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ABSTRACT: The redox-active tyrosine YZ (D1-Tyr161) in
photosystem II (PSII) functions as an immediate electron
acceptor of the Mn4Ca cluster, which is the catalytic center of
photosynthetic water oxidation. YZ is also located in the
hydrogen bond network that connects the Mn4Ca cluster to
the lumen and hence is possibly related to the proton transfer
process during water oxidation. To understand the role of YZ
in the water oxidation mechanism, we have studied the
hydrogen bonding interactions of YZ and its photooxidized
neutral radical YZ

• together with the interaction of the coupled
His residue, D1-His190, using light-induced Fourier transform
infrared (FTIR) difference spectroscopy. The YZ

•-minus-YZ
FTIR difference spectrum of Mn-depleted PSII core complexes exhibited a broad positive feature around 2800 cm−1, which was
absent in the corresponding spectrum of another redox-active tyrosine YD (D2-Tyr160). Analyses by 15N and H/D substitutions,
examination of the pH dependence, and density functional theory and quantum mechanics/molecular mechanics (QM/MM)
calculations showed that this band arises from the N−H stretching vibration of the protonated cation of D1-His190 forming a
charge-assisted strong hydrogen bond with YZ

•. This result provides strong evidence that the proton released from YZ upon its
oxidation is trapped in D1-His190 and a positive charge remains on this His. The broad feature of the ∼2800 cm−1 band reflects
a large proton polarizability in the hydrogen bond between YZ

• and HisH+. QM/MM calculations further showed that upon YZ
oxidation the hydrogen bond network is rearranged and one water molecule moves toward D1-His190. From these data, a novel
proton transfer mechanism via YZ

•-HisH+ is proposed, in which hopping of the polarizable proton of HisH+ to this water triggers
the transfer of the proton from substrate water to the luminal side. This proton transfer mechanism could be functional in the S2
→ S3 transition, which requires proton release before electron transfer because of an excess positive charge on the Mn4Ca cluster.

I n oxygenic photosynthesis performed by plants and
cyanobacteria, water is utilized as the ultimate source of

electrons that are used for reduction of carbon dioxide to
produce sugars. Oxidation of water, which results in the release
of molecular oxygen and protons, is performed in photosystem
II (PSII) protein complexes embedded in thylakoid mem-
branes.1−7 In PSII, light-induced charge separation takes place
at the excited state of the reaction center chlorophylls (the
coupled state of ChlD1 and chlorophyll dimer P680) to eject an
electron to the pheophytin (Pheo) electron acceptor, resulting
in a charge-separated state, P680+Pheo−.8,9 The electron is
subsequently transferred to the primary quinone electron
acceptor QA, and then the secondary quinone acceptor QB. On
the electron donor side, P680+ first oxidizes the redox-active
tyrosine YZ (D1-Tyr161) and then YZ oxidizes the Mn4Ca
cluster, where water is oxidized via a light-driven cycle of five
intermediates called Si states (i = 0−4).1−7
When YZ is oxidized by P680+, the phenolic proton is

released because of the extremely low pKa (approximately

−2)10 of the radical cation of a phenolic group, forming a
neutral YZ

• radical.11−13 The X-ray structure of PSII revealed
that the phenolic oxygen of YZ is within hydrogen bonding
distance of the neighboring D1-His190 (Figure 1A).14−16 In
particular, the recent high-resolution (1.9 Å) X-ray structure
exhibited a significantly short distance of 2.46 Å between the YZ

oxygen and the Nτ atom of D1-His190,16 which was
reproduced by the quantum mechanics/molecular mechanics
(QM/MM) calculation, showing the presence of a strong
hydrogen bond with a single well potential.17 Upon oxidation,
the proton of YZ is thought to shift to Nτ of D1-His190 along
this strong hydrogen bond, which is the basic mechanism of the
fast proton-coupled electron transfer (PCET) of YZ.

11−13,17,18

Whether the positive charge remains on this His residue during
the lifetime of YZ

• has been a matter of debate.12,19−22 Even if
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the proton of Nτ-H is not released, the proton at Nπ, the other
nitrogen of the imidazole, could be released in a protein
relaxation phase in the microsecond time regime after the fast
nanosecond phase of electron transfer.5,13 Although several
lines of data supported the presence of a positive charge near
YZ

•,12,22−24 further direct evidence is necessary to reach the
final conclusion.
The high-resolution X-ray structure16 also showed that YZ

interacts with the Mn4Ca cluster via a water cluster that consists
of several water molecules (Figure 1A). Water W4 (the
nomenclature of the water molecules and Mn atoms follows
that of Umena et al.16) directly connects the YZ oxygen and the
Ca atom, while W3, another water ligand to Ca, interacts with
YZ thorough W7. W2, the water ligand to Mn4, also interacts
with YZ through the water molecules, W5, W6, W3, and W7.
The X-ray structure further showed that YZ is located in a
hydrogen bond network connecting the Mn4Ca cluster to the
lumen, which has been suggested to be one of the proton exit
or water access pathways.16,25−27 It is thus possible that YZ
functions as a proton transfer mediator in this pathway during
water oxidation.
Another redox-active tyrosine YD (D2-Tyr160) in PSII

(Figure 1B), which is symmetrically related to YZ, also donates
an electron to P680+. The structure of the YD site is very similar
to that of YZ. The phenolic oxygen of YD is within hydrogen
bonding distance of D2-His189 and a water molecule (Figure
1B). However, the rate of oxidation of YD is much slower than
that of YZ, and the resultant YD

• radical is considerably stable at

room temperature.11,12 Thus, YD functions only as a peripheral
electron donor to P680+ and is not directly related to water
oxidation. The lower redox potential of YD (700−800 mV)28,29
compared with that of YZ (900−1000 mV)29,30 and the proton
release mechanism involving a mobile water31 have been
suggested as causes for its radical stability and the slow kinetics
of the redox reaction.
One of the major questions relevant to YZ function is its role

in the water oxidation mechanism.12,13,19,32,33 Does YZ function
only as an electron mediator between P680 and the Mn4Ca
cluster, or is it more deeply involved in the proton release
processes during water oxidation? If the latter is the case, what
is the mechanism of the PCET involving YZ and the Mn4Ca
cluster, and does the proton pathway involving YZ actually
function in some of the S-state transitions? With this respect, it
is important to answer the question of whether a proton is
released from D1-His190 upon YZ oxidation or a positive
charge is trapped on this His throughout the lifetime of YZ

•? If
the proton is released into the bulk, YZ

• can abstract a proton of
substrate water through the hydrogen bond network con-
comitant with electron transfer, as was previously proposed as a
hydrogen abstraction model by Babcock and co-workers.19 In
addition, it has been argued that a positive charge near YZ

•

triggers the release of the proton from substrate water by
electrostatic interaction with the Mn4Ca cluster.

