
Short Hydrogen Bond between Redox-Active Tyrosine YZ and D1-
His190 in the Photosystem II Crystal Structure
Keisuke Saito,† Jian-Ren Shen,‡ Toyokazu Ishida,§ and Hiroshi Ishikita*,†,∥

†202 Building E, Career-Path Promotion Unit for Young Life Scientists, Graduate School of Medicine, Kyoto University,
Yoshida-Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan
‡Division of Bioscience, Graduate School of Natural Science and Technology/Faculty of Science, Okayama University, Okayama
700-8530, Japan
§Nanosystem Research Institute (NRI), National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba Central
2, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan
∥Japan Science and Technology Agency (JST), PRESTO, 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan

*S Supporting Information

ABSTRACT: The crystal structure of photosystem II (PSII) analyzed at a resolution of 1.9
Å revealed a remarkably short H-bond between redox-active tyrosine YZ and D1-His190
(2.46 Å donor−acceptor distance). Using large-scale quantum mechanical/molecular
mechanical (QM/MM) calculations with the explicit PSII protein environment, we were
able to reproduce this remarkably short H-bond in the original geometry of the crystal
structure in the neutral [YZO···H···Nε-His-NδH···OAsn] state, but not in the oxidized
states, indicating that the neutral state was the one observed in the crystal structure. In
addition to the appropriate redox/protonation state of YZ and D1-His190, we found that the
presence of a cluster of water molecules played a key role in shortening the distance between
YZ and D1-His190. The orientations of the water molecules in the cluster were energetically
stabilized by the highly polarized PSII protein environment, where the Ca ion of the oxygen-evolving complex (OEC) and the
OEC ligand D1-Glu189 were also involved.

The reaction center of Photosystem II (PSII) consists of the
D1/D2 heterodimer, harboring the PD1/PD2 chlorophyll a

(Chla) pair, the ChlD1/ChlD2 accessory Chla pair, two
pheophytin a species (PheoD1 and PheoD2), two quinones,
and two additional Chla species [ChlZ(D1) and ChlZ(D2)] as the
redox-active cofactors. P680, which absorbs light at a
wavelength of 680 nm, is formed among the four central
Chla molecules, PD1, PD2, ChlD1, and ChlD2. Excitation of P680
leads to the formation of the ChlD1

•+PheoD1
•− state,1,2 followed

by the [PD1/PD2]
•+PheoD1

•− state. The resulting [PD1/PD2]
•+

state serves as an electron abstractor for the oxygen-evolving
cluster (OEC) via the redox-active tyrosine D1-Tyr161 (YZ).
The released proton remains near YZ, i.e., between YZ and D1-
His190 (reviewed in ref 3). Upon oxidation by P680, YZ
transforms from the protonated YZOH state4,5 to the
deprotonated neutral radical state YZO

• in the presence of
the neutral state of D1-His190 above pH ∼7. Below pH ∼7,
oxidation of YZ may result in a positively charged (protonated)
state in OEC-depleted PSII as suggested by spectroscopic
studies6 (Figure 1), although the extent to which this is relevant
to native PSII is not clear at present.7−9 Because of the
significant involvement of YZ in the four-electron and four-
proton abstraction reactions from 2H2O to yield O2, its redox
and protonation properties have attracted considerable
attention.10,11

Recently, the PSII crystal structure from Thermosynechococcus
vulcanus was reported at a resolution of 1.9 Å, which revealed

all of the components of the OEC cluster, giving rise to a
chemical formula of Mn4CaO5.

12 In addition, all of the amino
acid ligands of the OEC cluster were unambiguously assigned,
and a number of bound water molecules, in particular those in
the neighborhood of the OEC cluster and YZ, were reported for
the first time. The 1.9 Å structure confirmed that the OH group
of YZ was an H-bond distance from Nε of D1-His190. Most
strikingly, the donor−acceptor distance of this H-bond (OYZ

−
Nε,His distance) is very short, 2.46 Å based on Protein Data
Bank (PDB) entry 3ARC (Figure 2) (a value of 2.5 Å was
reported in ref 12 because of the estimated experimental
uncertainty of 0.16 Å). The assignment of the atoms of YZ and
D1-His190 appears to be quite reliable because the B factors of
YZ (22.4 for hydroxyl O), D1-His190 (22.4 for Nε and 23.3 for
Nδ), and water molecules in the neighborhood (25.5 for W713)
were relatively small for membrane proteins. In comparison
with the corresponding distances of 2.78 Å in the previous 3.0
Å structure,14 2.67 Å in the previous 2.9 Å structure,15 and
2.82,16 2.83,17 and 2.88 Å18 in the geometry-optimized Tyr-His
model complexes, the OYZ

