca>* moiety in S_,.

However, the decrease in pK, of W3 at redox-inactive Ca®* via changes
in the polarization of D1-Asp170 is somewhat indirect and thus smaller
than the decrease pK, of W1 and W2 at redox-active Mn4. In addition,
W1 at Mn4 has D1-Asp61 as a H-bond acceptor, whereas W3 has no
corresponding acidic residue. These suggest that deprotonation of W3
would be a process with a high activation barrier. A proton transfer
pathway via TyrZ proposed by Nakamura et al. might possibly con-
tribute to the deprotonation of W3 [68], the mechanism of which re-
quires the release of a proton from the closed H-bond between TyrZ and
D1-His190, i.e., not the typical Grotthuss-like proton conduit.

4.2. Long O5——Mn distances

The presence of OH™ at O5 was originally proposed for the S; state
by Umena et al. based on the long O5-—Mn distances in the crystal
structure [4]. Suga et al. also favor a model where O5 is OH™ in S;
[31,69]. These proposed models may be in line with theoretical cal-
culations. QM/MM studies by Shoji et al. [70] have reproduced two of
the three significantly lengthened distances between O5 and the ad-
jacent Mn ions (i.e., 05-Mnl and O5-Mn4) in the crystal structures
when assuming OH™ at O5. On the other hand, the O5-Mn3 distance
(2.201& determined by Suga et al. [31] and 2.38 A determined by
Umena et al. [4]) were not reproduced even when O5 was assumed to
be OH™ (e.g., 1.96 A by Shoji et al. [70]), as pointed out in ref. [33].
The present QM/MM calculations resulted in the O5-Mn3 distance of
2.26 A, which essentially reproduces the distance of ~2.3 A determined
in the crystal structures, without assuming the presence of OH™ at O5
(Fig. 3, panel 3). This suggests that a significantly lengthened O5-—Mn
distance may be due to Mn(Ill), such that O5-Mn(IIl) serves as the
Jahn-Teller axis.

5. Conclusions

Using QM/MM calculations, we analyzed the reduction processes of
the deprotonated Mn,CaOs cluster in the PSII protein environment.
Upon over-reduction, W3 at Ca?* reoriented toward O5, formed a H-
bond with O5, and transferred a proton because of the weak binding of
W3 at Ca®™, whereas W2 remained immobile. The H-bond between W3
and O5 disappeared immediately after proton transfer. Thus, once
generated, OH™ at O5 remained stable. The driving force for the for-
mation of the H-bond between W3 and O5 was provided by the
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reduction of Mn3(IV) to Mn3(IIl), the site where O5 directly binds. As
viewed, O5 is easily protonated upon over-reduction, but —this does not
necessarily mean that O5 is the deprotonation site in the S, to
S, transition. Notably, all computational studies that suggested that O5
was the deprotonation site in the Sy to S; transition were conducted
using the simplified DFT models in the absence of the PSII protein en-
vironment [17,24,32,36], which cannot consider electrostatic interac-
tions and/or hydrophobic space of key components, e.g., D1-Val185
[18], D1-Asn298 [19,20], D2-Lys317 [21], and Cl~ [22] (see Refs.
[33,60]). It seems most likely that in the presence of the PSII protein
environment O5 is the protonation site upon over-reduction but not the
proton-releasing site in the physiological Sy to S; transition.
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