32−36 It is also
crucial to obtain the information about the protonation
structures and hydrogen bonding interactions of YZ and the
coupled His to argue the possibility of transfer of the proton
through YZ for releasing a proton from the Mn4Ca center.
In this study, we have investigated the hydrogen-bonded

structure of the YZ-His moiety and its change upon
photooxidation using light-induced Fourier transform infrared
(FTIR) difference spectroscopy. FTIR difference spectroscopy
has been extensively used for the investigation of the water
oxidation mechanism and various redox reactions in photo-
system II.37−43 The YZ

•-minus-YZ FTIR difference spectrum
(hereafter designated the YZ

•/YZ difference spectrum) in the
1800−1000 cm−1 region was previously reported by
Berthomieu et al.44 Here, we have obtained YZ

•/YZ spectra
that include the higher-frequency region that involves the
vibrations of protons. The spectra were analyzed by isotopic
substitutions and pH changes, and also by comparison with a
YD

•/YD difference spectrum. Furthermore, we have performed
quantum chemical calculations using density functional theory
(DFT) and QM/MM methods for the YZ-His and YD-His pairs
to interpret the experimental spectra and obtain structural
information. The proton trapped between YZ and D1-His190
upon its photooxidation was directly detected as a broad N-H
stretching band of the His, revealing a large proton polar-
izability. Information about the protonation and hydrogen-
bonded structures of YZ and D1-His190 and the nearby
hydrogen bond network was also obtained. On the basis of the
results, the roles of YZ and the coupled His in the PCET
mechanism of water oxidation are discussed.

■ MATERIALS AND METHODS
Preparation of PSII Core Complexes. The thermophilic

cyanobacterium Thermosynechococcus elongates 47-H strain, in
which a six-histidine tag was introduced onto the C-terminus of
the CP47 subunit, was grown in a BG11 medium45

supplemented with 10 mM Hepes (pH 7.5) by stirring and
bubbling with air containing 3% (v/v) CO2.

46 Global 15N
substitution was performed by culturing cells in a BG11

Figure 1. Structures of the hydrogen bond networks around YZ (A)
and YD (B) deduced from the X-ray crystallographic structure of
photosystem II at 1.9 Å resolution (PDB entry 3ARC16).
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medium containing Na15NO3 (SI Science Co., Ltd.; 99.7 atom
% 15N) and CoCl2 instead of unlabeled NaNO3 and Co(NO3)2,
respectively.
Oxygen-evolving PSII complexes were purified using the

method by Boussac et al.47 with some modifications. Cells were
washed once with a 40 mM sodium phosphate buffer (pH 7.0)
containing 1 mM EDTA and then suspended in a buffer
containing 40 mM Mes (pH 6.5), 10 mM CaCl2, 10 mM
MgCl2, 10% (w/v) glycerol, and 1 M betaine (buffer A). The
cells were disrupted in buffer A in the presence of 0.2% (w/v)
bovine serum albumin, 1 mM benzamidine, 1 mM amino-
caproic acid, and 50 μg/mL DNase I by agitation with glass
beads (100 μm in diameter), repeating the on (10 s) and off (3
min) cycle 19 times on ice in the dark. The lysate was diluted
with an equal volume of a buffer containing 40 mM Mes-
NaOH (pH 6.5), 10 mM CaCl2, and 10 mM MgCl2. Unbroken
cells were removed by centrifugation at 3000g for 5 min, and
the supernatant was subsequently centrifuged at 48000g for 20
min. Obtained thylakoid membranes suspended in buffer A
were solubilized with 1% (w/v) n-dodecyl β-D-maltoside (DM)
at a chlorophyll (Chl) concentration of 1.0 mg/mL while being
gently stirred for 10 min on ice in the dark. After centrifugation
at 48000g for 10 min, the resultant supernatant was applied to a
Ni2+ affinity column equilibrated with buffer A containing 20
mM imidazole, 100 mM NaCl, and 0.03% DM. PSII complexes
were eluted with buffer A containing 200 mM imidazole, 100
mM NaCl, and 0.03% DM and then washed with buffer A
containing 0.03% DM by ultrafiltration (Vivaspin 20, Sartorium
Stedim, 100 kDa molecular mass cutoff). The O2 evolution
activity of the obtained PSII core complexes with 0.5 mM 2,6-
dichloro-1,4-benzoquinone as an electron acceptor was 2400−
2700 μmol of O2 (mg of Chl)−1 h−1. Mn depletion was
performed via a 10 mM NH2OH treatment for 30 min at room
temperature, followed by a wash with buffer A containing
0.03% DM by ultrafiltration (Vivaspin 20).
FTIR Measurements. For YZ

•/YZ FTIR measurements,
Mn-depleted PSII core complexes were suspended in a buffer
that consisted of 20 mM Mes (pH 6.5 or 5.5) or 20 mM Hepes
(pH 7.5) containing 40 mM sucrose, 10 mM NaCl, 5 mM
MgCl2, and 0.06% DM and concentrated to ∼6 mg/mL Chl by
ultrafiltration (Vivaspin 500, 100 kDa molecular mass cutoff).
Four microliters of the suspension was mixed with 1 μL of 100
mM potassium ferricyanide and then dried on a BaF2 plate (13
mm in diameter) under a N2 gas flow. The sample was
sandwiched with another BaF2 plate with 0.8 μL of H2O. For
the preparation of samples in D2O, the dried core complexes
were resuspended in 3 μL of D2O and dried again. This process
was repeated several times, and finally, the sample was
sandwiched with 0.8 μL of D2O. The sample temperature
was adjusted to 250 K in a cryostat (Oxford DN1704).
Flash-induced FTIR spectra were recorded on a Bruker IFS-

66/S spectrophotometer equipped with an MCT detector
(D313-L). Flash illumination was performed using a Q-
switched Nd:YAG laser (INDI-40-10; 532 nm; ∼7 ns full
width at half-maximum; ∼7 mJ pulse−1 cm−2). For YZ

•/YZ
spectra, single-beam spectra with 50 scans (25 s accumulation)
were recorded twice before and once after single-flash
illumination. The measurement was repeated with a dark
interval of 225 s between measurements (flash illumination
every 5 min). The spectra of 350−1000 loops recorded using
one to four samples were averaged to calculate a light-minus-
dark difference spectrum as a YZ

•/YZ difference spectrum and a

dark-minus-dark difference spectrum before illumination
representing the baseline and noise level.
The YD

•/YD FTIR spectrum was measured with the method
described previously48 with some modification. Briefly, 5 μL of
a suspension of the Mn-depleted PSII complexes (3 mg/mL
Chl) in a pH 6.5 Mes buffer (10 mM Mes, 5 mM NaCl, and
0.06% DM) was mixed with 1 μL of 20 mM potassium
ferricyanide and 1 μL of 20 mM potassium ferrocyanide. The
sample was dried on a BaF2 plate to make a film and then
sealed with another BaF2 plate with 2 μL of a 40% (v/v)
glycerol/H2O mixture without touching the sample. H/D
exchange was performed by repeating drying and resuspension
in D2O, which was similar to the process used for samples for
YZ measurements. The sample temperature was adjusted to 283
K by circulating cold water in a copper holder. Single-beam
spectra with 100 scans (50 s accumulation) were recorded twice
before and once after five flashes (1 Hz) from the Nd:YAG
laser, and the measurement was repeated with a dark interval of
750 s. The spectra of 54 loops were averaged to calculate a
light-minus-dark difference spectrum as a YD

•/YD spectrum and
a dark-minus-dark difference spectrum as the baseline.