−Nε,His distance of 2.46 Å in the 1.9
Å structure is unusually short. It is therefore interesting to see
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how this short H-bond is energetically possible and what makes
this distance so short.
In this study, we used a large-scale quantum mechanical/

molecular mechanical (QM/MM) approach to investigate the
dependencies of the H-bond distance between YZ and D1-
His190 on the protonation states of the two residues and found
that the short distance observed in the crystal structure was
reproduced in only one specific protonation state. Consid-
eration of a cluster of water molecules near YZ and the OEC

cluster in the QM region allowed us to identify the factors that
contributed to the short H-bond, which are also important for
maintaining the intactness of the OEC structure.

■ COMPUTATIONAL PROCEDURES

As demonstrated in the previous article,19 we employed the
following systematic modeling procedure. First, we constructed
a realistic molecular model of the whole PSII complex using the
recent high-resolution crystal structure. Second, to gain a better
understanding of the electronic structure of YZ, D1-His190, D1-
Asn298, and the water molecules in the neighborhood, we
performed large-scale QM/MM calculations for the PSII
protein. Technical details of each modeling procedure are
summarized below.
Coordinates. The atomic coordinates of PSII were taken

from the X-ray structure of the PSII complexes from T. vulcanus
at 1.9 Å resolution (PDB entry 3ARC).12 Hydrogen atoms
were generated and energetically optimized with CHARMM.20

On the other hand, 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 the QM/MM calculations, we
added additional counterions to neutralize the whole system.
Atomic Partial Charges. Atomic partial charges of the

amino acids were adopted from the all-atom CHARMM2221

parameter set. The atomic charges of Chla, Pheoa, and
quinones were determined by fitting the electrostatic potential
in the neighborhood of these molecules using the RESP
procedure.22 The electronic wave functions were calculated
after the optimization of the geometry with the DFT module in
JAGUAR23 (B3LYP/LACVP*). The OEC models employed,
including the atomic charges and the protonation states, are
described below.

Figure 1. Reaction scheme of photooxidation of YZ.
6

Figure 2. Geometry of YZ, D1-His190, D1-Asn298, and a cluster of
water molecules identified in the 1.9 Å structure (top), viewed from
two different orientations. H-Bonds and ligations are represented as
dotted and solid lines, respectively. For numbering of water molecules,
see ref 13. Atomic composition of the OEC cluster (bottom).
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OEC Models. In the S1 state, the valences of the four Mn
atoms are most probably two at III and two at IV. The formal
charges of the OEC components were assumed to be as
follows: two Mn ions = +3, another two Mn atoms = +4, Ca =
+2, D1-Asp170, Glu189, Glu333, Asp342, Ala344, and CP43-
Glu354 = −1 (deprotonated), D1-His332 = 0 (neutral), and
CP43-Arg357 = +1 (protonated). The exact valences of the
individual Mn atoms are unclear; however, we found that
changing the valences of each Mn atom with the same overall
charge distribution described above did not affect our
calculated results significantly.19 The protonation states of the
O atoms (and thus the net charge of the OEC atoms) in the
OEC cluster remain unclear (Figure 2, bottom). Although O1−
O3 are likely to be unprotonated O2−, on the basis of the
observations of the OEC geometry, the protonation states of
O4 linking Mn4 and Mn3 in the Mn3CaO4-cubane, and O5 in
one of the corners of the cubane linking Mn4 and the cubane,
require further investigation as they might be O2−, protonated
OH−, or even H2O. Although the relevant S state of the OEC
cluster in the crystal structure remains open,24 we considered
the OEC cluster as being in the S1 state in this study.
The difference in the net charge or the protonation states of

the system did not significantly alter the calculated H-bond
donor−acceptor distances among the different models (where
the valence of the four Mn atoms remains unchanged), e.g.,
OYZ