Quantum Chemical Calculations. Quantum chemical
calculations were performed using the Gaussian09 program
package.49 For DFT calculations for the Tyr-His models, the
B3LYP functional50,51 with the 6-31++G(d,p) basis set was
used to optimize the geometries and calculate the vibrational
frequencies and IR intensities. QM/MM calculations were
performed using the ONIOM (our own n-layered integrated
molecular orbital and molecular mechanics) method.52 For YZ
calculations, the atomic coordinates of amino acid residues,
water molecules, the Mn4CaO5 cluster, and Cl− ions located
within 20 Å of the Ca atom were taken from the X-ray structure
of the PSII complexes at 1.9 Å resolution (PDB entry 3ARC16).
The hydrogen atoms were generated and optimized using
Amber. The geometry of the Mn4CaO5 cluster and surrounding
groups (Cl− ions, amino acid ligands to Mn, Ca, and Cl−, YZ,
D1-His190, D1-Asp61, W1−W7, HOH446, and HOH442) was
then optimized as a QM region fixing other atoms as a MM
region. In this optimization, we used the model of the
Mn4CaO5 cluster with (Mn1, Mn2, Mn3, Mn4) = (III, IV, IV,
III), W2 = H2O, and O5 = O2−.53 Using the obtained
coordinates and atomic partial charges, further geometry
optimization and vibrational analysis were performed for YZ
and the surrounding groups (D1-His190, D1-Asn298, D1-
Gln165, Ca, W3−W7, HOH387, HOH394, HOH398,
HOH778, HOH923, and HOH1117) as a QM region (Figure
S2 of the Supporting Information), fixing the other atoms in
the MM region using ONIOM (B3LYP:Amber). As basis sets
in the QM calculation, LANL2DZ is used for Ca and Mn and
6-31++G(d,p) for other atoms. For YD calculation, the atomic
coordinates of amino acid residues and water molecules located
within 20 Å of YD were taken from the X-ray structure (PDB
entry 3ARC16), and then the hydrogen atoms were generated
and optimized using Amber. Geometry optimization and
vibrational analysis were performed for YD and the surrounding
groups (D2-His189, D2-Arg294, D2-Arg180, and HOH1) as a
QM region (Figure S3 of the Supporting Information), fixing
the other atoms in the MM region using ONIOM [B3LYP/6-
31++G(d,p):Amber].
Calculated vibrational frequencies by the DFT and ONIOM

methods were scaled to adjust the CO frequencies of the YZ
•

and YD
• radicals to the experimental frequencies, 1514 and

1504 cm−1, respectively. The scaling factors for the YZ-His and
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YD-His pairs were 0.979 and 0.987, respectively, in the DFT
calculations and 0.968 and 0.973, respectively, in the ONIOM
calculations. The calculated frequencies of free 4-methylimida-
zole (4-MeIm) were scaled by a factor of 0.980 following the
previous DFT calculation of the various protonation forms of 4-
MeIm.54

■ RESULTS
An FTIR difference spectrum (3000−1000 cm−1) of YZ upon
its photooxidation (YZ

•/YZ spectrum), which was measured
using the Mn-depleted PSII core complexes from Thermosy-
nechococcus elongatus at pH 6.5, is shown in Figure 2 (solid line)

together with a dark/dark spectrum (dotted line) representing
a baseline. The large peaks at 2116 and 2038 cm−1 arise from
the CN stretching vibrations of ferricyanide and ferrocyanide,
respectively, reflecting the flow of an electron from the electron
donor side to the acceptor side. Note that small peaks at the
same positions in opposite signs in the dark/dark spectrum are
due to the residual back reaction (∼4% of the forward reaction)
during the measurements of the two dark spectra before
illumination (see Materials and Methods). The YZ

•/YZ
spectrum in the 1800−1000 cm−1 region (expanded in Figure
3a) is very similar to the spectrum previously reported by
Berthomieu et al.44 using the Mn-depleted preparations of the
PSII core complexes from Synechocystis sp. PCC 6803 and PSII-
enriched membranes from spinach. The positive band at 1514
cm−1 arises from the CO stretching (νCO) vibration of the
oxidized YZ

• radical,39,44 while the corresponding band of YD
•

was observed at 1504 cm−1 (Figure 3d).48,55 Berthomieu et al.44

previously assigned a negative band at 1255 cm−1 in their YZ
•/

YZ spectrum to the COH bending (δCOH) vibration of reduced
YZ and a small negative peak at 1279 cm−1 to its νCO vibration.
We did not observe the latter peak and prefer the assignment of
the relatively broad band at 1256 cm−1 (Figure 3a) to the
overlap of the δCOH and νCO vibrations, which are more or less
coupled with each other.56,57 Indeed, in D2O (Figure 3c), a
narrower band was left at an upshifted position of 1262 cm−1,
which is assigned to the pure νCO vibration decoupled from the
δCOH vibration.57 The differential signal at 1705/1697 cm−1 was
temporally assigned to the electrochromic shift of the keto CO
band of P680 by YZ oxidation,

44 while most of the other bands
in the 1700−1600 cm−1 region probably arise from the amide I
vibrations (CO stretches) of backbone amides due to the

conformational changes of the polypeptide main chains
surrounding YZ. The amide II bands (NH bends and CN
stretches) coupled to the amide I bands were observed at 1560,
1553, and 1544 cm−1, which were confirmed by the downshifts
to 1545, 1538, and 1530 cm−1, respectively, by global 15N
substitution (Figure 3b). The 15N substitution also downshifted
a negative band from 1101 to 1095 cm−1 (Figure 3b), indicative
of the presence of the His CN vibration54,58,59 around this
position (the expanded view of this region is presented in
Figure 4a). Indeed, the 14N-minus-15N double-difference
spectrum (Figure 4c, blue line) exhibited a differential signal
with peaks at 1102 and 1091 cm−1. It was previously shown that
the extent of the deuteration shift of the His CN stretch is
dependent on the protonation structure.54 The His CN region
of the YZ

•/YZ spectra measured in D2O showed a negative band
at 1108 cm−1 in the unlabeled sample and at 1097 cm−1 in the
15N-substituted sample (Figure 4b), providing a differential
signal at 1105/1096 cm−1 in the 14N-minus-15N double-
difference spectrum (Figure 4c, green line). Thus, the His
CN signal was only slightly upshifted (by 3−5 cm−1) upon
deuteration.
The higher-frequency region above 2200 cm−1 of the YZ

•/YZ
spectrum (Figures 2 and 5) has not been reported previously. A
broad positive feature around 2800 cm−1, which begins from
∼2300 cm−1 and continues at least to 3000 cm−1 (the region
above 3000 cm−1 could not be observed because of saturation
by bulk water absorption), appeared in the spectrum. On this
broad feature, small peaks were observed at 2902, 2882, 2856,
2659, and 2630 cm−1, which downshifted to 2871, 2857, 2836,
2640, and 2606 cm−1, respectively, by 31−19 cm−1 upon global

Figure 2. Light-induced YZ
•/YZ FTIR difference spectrum (3000−

1000 cm−1) of the PSII core complexes from T. elongatus ()
together with a dark-minus-dark spectrum representing a baseline (···).

Figure 3. YZ
•/YZ FTIR difference spectra (1800−1000 cm−1) of

unlabeled (a) and globally 15N-labeled (b) PSII complexes and of PSII
complexes in D2O (c), in comparison with a YD

•/YD difference
spectrum (d). Ticks without labels indicate the same frequencies as in
spectrum a. The spectra were measured in buffers at pH or pD 6.5.
The intensity of the YD

•/YD difference spectrum (d) was multiplied by
0.25 because of its intensity greater than that of the YZ

•/YZ spectrum
due to the rather stable formation of YD

•.
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15N substitution (Figure 5a). These 15N-sensitive peaks in the
3000−2500 cm−1 region on the broad feature are similar to
those previously observed in the QA

−/QA, QB
−/QB, and S2/S1

difference spectra,59−63 in which the peaks have been attributed
to the Fermi resonance of the overtones and combinations of
the vibrations of a His side chain with its NH stretching mode.
The broad feature itself also downshifted by ∼10 cm−1 upon
15N substitution (Figure 5a). Thus, it is highly likely that the
broad feature with the Fermi resonance peaks originates from
the NH stretching vibration of His. This NH assignment was
supported by the observation that the broad band around 2800
cm−1 disappeared in D2O (Figure 5c), and instead, another
broad band appeared around 2100 cm−1 overlapping the
ferricyanide (2116 cm−1) and ferrocyanide (2038 cm−1) peaks
(Figure 5b, inset).
The notable observation is that a similar broad feature was

absent in the YD
•/YD spectrum (Figure 5c). The gradually

increasing intensity from ∼2600 cm−1 to the higher frequency
might suggest the presence of a broad band at a frequency
higher than 3000 cm−1 overlapping the bulk water region. This
gradual slope diminished in D2O (Figure S1A of the Supporting
Information, blue line), while global 15N labeling did not
influence the small peaks in the 2850−2600 cm−1 region (at
2809, 2768, 2747, and 2702 cm−1) except for the minor peaks
around 2600 cm−1 (Figure S1A of the Supporting Information,
red line). Thus, this increase in the intensity of the background
seems to arise mainly from a hydrogen bond network around
YD rather than the NH of His coupled to YD. The small peaks
may originate from the overtones and/or combinations of the
fundamental vibrations of proteins but likely not from the
Fermi resonance of the His vibrations.
Figure 6 presents the YZ

•/YZ spectra (A, 1800−1000 cm−1;
B, 3000−2200 cm−1) measured at pH 7.5 (a) and pH 5.5 (c) in
comparison with the spectrum at pH 6.5 (b, identical to Figures
3a and 5a, black line). A drastic change was observed at pH 5.5.
The broad band around 2800 cm−1 disappeared at this pH,
leaving small peaks at slightly different frequencies (Figure 6B,
spectrum c), whereas the feature in this region was basically
unchanged at pH 7.5 except for a slight increase in its intensity.
The positive νCO peak of YZ

• at 1514 cm−1 was virtually
identical throughout the pH range of 5.5−7.5. However, the
negative νCO/δCOH peak at 1256 cm−1 at pH 6.5 was shifted to
1259 cm−1 at pH 5.5, while it seems to be slightly broadened
(or could be split into two peaks) at pH 7.5 (Figure 6A). These
changes indicate that the hydrogen-bonded structures of YZ and
the coupled D1-His190 are significantly different between pH
5.5 and 7.5, while the structure at pH 6.5 is mostly identical to
that at pH 7.5 except for a minor mixing of the structure at pH
5.5.
Although the νCO frequency most straightforwardly reflects

the hydrogen bond interaction of a Tyr side chain,57 the
coupling and overlap of the δCOH vibration hamper the
identification of the original νCO frequency of reduced YZ in
the YZ

•/YZ FTIR spectra. To identify the pure νCO band of YZ
at different pH values, YZ

•/YZ spectra were measured in D2O
buffers to remove the δCOH vibration from the νCO region
(Figure 7). The νCO band of reduced YZ was observed at 1263,
1262, and 1259 cm−1 at pD 7.5, 6.5, and 5.5, respectively
(Figure 7C). Thus, the frequency downshifted by 4 cm−1 with a
change in pD from 7.5 to 5.5, while only the 1 cm−1 shift was
observed at pH 6.5. In contrast, the νCO band of YZ

• at 1513
cm−1 did not change at all (Figure 7B), in agreement with the
result in H2O (Figure 6A). These observations are consistent

Figure 4. His CN stretching region of the YZ
•/YZ FTIR difference

spectra of unlabeled (black lines) and 15N-labeled (red lines) PSII
complexes in H2O (a) and D2O (b). (c) Unlabeled-minus-15N-labeled
double-difference spectra in H2O (blue) and D2O (green). The spectra
were measured in buffers at pH or pD 6.5.

Figure 5. 2900−2200 cm−1 region of the YZ
•/YZ FTIR difference

spectra of unlabeled (a, black line) and globally 15N-labeled (a, red
line) PSII complexes and of PSII complexes in D2O (b), in
comparison with a YD

•/YD difference spectrum (c). The inset shows
the 2300−1800 cm−1 region of the YZ

•/YZ spectrum in D2O. Dotted
curves are dark-minus-dark spectra representing baselines. The region
connected by a dashed line in spectrum c is saturated by the strong
OD stretching bands of bulk D2O. PSII samples are in buffers at pH or
pD 6.5.
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with the view that the hydrogen-bonded structure of reduced
YZ is changed so that the C−O bond is weakened as the pH or
pD is decreased from 7.5 to 5.5, whereas that of oxidized YZ

• is
unchanged.
To further investigate the origin of the broad feature in the

YZ
•/YZ spectrum and the hydrogen-bonded structures of YZ

and YD and their coupled His, DFT and QM/MM calculations
of the YZ-His and YD-His pairs were performed. In DFT
calculations, p-cresol and 4-MeIm were used as models of Tyr
and His side chains (Figure 8), respectively. The imidazole
group of the His side chain has four protonation structures, i.e.,
the two neutral tautomers (Nτ-H and Nπ-H forms) and the
protonated imidazolium cation and deprotonated imidazolate
anion forms. Because there are many combinations of the
protonation and hydrogen-bonded structures in Tyr-His
complexes, we assumed the most probable models for YZ,
YZ