−Nε,His distances of 2.47 Å in the (O4)2−(O5)H− model,
2.46 Å in the (O4)H−(O5)H− model, and 2.51 Å in the
(O4)2−H2(O5) model (Table S1 of the Supporting Informa-
tion). We discuss the (O4)2−(O5)H− model in this study (for
the QM/MM optimized geometries of YZ, D1-His190, and D1-
Asn298, see Table S2 of the Supporting Information).
QM/MM Calculations. In all QM/MM calculations

reported here, we employed the so-called electrostatic
embedding QM/MM scheme. In all QM/MM calculations,
we used the Qsite25 program code. Electrostatic as well as steric
effects created by the PSII protein environment were explicitly
considered in all these calculations. Because of the large size of
the system of PSII, we considered residues and cofactors in
only subunits D1, D2, CP47, and CP43 and performed the
QM/MM calculations in the following two steps.
In the initial QM/MM calculation, the entire OEC cluster

was defined as the QM region and the remaining protein
subunits and cofactors were defined as the MM region. During
the calculation, the heavy atom positions of the QM region
were fixed. Because the purpose of the initial QM/MM
calculation was to determine the proper H atom positions and/
or orientations of the OEC cluster as well as the proper atomic

partial charges of the entire OEC cluster, this treatment was
accurate enough to describe the electronic structure of the
OEC region. In addition, this treatment, without moving the
heavy atoms of the OEC cluster, should effectively suppress
possible artifacts caused by the uncertainty of the actual redox
state (S state) of the OEC cluster in the 1.9 Å structure (e.g., a
mixture of states possibly including S0, S−1, and S−2, as
suggested in recent theoretical studies24) on the resulting QM/
MM optimized atomic coordinates of Mn4CaO5. Table S3 of
the Supporting Information lists the resulting atomic partial
charges of the OEC cluster.
In the final QM/MM calculation, the QM region was

redefined as side chains of YZ (D1-Tyr161), D1-His190, and
D1-Asn298, the Ca of the OEC cluster (note that the Ca
position was fixed), and water molecules that are H-bond
distances from the side chain N or O atoms of the three key
residues (i.e., W3−W7,13 HOH349, HOH1014, and
HOH1117), whereas other protein units and all cofactors
were approximated by the MM force field. All of the atomic
coordinates in the QM region (including those of the eight
water molecules) were fully relaxed (i.e., not fixed) in the final
QM/MM calculation. The OEC cluster was included in the
MM region with the atom positions and atomic partial charges
being fixed to the resulting geometry and/or charges as
obtained in the initial QM/MM calculation. We employed the
restricted DFT method for describing the closed-shell
electronic structure and the unrestricted DFT method for the
open-shell electronic structure with the B3LYP functional and
LACVP* (for OEC cluster) or LACVP**+ (for YZ, D1-His190,
and D1-Asn298) basis sets.
For following the proton transfer (PT) pathways, we

employed an iterative (constrained) QM/MM geometry
optimization that included fixing the selected reaction
coordinate. The reaction coordinate was defined as a linear
combination of two PT distances (OYZ

−H and H−Nε,His).
Except for the atoms directly involved in the PT reaction
coordinate (i.e., OYZ

, a transferring H, and Nε,His atoms), all of
the atomic coordinates in the QM region (including those of
the eight water molecules) were fully relaxed (i.e., not fixed) in
the generation of the scans. We did not observe detectable
changes in the position of the water molecules during the
analysis.
Starting from the QM/MM refined geometry of the initial

QM fragment (H is attached to YZ), we determined the PT
pathway by gradually optimizing the positions of the protons
along the selected reaction coordinate with a small step size
(0.02 or 0.05 Å). A total of ∼20−40 points were determined

Table 1. H-Bond Distances (in angstroms) for YZ in QM/MM Optimized Geometries (B3LYP/LACVP**+) in the PSII Protein
Environment in the (O4)2−(O5)H− Modela

redox state OY−Nε,His OY−H H−Nε,His OY−OW7 Nδ,His−OAsn rmsd

original (1.9 Å structure) 2.46 −b −b 2.62 2.60
[YZO···H···Nε-His-NδH···OAsnc]0 2.47 1.13 1.34 2.61 2.64 0.134

2.47 1.31 1.17 2.58 2.63 0.130
[YZO···H···Nε-His-NδH···OAsnc]+ 2.70 1.69 1.03 2.69 2.57 0.150
[YZOHd···HNε-His-NδH···OAsnc]+ 2.70 1.68 1.03 2.80 2.56 0.166

aThe H-atom positions between the H-bond donor and acceptor atoms are indicated in bold. Abbreviations: OY, phenol O atom of YZ; Nε,His, Nε

atom of D1-His190 as an H-bond partner of YZ; OW7, O atom of crystal water W7; Nδ,His, Nδ atom of D1-His190 as an H-bond partner of D1-
Asn298; OAsn, side chain O atom of D1-Asn298; rmsd, root-mean-square deviation of the optimized side chain heavy atoms of YZ, D1-His190, and
D1-Asn298 with respect to those of the 1.9 Å structure. bNot applicable. cThe O atom of the side chain CO group of D1-Asn298 is the H-bond
partner of D1-His190, as seen in the original crystal structure. dThe H atom of YZOH is not the one in the focusing H-bond (Figure 1c). The OY−H
distance of YZOH is 1.00 Å.
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along the reaction coordinate by the iterative QM/MM
procedure. All stationary structures were confirmed by
vibrational frequency calculations, which were performed by a
numerical differentiation method at the same level of the QM/
MM geometry optimization.
Model Systems for Comparison with the PSII Protein