•, YD, and YD
•, taking into consideration the interactions with

surrounding amino acids, and examined the agreement of the
calculated results with the experimental data. Nπ of D1-His190
coupled to YZ is within hydrogen bonding distance (2.60 Å) of
the amide oxygen of D1-Asn298 in the X-ray structure (Figure
1A),16 and hence, this Nπ is probably protonated to form a

hydrogen bond to D1-Asn298. Thus, in the oxidized YZ
• state,

D1-His190 most likely has a HisH+ cation form to have a
hydrogen bond at Nτ-H with the deprotonated oxygen of YZ

•

(Figure 8a). In the reduced YZ state, there are two possibilities.
(1) His has a neutral Nπ-H form, and the OH of YZ is hydrogen
bonded to Nτ of His (Figure 8b). (2) His has a HisH+ cation
form, and its Nτ-H is hydrogen bonded to the oxygen atom of
YZ OH (Figure 8c). The latter structure may be realized at
lower pH values. In contrast to YZ, Nπ of D2-His189 coupled to
YD is within hydrogen bonding distance (2.81 Å) of Nε of the
guanidinium cation of D2-Arg294 (Figure 1B), and hence, Nπ

of this His is probably deprotonated to accept a hydrogen bond
from this Arg.31 Thus, D2-His189 probably has a neutral Nτ-H
form in both the YD

• and YD states to donate a hydrogen bond
to the deprotonated and protonated oxygen, respectively, of
Tyr (Figure 8d,e).
In the QM/MM calculations of the YZ-His site, D1-Asn298,

D1-Gln165, Ca, and 11 nearby water molecules along with YZ
and D1-His190 were assigned to the QM region (Figure S2 of
the Supporting Information) and the surrounding moieties
(including the Mn and Cl− ions) were treated as a MM region.
Note that geometry optimization of the QM region in the
reduced YZ state did not significantly change the positions of

Figure 6. pH dependence of the YZ
•/YZ FTIR difference spectra in the

regions of 1800−1000 cm−1 (A) and 2900−2200 cm−1 (B) at pH 7.5
(a), pH 6.5 (b), and pH 5.5 (c). The spectra at pH 6.5 (b) are
identical to the spectra in Figures 3a and 5a (black line). The
structures around 2350 cm−1 (in spectra a and c in panel B) are
artifacts of CO2 absorption. Ticks without labels indicate the same
frequencies as in spectrum a.

Figure 7. pD dependence of the YZ
•/YZ FTIR difference spectra in

D2O buffers in the 1800−1000 cm−1 region (A) and the expanded
views of the νCO bands of YZ

• (B) and YZ (C) at pD 7.5 (a), pD 6.5
(b), and pD 5.5 (c). The spectrum at pD 6.5 (b) is identical to the
spectrum in Figure 3c. Ticks without labels indicate the same
frequencies as in spectrum a.
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the heavy atoms, especially those of water oxygens, from the
initial positions taken from the 1.9 Å X-ray structure16 (Figure
S2c of the Supporting Information). For the YD-His site, YD,
D2-His189, D2-Arg294, D2-Arg180, and a water molecule
interacting YD were assigned to the QM region (Figure S3 of
the Supporting Information).
The calculated frequencies of the Nτ-H stretching vibration

of His together with the O···Nτ hydrogen bond distances are
summarized in Table 1 (the coordinates of optimized
geometries are listed in Table S1 of the Supporting
Information). The QM/MM calculation of YZ (Figure S2b of
the Supporting Information) provided a short O···Nτ distance
of 2.49 Å, which is consistent with the distance in the X-ray
structure (2.46 Å)16 as well as in the previous QM/MM
calculation (2.47 Å),17 although the DFT calculation showed a
longer distance of 2.82 Å. The relatively long O···Nτ distance in
YD-His as determined by DFT (3.02 Å) and QM/MM (2.79 Å)
calculations is also consistent with that in the X-ray structure
(2.74 Å).16 Thus, the hydrogen bonding interactions between
YZ (D) and the coupled His were satisfactorily reproduced in
calculations.
The frequency of the Nτ-H vibration, which is a significantly

localized mode (Figure S4 of the Supporting Information), of
the YZ

•-HisH+ model was calculated at 2810 cm−1 in the DFT
calculation (Table 1). In the QM/MM calculation of YZ

•-
HisH+, the symmetric and asymmetric Nτ-H/Nπ-H stretching
vibrations were calculated at 2986 and 2748 cm−1, respectively,
the latter having a high intensity. These values are significantly
lower than the Nτ-H frequencies of free 4-MeIm and 4-
MeImH+ (3601−3546 cm−1), and the IR intensities are much
larger than those in the latter free molecules (Table 1). The His

side chain in YZ-His (Figure 8b) is deprotonated at Nτ, and
hence, there is no Nτ-H vibration; YZ-HisH

+ (Figure 8c)
showed a relatively low Nτ-H frequency of 3027 cm−1. In all of
the YZ models, 15N substitution downshifts the N-H
frequencies by 9−11 cm−1 (not shown in the table). In
contrast to YZ

• and YZ, YD
•-His and YD-His (Figure 8d,e)

exhibited relatively high Nτ-H frequencies (3417−3162 and
3534−3250 cm−1, respectively) in the DFT and QM/MM
calculations.
These calculated Nτ-H frequencies are consistent with the

experimental data (Table 1). The presence of a broad positive
band around ∼2800 cm−1 in the YZ

•/YZ spectrum (Figures 2, 5,
and 6) is in agreement with the strong Nτ-H (or coupled Nτ-H/
Nπ-H) vibration calculated at 3000−2700 cm−1 in YZ

•-HisH+

and the absence of the Nτ-H vibration in YZ-His. The downshift
of the broad band to ∼2100 cm−1 in the D2O measurements
(Figure 5b, inset) was also reproduced by the frequency of
deuterated YZ

•-HisD+ at 2106 cm−1 in the DFT calculation
(Table 1), while the 15N-induced downshift of ∼10 cm−1

(Figure 5a) is in agreement with the calculated shift. In
addition, the absence of a broad band at pH 5.5 (Figure 6Bc) is
consistent with the calculated low frequency of Nτ-H at ∼3000
cm−1 in YZ-HisH

+, which may cancel the positive band of YZ
•-

HisH+. Furthermore, the calculated frequency of YD
•-His at

3417−3162 cm−1 is in agreement with the observation that the
YD

•/YD spectrum did not show a positive band in the region
lower than 3000 cm−1 except for a baseline rise (Figure 5c).
Table 2 presents the calculated frequencies of the CN

stretching vibration of His in the YZ-His pair. The frequencies
were estimated to be ∼1100 cm−1, in agreement with the
experimental results (Figure 4). The HisH+ form in YZ

•-HisH+

shows a CN frequency lower than that of the neutral Nπ-H
form in YZ-His, consistent with the previous calculated and
experimental data of free His or 4-MeIm.54,58,59 The CN
frequencies are downshifted by 15N substitution by 4−7 and 2−

Figure 8. Optimized geometries of the model complexes of YZ and YD
coupled with His obtained by DFT calculations: (a) YZ

•-HisH+, (b)
YZ-His, (c) YZ-HisH

+, (d) YD
•-His, and (e) YD-His. p-Cresol and 4-

methylimidazole were used as models of YZ(D) and a histidine side
chain, respectively.

Table 1. Nτ-H Stretching Frequencies (cm−1) of the His
Coupled to YZ and YD Estimated by DFT and QM/MM
Calculations

calculation experimental

method
frequency (IR
intensity)a

rO···Nτ

(Å)b frequencyc
rO···Nτ

(Å)b

YZ
•-HisH+ DFT 2810 (4569) 2.63 ∼2800

QM/MM 2986 (1390)/
2748 (3554)d

2.63

YZ
•-HisD+e DFT 2106 (2154) − ∼2100

YZ-His DFT − 2.82 2.46f

QM/MM − 2.49
YZ-HisH

+ DFT 3027 (2211) 2.75
YD

•-His DFT 3417 (1141) 2.95
QM/MM 3162 (2083) 2.77

YD-His DFT 3511 (648) 3.02 2.74f

QM/MM 3250 (1490) 2.79
4-MeIm (Nτ-
H)

DFT 3601 (58)

4-MeImH+ DFT 3554 (72)/3546
(281)d

aIR intensity calculated in kilometers per mole. bHydrogen bond
distance between the oxygen atom of Tyr and Nτ of His.
cExperimental frequency observed in this study. dCoupled symmetric
and asymmetric stretching vibrations of Nτ-H and Nπ-H.

eThe
exchangeable protons of Nτ-H and Nπ-H of HisH+ are deuterated.
fValue from the X-ray structure of PSII (PDB entry 3ARC16).
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5 cm−1 in YZ-His and YZ
•-HisH+, respectively. Upon

deuteration, YZ-His shows only a minor shift between −1
and 3 cm−1, whereas YZ

•-HisH+ shows a large upshift of 16−17
cm−1, which is in agreement with the previous calculation for
free 4-MeIm.54 It is notable, however, that the IR intensities of
the protonated HisH+ form in YZ

•-HisH+ are much smaller
than those of neutral His in YZ-His by factors of 5−18 in DFT
and QM/MM calculations, suggesting that the His bands of the
reduced YZ-His state mainly appear in the YZ

•/YZ spectrum.
These calculated results are quite consistent with the
experimental spectra in Figure 4. The major contribution is a
negative band due to the reduced YZ-His, which showed a 15N
downshift by ∼6 cm−1 (Figure 4a), indicative of the change of
the neutral Nπ-H form of His to another form upon formation
of YZ

•. The upshift of 3−5 cm−1 upon deuteration (Figure 4c)
is also consistent with the minor deuteration effect of the
reduced YZ-His (Table 2). The CN band of the HisH+ form in
YZ

•-HisH+, which should show a large deuteration shift of 16−
17 cm−1, was not identified in the observed FTIR spectra,
which is also consistent with the significantly smaller intensity
and a slightly smaller 15N shift estimated by calculations. Thus,
the FTIR spectra in the His CN region together with DFT and
QM/MM calculations support the view that the protonation
structure of the His coupled to YZ is changed from the neutral
Nπ-H form to the protonated cation form upon YZ oxidation.
The QM/MM calculations for the YZ site also exhibited a

significant rearrangement of the hydrogen bond network
around YZ concomitant with the movements of water
molecules upon YZ oxidation (Figure 9). When YZ is oxidized,
a proton of YZ is released to Nτ of D1-His190, forming a strong
hydrogen bond with a neutral YZ

• radical. Because the CO
bond of the YZ

• radical has a double bond character [the CO
stretching vibration is significantly upshifted from 1262 to 1513
cm−1 (Figure 7)], the YZ oxygen can accept only two hydrogen
bonds. Hence, the hydrogen bond with the W4 proton, which
is weaker than that with W7,17 is broken, and this proton turns
to the side of another water molecule (designated WA in Figure
9). This rotation of W4 induces the movement of WA toward
D1-His190. The distance between the WA oxygen and Nτ of
D1-His190 is shortened from 4.57 to 3.28 Å upon YZ oxidation.
A network of water molecules is now formed from W4 to WD
through WA, WB, and WC near D1-Asn298 (Figure 9) and is
further connected to the hydrogen bond network to the
lumenal side.16

■ DISCUSSION
Upon oxidation of YZ, a proton is released from the phenolic
OH to from a neutral radical YZ

•.11−13,18,64 This FTIR study
directly detected this proton that is trapped by the neighboring
His residue, D1-His190, as an Nτ-H stretching vibration. The
broad positive feature around 2800 cm−1 in the YZ

•/YZ FTIR
difference spectrum (Figures 2, 5, and 6) was assigned to this

Nτ-H vibration (or the coupled Nτ-H/Nπ-H vibration) of the
protonated HisH+ cation. The evidence of this assignment was
obtained from isotopic substitutions and quantum chemical
calculations. H/D exchange induced a large downshift from
∼2800 to ∼2100 cm−1 (Figure 5b), indicative of the vibration
involving an exchangeable proton. In addition, global 15N
substitution showed downshifts of the broad feature and
superimposing several small peaks on it (Figure 5a), indicating
the presence of the NH vibration coupled with other His
vibrations by Fermi resonance. The DFT calculation of the YZ

•-
HisH+ model (Figure 8a) and the QM/MM calculation taking
into account the surrounding amino acids and water molecules
(Figure S2a of the Supporting Information) provided the Nτ-H
stretching vibration or the coupled Nτ-H/Nπ-H vibrations of
HisH+ at 3000−2700 cm−1 (Table 1), reproducing the

Table 2. CN Stretching Frequencies (cm−1) of His Coupled to YZ Estimated by DFT and QM/MM Calculations

protonated deuterateda

frequency (15N shift)b IR intensityc frequency (15N shift)b IR intensityc H/D shiftd

DFT YZ-His 1121 (−7) 54 1120 (−6) 48 −1
YZ

•-HisH+ 1097 (−5) 3 1113 (−4) 7 +16
QM/MM YZ-His 1109 (−4) 94 1112 (−4) 114 +3

YZ
•-HisH+ 1086 (−3) 18 1103 (−2) 7 +17

aAll the exchangeable protons are deuterated. bAll the nitrogen atoms in His (DFT) and in the QM region (QM/MM) are substituted with 15N. cIR
intensity calculated in kilometers per mole. dFrequency shift upon deuteration.