Environment. The atomic coordinates of Tyr-His, Tyr-His-
Asn, and Tyr-His-Asp model systems consisted of the amino
acid side chains and the methylated Cβ atom. The stable
geometries were obtained after geometry optimization had
been performed with the DFT module in JAGUAR23 (B3LYP/
LACVP**+) in a vacuum. See Table S4 of the Supporting
Information for the optimized geometries.

■ RESULTS AND DISCUSSION

H-Bond/Protonation Pattern Corresponding to the
Geometry in the Crystal Structure. Prior to the transfer of
an electron from the OEC to P680 via YZ, YZ is likely to be
protonated (YZOH),4,5 whereas the H-bond partner D1-His190
is likely to be neutral (protonated at the Nδ site) above pH ∼7
and positively charged (protonated at both Nε and Nδ sites)
below pH ∼7.6 As a result of the QM/MM geometry
optimization, the neutral [YZO···H···Nε-His-NδH···OAsn]
state [the initial state above pH ∼7 (Figure 1a)] resulted in an
OYZ

−Nε,His distance of 2.47 Å, which reproduced the
corresponding distance of 2.46 Å in the 1.9 Å structure
(Table 1). We confirmed that the OYZ

−Nε,His distance of 2.47 Å
exactly corresponded to the energy minimum of the H-bond,
by altering the OYZ

−Nε,His distance and analyzing the potential
energy profile; the energy minimum of the H bond increases
either beyond or below the OYZ

−Nε,His distance of 2.47 Å
(Figure 3a, bottom, and Figure S1 of the Supporting
Information).
In contrast, both the positively charged [YZOH···HNε-His-

NδH···OAsn ]+ state [the initial state below pH ∼7 (Figure
1c)] and the positively charged [YZO···H···Nε-His-NδH···O
Asn]+ state [the oxidized or product state (Figure 1b)] resulted
in a larger distance of 2.70 Å (Table 1). The neutral
[YZO···H···Nε-His-NδH···OAsn] state also reproduced the
H-bond distance between YZ and W7 (OYZ

−OW7 distance)
better than the other two states. These results indicate that the
neutral [YZO···H···Nε-His-NδH···OAsn] state is likely to be
the relevant state in the 1.9 Å structure. The neutral
[YZO···H···Nε-His-NδH···OAsn] state possessed different
stable states and consisted of [YZOH···Nε-His-NδH···O
Asn] and [YZO

−···HNε-His-NδH
+···OAsn]. These confor-

mations possess an identical OYZ
−Nε,His distance of 2.47 Å. This

feature resembles an intermediate state as a mixture of the two
YZOH and YZO

− states as suggested by UV−vis spectroscopic
studies.26,27 Because the H atom is always in the vicinity of YZ
and D1-His190, this model may also account for the
protonated YZOH state prior to photooxidation, as suggested
by FTIR studies.4,5

Panels a and b of Figure 3 show the potential energy profile
of PT between YZ and D1-His190 in the neutral [YZO···H···Nε-
His-NδH···OAsn] state and the positively charged
[YZO···H···Nε-His-NδH···OAsn]+ state, respectively. As
clearly shown in these two profiles, both profiles exhibit
different PT characters in qualitative and quantitative fashions;
the potential energy curve in the neutral state has a rather
symmetric single-well character, whereas an asymmetric

Figure 3. Energy profiles along the PT coordinate for H-bond donor−
acceptor pairs in the (a) neutral [YZO···H···Nε-His-NδH···OAsn]
and (b) positively charged [YZO···H···Nε-His-NδH···OAsn]+ states.
ΔE describes the difference in energy relative to the energy minimum.
Vertical dotted lines indicate the H atom position listed in Table 2.
The red arrow indicates the energy difference from the energy
minimum, although it is not always shown. Except for the atoms
directly involved in the PT reaction coordinate (i.e., OYZ