Figure 9. Rearrangement of the hydrogen bond network near YZ upon
its oxidation estimated by QM/MM calculations. Relevant amino acid
side chains, water molecules, and the Ca atom were selected from the
QM region (Figure S2 of the Supporting Information). In the amino
acid side chains, hydrogen atoms other than exchangeable protons
have been omitted. The drastic movements of protons and a water
molecule are expressed with red circles and red arrows. Upon YZ
oxidation, the YZ proton is shifted to D1-His190, the hydrogen bond
of the W4 proton with the YZ oxygen is broken and this proton is
turned to the WA side to form a new hydrogen bond, and WA moves
toward D1-His190.
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observed frequency well. The absence of protonated Nτ-H in
the reduced YZ-His form (Figure 8b) rationalizes the
appearance of a positive Nτ-H band of HisH+ in the YZ

•/YZ
difference spectrum. In addition, the DFT calculation of
deuterated YZ

•-HisD+ providing the Nτ-D frequency of 2106
cm−1 (Table 1) reproduced a downshift to ∼2100 cm−1 in D2O
(Figure 4c, inset). Furthermore, the results of the analysis of
the CN stretching vibration of His using 15N substitution and
deuteration (Figure 4) in combination with DFT and QM/MM
calculations (Table 2) are consistent with the change in the
protonation structure of His from the neutral Nπ-H form to the
protonated cation form upon YZ

• formation.
The pH dependence of the YZ

•/YZ spectrum further
supported the assignment given above. The positive feature
around ∼2800 cm−1 disappeared at pH 5.5 (Figure 6Bc). The
DFT calculation of the reduced YZ-HisH

+ (Figure 8c), which is
thought to be formed at lower pH values (Figure 10),12,18,24,64

showed a relatively low Nτ-H frequency of 3027 cm−1 (Table
1), comparable to the calculated frequencies at 3000−2700
cm−1 of YZ

•-HisH+. Thus, the absence of the band is explained
by cancellation of the Nτ-H band in the difference spectrum
between YZ-HisH+ and YZ

•-HisH+. The change in the
hydrogen-bonded structure of reduced YZ at a low pH (Figure
10A,B) was confirmed by the downshift of the pure νCO band
of YZ, which was decoupled from the δCOH vibration by
measurement in D2O, from 1263 cm−1 at pD 7.5 to 1259 cm−1

at pD 5.5 (Figure 7C). In contrast, the νCO frequency of
oxidized YZ

• was virtually unchanged throughout the pH or pD
range of 5.5−7.5 (Figures 6A and 7B), consistent with the view
that YZ

• has a structure identical to that of YZ
•-HisH+ over this

pH or pD range (Figure 10C). If the structural models in
Figure 10 are correct, a proton should be released from the YZ-
His moiety at pH 5.5. Indeed, at this pH, negative bands at
1405 and 1572 cm−1, which can be interpreted as arising from
the symmetric and asymmetric carboxylate stretching vibra-
tions, respectively, and a positive feature around 1720 cm−1 that
can be attributed to the CO stretches of protonated COOH
groups were observed (Figure 6A, spectrum c), suggesting that
some specific or nonspecific caroboxylate groups in PSII
proteins were protonated by the proton released from YZ. Our
observation indicates that the pKa of D1-His190 coupled to the
reduced YZ is around 6 in our core complexes from T. elongatus.

Although this value is lower than the general pKa estimation
(∼7) in Mn-depleted PSII preparations in previous re-
ports,12,18,64 it has also been shown that the pKa of this His
is significantly dependent on the PSII preparations and the
content of metal ions.24,64

In contrast to YZ
•, YD

• did not show a broad band at ∼2800
cm−1 at pH 6.5 (Figure 5c) or even at pH 10.5 (data not
shown). Indeed, the DFT and QM/MM calculations of the
YD

•-His (Figure 8d and Figure S3a of the Supporting
Information) and YD-His (Figure 8e and Figure S3b of the
Supporting Information) models, in which His has a neutral Nτ-
H form, provided the Nτ-H frequencies at much higher
frequencies of 3550−3150 cm−1 (Table 1), the region of strong
water bands. Thus, these calculations also explain well the YD

•/
YD FTIR spectrum, supporting the assignment of the N-H band
at ∼2800 cm−1 in the YZ

•/YZ spectrum described above.
All of the FTIR data provided above and the results of DFT

and QM/MM calculations indicate that D1-His190 coupled
with the oxidized YZ

• radical has a protonated cation form. The
low N-H frequency of ∼2800 cm−1 reflects the presence of a
strong hydrogen bond between YZ

• and HisH+. Because the
similar hydrogen bond with a neutral His in the YD

•-His model
showed a higher Nτ-H frequency (3417−3162 cm−1) and a
longer O···Nτ distance (2.77−2.96 Å in comparison with 2.63 Å
in YZ

•-HisH+) (Table 1), this strong hydrogen bonding
interaction of YZ

•-HisH+ most probably originates from the
so-called charge-assisted hydrogen bond.65−67 The stronger
hydrogen bond in YZ

• compared with that in YD
• has also been

pointed out in the νCO frequency in YZ
• (1514 cm−1) being

higher than that in YD
• (1504 cm−1) (Figure 3).44 Theoretical

calculations have shown that a stronger hydrogen bond upshifts
the νCO frequency of the Tyr• radical.68,69 The retention of a
positive charge on D1-His190 after YZ oxidation is consistent
with the previous reports of the electrochromic shift of Chl
absorption upon YZ oxidation,20 the low gx value in the high-
field EPR spectrum,22 the absence of proton release,24 and the
YZ oxidation capability at ultralow temperatures.12

The N-H band around ∼2800 cm−1 in the YZ
•/YZ spectrum

has a very broad width (Figures 2 and 5a). This type of broad
feature in IR spectra has been attributed to a strong hydrogen
bond with large proton polarizability, and the crucial role of
such a polarizable proton in proton transfer in proteins has
been proposed.70−74 The broad N-H band of YZ

• indicates that
the proton in the strong hydrogen bond between YZ

• and
HisH+ is highly polarizable; i.e., it readily moves in response to
the change in the electrostatic field in the environment. The
presence of a polarizable proton in the hydrogen bond of YZ

• is
also consistent with the slightly broader νCO band at 1514 cm−1

in comparison with that at 1504 cm−1 in YD
• (Figure 3), the

observation previously mentioned by Berthomieu et al.44

We used the Mn-depleted PSII core complexes for the
measurement of YZ

•/YZ FTIR difference spectra in this study.
The property of YZ is predicted to be changed by Mn
depletion.13,64 In particular, the structure of the water cluster
near the Ca atom and YZ (Figure 1) may be broken upon
removal of the Mn4Ca cluster. However, the QM/MM
calculation including water molecules and amino acid residues
surrounding YZ as the QM region provided an N-H frequency
(2748 cm−1) similar to that determined by the DFT calculation
(2810 cm−1) without these groups (Table 1). Experimentally,
the high-field EPR study using a PSII crystal also showed that
the orientation of YZ does not change after Mn depletion and
thus concluded that the pattern of hydrogen bonding around

Figure 10. Changes in the hydrogen-bonded structures of YZ and D1-
His190 with pH and photooxidation.
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YZ
• is not influenced drastically by removal of the Mn4Ca

cluster.22 Also, it was shown that at alkaline pH values, Mn-
depleted PSII is significantly kinetically similar to intact PSII,
indicative of the same reaction mechanism of PCET of YZ.