, a transferring
H, and Nε,His atoms), all of the atomic coordinates in the QM region
(including those of the eight water molecules) were fully relaxed.
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double-well character for the charged state was observed. The
latter is a typical H-bond profile (Figure 3b) in which the
proton is localized at the donor side and the typical bond
distance is 2.8−3.0 Å. On the other hand, the former represents
a typical ionic H-bond character (Figure 3a) in which the
proton is delocalized at the bottom of nearly barrierless
potential28 (note that the energy difference between the two
states, namely, one with the proton close to the YZ moiety and
the other with the proton close to D1-His190, is marginal and
their energy levels are essentially the same).
Excitation of P680 results in the formation of the [PD1/

PD2]
•+ state that serves as an electron abstractor for the OEC.

Because the calculated PD1
•+/PD2

•+ ratio can be significantly
influenced by the electrostatic influence of the D1-Asn298/D2-
Arg294 residue pair that participates in the H-bond network
with YZ/YD,

19 redox or protonation states of YZ/YD may also be
influenced by the [PD1/PD2]

•+ state. Thus, we analyzed the
potential energy profile of PT between YZ and D1-His190 in
the [PD1/PD2]

•+ state, assigning a PD1
•+/PD2

•+ ratio of 76.9/
23.119 to PD1/PD2 of the MM region. The shape of the potential
energy curve did not change significantly (Figure S2 of the
Supporting Information) because of the essentially same
influence of the [PD1/PD2]

•+ charge on YZ and D1-His190.
Further detailed analysis, e.g., defining the [PD1/PD2]

•+

molecule in the QM region, will be needed for further
examination of this issue.
The idea that the ionic H-bond is important in the oxidation

of YZ was put forward on a theoretical basis by Rappaport and
Lavergne,7 which was later supported by experimental studies.6

So far as we know, this is the first clear demonstration of an
exceptional H-bonding profile in the YZ-His190 dyad in PSII.
Apparently, the PSII protein environment modulates (controls)
the pKa of the donor−acceptor pair of the system through the
polar electrostatic environment. In the next section, to identify
the structural origin of this pKa modulation, we analyze the
structural factors that affect the abnormal character of the H-
bonding pattern.
A Cluster of Water Molecules near YZ and OEC That

Contributed to the Short H-Bond. We calculated the OY−
Nε,His distance to be 2.82 Å in a model system that consisted of
Tyr and His side chains, in a vacuum (Table S4 of the
Supporting Information), in agreement with the corresponding
distances reported in previous model studies: 2.82,16 2.83,17

and 2.88 Å.18 These computational results demonstrated that

the OYZ
−Nε,His distance in the 1.9 Å resolution structure is

unusually short. In the model systems, we observed that the
presence of a water molecule H-bonded to the OH group of
Tyr resulted in a shorter OY−Nε,His distance of 2.73 Å (Table
S4 of the Supporting Information).
In the PSII protein environment, two water molecules, W4

(OY−OW4 distance of 2.87 Å) and W7 (OY−OW7 distance of
2.62 Å), are H-bond distances from the hydroxyl O atom of
YZ.

13 W4 is one of the two Ca-ligated water molecules of the
OEC, and W7 is H-bonded to W6 and another Ca-ligated water
W3. Both W3 and W6 are connected to W5. Thus, the four
water molecules (W3 and W5−W7) form a diamond-shaped
water cluster, where W7 is situated at the interface between the
water cluster and YZ (Figure 2). Because a water H-bonded to
the Tyr OH group played a role in shortening the OY−Nε,His

distance in the model systems (Table S4 of the Supporting
Information), we also investigated the influence of the water
molecules on the OYZ

−Nε,His distance in the PSII protein
environment.
Upon removal of all water molecules from PSII, the OYZ

−
Nε,His distance significantly increased to 2.71 Å (Table 2). In
particular, removal of five waters, W3−W7, near YZ (Figure 2)
yielded a similar distance of 2.67 Å, which suggests that the
water cluster plays a predominant role in specifying the short
distance of 2.47 Å in the neutral [YZO···H···Nε-His-NδH···O
Asn] state. Nevertheless, it should be noted that the presence of
only the water cluster cannot shorten the OYZ

−Nε,His distance.
We calculated the OY−Nε,His distance to be 2.71 Å in a model
system that consisted of Tyr and His side chains and the
diamond-shaped cluster [W3 and W5−W7 (Figure 2)], in a
vacuum (Figure S3 of the Supporting Information). Hence, not
only the water cluster but also the PSII protein environment is
needed to shorten the OYZ

−Nε,His distance. The PSII proteins
not only provide a specific polar/charged environment but also
are prerequisites for fixing the water cluster at the appropriate
position and optimizing their dipoles.
Removal of W4 altered the OYZ

−Nε,His distance only
marginally (2.51 Å). In contrast, removal of W7 considerably
increased the OYZ

−Nε,His distance to 2.55 Å. Indeed, this change
in the OYZ

−Nε,His distance was the largest upon removal of any
single water investigated (Table 2). Thus, W7 plays a key role
in shortening the OYZ

−Nε,His distance in the 1.9 Å structure

Table 2. Influence of the Deletion of Water Molecules near YZ on the H-Bond Distances (in angstroms) in the (O4)2−(O5)H−

Modela

OY−Nε,His OY−H H−Nε,His OY−OW7 Nδ,His−OAsn rmsd

original (1.9 Å structure) 2.46 −b −b 2.62 2.60
YZOH/Nε-His-NδH/OAsn c 2.47 1.13 1.34 2.61 2.64 0.134
W3 deleted 2.49 1.34 1.15 2.62 2.65 0.143
W4 deleted 2.51 1.07 1.44 2.58 2.64 0.141
W5 deleted 2.46 1.14 1.33 2.66 2.64 0.136
W6 deleted 2.46 1.17 1.29 2.59 2.64 0.137
W7 deleted 2.55 1.05 1.51 −b 2.66 0.185
W3−W7 deleted 2.67 1.02 1.65 −b 2.70 0.229
all waters deleted 2.71 1.01 1.71 −b 2.77 0.284

aAbbreviations: OY, phenol O atom of YZ; Nε,His, Nε atom of D1-His190 as an H-bond partner of YZ; OW7, O atom of the crystal water W7; Nδ,His, Nδ

atom of D1-His190 as an H-bond partner of D1-Asn298; OAsn, side chain O atom of D1-Asn298; rmsd, root-mean-square deviation of the side chain
heavy atoms of YZ, D1-His190, and D1-Asn298 with respect to the 1.9 Å structure. For atomic coordinates of the QM/MM optimized geometries,
see Table S5 of the Supporting information. bNot applicable. cThe O atom of the side chain CO group of D1-Asn298 is the H-bond partner of
D1-His190, as seen in the original crystal structure.
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because of the stabilized H-bond orientation of W7 toward YZ,
which is supported ultimately by the PSII protein dipoles via
water molecules (Figure 5). One of the carboxyl O atoms of
D1-Glu189 is fixed to Mn1, whereas the other carboxyl O atom
is H-bond distance from W7; this leads to a strong fixation of
an H atom of W7 on D1-Glu189. Indeed, mutations of D1-
Glu189 altered the redox properties of YZ and the OEC,
suggesting the involvement of D1-Glu189 in an H-bond
network that modulates the properties of both YZ and the
OEC.29

Remarkably, upon removal of W7, the highly anharmonic
single-well potential curve (Figure 3a) obtained for the neutral
[YZO···H···Nε-His-NδH···OAsn] state (OYZ

−Nε,His distance
of 2.47 Å) was altered dramatically to an asymmetric double-
well potential curve (Figure 4a). The potential energy curve
obtained in the absence of all water molecules resulted in the
same type as an asymmetric double-well potential curve (Figure
4b). Undoubtedly, W7 is a key water that determines the short
distance and the chemical properties (i.e., the type of potential
energy curve) of the OYZ

−Nε,His bond. From a comparison
between Figures 3a and 4a, it appears that the highly polarized
W7 OH dipole elevates the energy specifically at the YZ moiety
and promotes deprotonation of YZ, by stabilizing its
deprotonated anionic state; this can be judged by the newly

visible minima at the YZ moiety rather than the D1-His190
moiety upon removal of W7 (Figure 4a). Removing W7 leads
to more stabilization of the YZ protonated form; this breaks the
equal pKa values of both YZ and D1-His190. Thus, the potential
energy curve in the W7-depleted PSII (Figure 4a) is more
asymmetric than that of native PSII (Figure 3a).
The activation energy of the YZ oxidation has been estimated

to be ∼200 meV for OEC-depleted PSII.6,30 Interestingly, a
similar magnitude of the energy barrier appears upon removal
of W7 (Figure 4a). It has been suggested that OEC-depleted
PSII may have a different (not well-ordered) H-bond pattern
near YZ versus that of intact PSII.6−9 Because the side chain
orientation of D1-Glu189, a ligand of the OEC (Figure 2),
should be influenced by depletion of OEC, it may be
reasonable to assume that OEC-depleted PSII may not possess
W7 at the position of the intact PSII, possibly yielding an
activation energy of ∼200 meV.
We also analyzed the potential energy profile by altering the

OYZ
−Nε,His distance (Figure 4a, bottom). The potential energy

curve with an OYZ
−Nε,His distance of ∼2.45 Å resembles that of

a single-well potential but is not yet completely symmetric
because of the slightly larger pKa value of YZ with respect to
that of D1-His190. More importantly, the energy minimum
with an OYZ

−Nε,His distance of 2.45 Å is obviously energetically

Figure 4. Influence of the deletion of water molecules on energy profiles along the PT coordinate for H-bond donor−acceptor pairs: deletion of (a)
W7 and (b) all waters. ΔE describes the difference in energy relative to the energy minimum. Vertical dotted lines indicate the H atom position listed
in Table 2. The red arrow indicates the energy difference from the energy minimum, although it is not always shown.

Biochemistry Article

dx.doi.org/10.1021/bi201366j |Biochemistry 2011, 50, 9836−98449841



higher than that with an OYZ
−Nε,His distance of 2.55 Å. Thus,

unless the pKa values of the donor and acceptor moieties are
similar, the bond becomes energetically unstable as the OYZ

−
Nε,His distance decreases. Hence, in a comparison between
Figures 3a and 4a, it appears that W7 plays a role in tuning the
pKa value of YZ in the native PSII so that the pKa values of the
donor and acceptor moieties are similar.
The orientations of other water molecules in the cluster are

also strictly determined; e.g., W3 is supported by Ca, W5 by the
backbone carbonyl of D1-Asp170, and W6 by the backbone
carbonyl of D1-Phe182. As a result of this significantly polar
environment, whose dipole orientations are specified by the
PSII polar protein environment, the OYZ

−Nε,His distance is
short, but only in the neutral [YZO···H···Nε-His-NδH] state.
Thus, the H-bond pattern of water molecules near YZ is
ultimately specified by the OEC and the ligands. Hence, OEC-
depleted PSII, which is often used in experimental studies,6,9

may have a different H-bond pattern near YZ than intact PSII
(reviewed in ref 7). It has been suggested that YZ was not
involved in a well-ordered H-bond in PSII core complexes
depleted of the OEC,8 or YZ was solvent accessible in OEC-
depleted PSII.9

The orientation of the H-bonds described in Figure 5 was
identical in both the (O4)2−(O5)H− and (O4)H−(O5)H−

models, irrespective of the protonation state of the OEC
model. Hence, the well-organized electrostatic influence of the
entire water cluster and PSII polar environment on YZ is the
reason why removal of the single W7 molecule did not cause a
more remarkable increase in the OYZ

−Nε,His distance. In turn, a
much longer H-bond between YD (D2-Tyr160) and D2-His190
(2.74 Å12) in the 1.9 Å structure may be a result of its less
polarized environment (e.g., the absence of the OEC and fewer
water molecules and polar/charged amino acids near YD). On
the other hand, for the energy profile of the bond, W7 is
important for determining whether it is an asymmetric double-
well potential curve or a highly anharmonic single-well
potential curve. The specificity of W7 arises from its unusually
high polarity, the position being fixed by the strongly ionized
D1-Glu189, the ligand of the Mn1 atom of Mn4CaO5 (Figure
5). Therefore, the short distance between YZ and D1-His190 in
the neutral [YZO···H···Nε-His-NδH] state is a fate of the O2-

evolving active PSII that possesses intact D1-Glu189 and
Mn4CaO5.

■ CONCLUSIONS

The appropriate redox/protonation state of YZ and D1-His190
is a prerequisite for yielding the short OYZ

−Nε,His distance. The
OYZ

−Nε,His distance of 2.47 Å was reproduced only in the
neutral [YZO···H···Nε-His-NδH···OAsn] state (Figure 1a). A
different charge/protonation state, namely the positively
charged [YZO···H···Nε-His-NδH···OAsn]+ state, yields a
longer distance, 2.70 Å (Table 1). Thus, the short distance of
2.47 Å is not due to an artifact such as the absence of relaxation
of the system. The geometry (OYZ

−Nε,His distance of 2.47 Å)
can be obtained reversibly, using the [YZO···H···Nε-His-
NδH···OAsn]+ geometry (OYZ

−Nε,His distance of 2.70 Å)
but replacing the net charge with 0. These results suggest that
the 1.9 Å structure is likely to be in the neutral [YZO···H···Nε-
His-NδH···OAsn] state.
In addition to the necessity of the appropriate charge/

protonation state, the presence of the water cluster (Figures 2
and 5) is also a prerequisite for yielding the short H-bond
between YZ and D1-His190. If there were no water molecules
in PSII, the OYZ

−Nε,His distance should have been elongated to
2.71 Å (Table 2). W7 near YZ is strongly polarized by the OEC
axial ligand Glu189 and appears to shorten the OYZ

−Nε,His

distance the most among all of the water molecules.
Nevertheless, removal of W7 resulted in an increase of the
OYZ

−Nε,His distance to 2.55 Å, which is not sufficient to explain
the elongated OYZ

−Nε,His distance of 2.71 Å in PSII depleted of
all of the water molecules. Thus, the short OYZ

−Nε,His distance
observed in the crystal structure is caused not only by W7 but
also by dipoles induced by a combination of the water
molecules associated with PSII, in particular those of the water
cluster near YZ (W3−W7). The orientations of the H-bond
dipoles of the water cluster ultimately originate from the PSII
protein dipole orientations, e.g., D1-Glu189, Mn1, Ca, D1-
Asp170, and D1-Phe182, suggesting that the polar environment
of PSII is necessary to rationalize the short distance (Figure 5).
On the other hand, because of the fixation of W7 by an OEC
ligand, D1-Glu189, the polarity is strong enough to promote
deprotonation of YZ. Thus, the short distance between YZ and
D1-His190 in the neutral [YZO···H···Nε-His-NδH] state is a
fate of the O2-evolving active PSII that possesses intact D1-
Glu189 and Mn4CaO5.
The presence of an ionic H bond between YZ and D1-His190

may be relevant to the experimental results that showed that YZ
can be oxidized at liquid-helium temperatures in the S0 and S1
states (for a review, see ref 31). At liquid-helium temperatures,
the proton motions would be blocked except those across ionic
H-bonds. The observation of YZ oxidation at liquid-helium
temperatures in the S0 and S1 states may suggest that at least
the ionic H-bond between YZ and D1-His190 is maintained in
these two states.
Biological functions of H bonds have attracted much

attention in many protein systems during the past few decades.
One of the typical examples is the so-called low-barrier H-bond
(LBHB) hypothesis.32,33 According to the initial idea proposed
by Frey et al.33 to explain the catalysis of serine proteases, the
LBHB is generally defined as the state in which a hydrogen is
equally shared between two heavy atoms inside a symmetric
double-well potential and the zero-point energy of hydrogen is

Figure 5. H-Bond network of the diamond-shaped water cluster near
YZ. The orientations of the H atoms of water molecules are indicated
by thick lines. W4 has been omitted for the sake of clarity. For
numbering of water molecules, see ref 13.
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close to the barrier height of PT. However, the relationship
between the LBHB and its contribution to biological functions
is not clear at present.28,34−37 In particular, experimental
evidence of the LBHB based only on the geometrical
parameters (e.g., detailed X-ray coordinates) is inconclusive.
Until now, even in a widely known system such as serine
protease, recent ultra-high resolution crystal structures37 as well
as a series of ab initio QM/MM computations35,38 do not
support the LBHB hypothesis. In structural studies, the H bond
in the His-Asp dyad of the serine protease is clearly
demonstrated as a normal ionic H bond.37 Also, QM/MM
studies revealed that unusual physical properties of the His-Asp
dyad are explained well on the basis of the concept of
electrostatic interaction without invoking the LBHB.35,38

Considering the PT profile as well as the short atomic
distance between YZ and D1-His190, again we can avoid the
possibility of assuming the LBHB in PSII, and this unusual H-
bond character can be explained well on the basis of the
concept of an ionic H-bond.28 Indeed, the idea that the ionic H-
bond is important in the oxidation of YZ was suggested
previously in refs 6 and 7. The major structural origin that
enhances the short, ionic H bond is the presence and
orientation of the water clusters around the OEC. Although
the PSII protein environment favors a rather symmetric PT
profile (which implies the matched pKa between the donor and
acceptor36), how the D1/D2 heterodimer or other redox-active
cofactors modulate (or controls) the pKa of these key residues
remains elusive at present. The state in which both residues
have equal pKa values and the proton is delocalized between the
two residues may have an advantage in effectively controlling
the electron transfer process. In future studies, we will address
this fundamental question as well as the missing link between
structural parameters and the molecular properties that
facilitate electron transfer.
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