18

Furthermore, the recent time-resolved IR measurements of
intact PSII complexes exhibited a positive signal at 2500 cm−1

in the time region of several microseconds,75 at which YZ
•

mainly accumulates, indicating the presence of a positive
intensity at 2500 cm−1 in the YZ

• IR spectrum of the intact
PSII. Therefore, the conclusion about the hydrogen bonding
interaction between YZ

• and D1-His190 obtained using Mn-
depleted PSII should basically hold also in Mn-intact PSII.
It is noted that a broad positive feature with several peaks in

the 3000−2500 cm−1 region has also been observed in the S2/
S1 difference spectrum of the water-oxidizing center.59,76 We
previously showed that these peaks on the broad feature in the
2850−2500 cm−1 region originate from the Fermi resonance of
the His side chain(s) using global 15N and [15N]His
substitutions,59 while the underlying broad feature was
attributed to the polarizable proton in a hydrogen bond
network around the Mn4Ca cluster.

59,76 Recently, Polander and
Barry77 reported that the band at 2880 cm−1 in the S2/S1
spectrum arises from a cationic water cluster. As shown in
Figure S5 of the Supporting Information, in which our previous
data59,76,78 are reorganized, the corresponding band at ∼2900
cm−1 clearly downshifts upon global 15N and 13C labeling but is
unchanged by H2

18O substitution, indicating that the band at
∼2900 cm−1 in the S2/S1 difference spectrum probably arises
from the Fermi resonance of the His vibrations like other peaks
in the 3000−2500 cm−1 region. The authors mentioned above
also showed the spectra of ammonia-treated and Sr2+-
substituted PSII samples, which diminished the intensity of
the 2880 cm−1 band, as evidence of the assignment of the band
to the cationic water cluster.77 Our corresponding spectra
(Figure S5b,f of the Supporting Information), however, show
that the band feature in this region is basically unchanged by
these treatments.79,80 Thus, there is no experimental basis for
the assignment of the band at ∼2900 cm−1 to the cationic water
cluster. It is likely, however, that the broad feature in the S2/S1
spectrum originates from polarizable protons in the water
cluster (but not cation) near Ca and YZ (Figure 1A), and it is
presumed that the formation of a positive charge on the Mn4Ca
cluster in the S1 → S2 transition induces the intensified IR
bands of the vibrations of these polarizable protons.
The similar assignment of the broad feature at ∼2800 cm−1

in the YZ
•/YZ spectrum to the polarizable protons in the water

cluster near YZ is unlikely because the present YZ
•/YZ spectrum

was measured with the Mn-depleted PSII preparations. As
mentioned above, depletion of the Mn4Ca cluster will break the
solid network of the water cluster near Ca and YZ, and hence,
YZ may be surrounded by loosely bound water molecules
similar to bulk water, which shows the OH bands at ∼3400
cm−1. The observed 15N shift (Figure 5a) and the
disappearance of the broad feature at pH 5.5 (Figure 6Bc)
also cannot be explained by the water cluster as the origin of
the broad feature. It is possible, however, that the bands of
polarizable protons in the water cluster superimpose the N-H
band of HisH+ when a YZ

•/YZ spectrum is obtained in Mn4Ca-
intact PSII preparations. Future time-resolved IR studies using
intact PSII will clarify this point.
The role of a positive charge on D1-His190 next to the YZ

•

radical in the water oxidation mechanism has been proposed to
be driving the release of the proton from substrate water

especially in the S2 and S3 states, which has the surplus of a
positive charge on the Mn4Ca cluster.12,32,34,81 On the other
hand, retention of the proton at Nτ of D1-His190 without
proton release even from Nπ-H is at odds with the previous
proposal of the “hydrogen abstraction model”,19 in which a
proton is first released from the YZ site to the lumen and then
the YZ

• radical abstracts a hydrogen atom from substrate water.
The arguments against this model have already been made by
many authors from experimental12,20−22 and theoretical82

viewpoints. The data in this FTIR study add further evidence
that opposes this model. There is another possibility, however,
that YZ is directly related to proton transfer without releasing a
proton upon its oxidation: the YZ-His site is simply involved in
a proton transfer pathway when a proton is released from
substrate water in some S-state transitions.
From the information of the X-ray structure of PSII,14−16

possible proton pathways have been predicted.16,25−27,83 The
most probable pathway is the one that starts from D1-Asp61
and passes through Cl-1.35,36,83−90 The hydrogen bond network
connecting YZ and the lumen was also proposed as a candidate
of the proton pathway.16,27 There is a water cluster between the
Mn4Ca cluster and YZ (Figure 1A), and thus, the protons of the
water ligands, W4, W3, and W2 (and possibly O5, if this is a
hydroxide16), are readily transferred to the YZ oxygen by the
Grotthuss mechanism91,92 (Figure 11). The “gate” of this

proton transfer pathway is the YZ-His site that connects the
water cluster with the water channel near D1-Asn298 leading to
the lumen. The QM/MM calculations showed that upon YZ
oxidation and concomitant release of a proton to D1-His190,
the hydrogen bond between W4 and YZ is broken and the W4
proton forms a new hydrogen bond with another water, WA
(Figure 9). By this hydrogen bond formation, WA significantly
moves toward D1-His190 and the distance between Nτ of
His190 and the WA oxygen is shortened from 4.57 to 3.28 Å.
Because the proton of Nτ-H of D1-His190 is highly polarizable
(see above), it is movable responding to the change in the
charge distribution in the Mn4Ca cluster and the fluctuation of
the protein and water environments, and hence, there is a

Figure 11. Proposed mechanism for the proton release from substrate
water on the Mn4Ca cluster via the YZ

•-HisH+ moiety as a gate. The
high-polarizability proton detected in this study is marked with a red
circle. Hopping of this proton to WA, which moved toward D1-His190
upon YZ oxidation (Figure 9), triggers immediate transfer of a proton
from substrate water to YZ through the water cluster by the Grotthuss
mechanism (green arrows).

Biochemistry Article

dx.doi.org/10.1021/bi500237y | Biochemistry 2014, 53, 3131−31443140



chance to hop to WA, the nearby proton acceptor. This proton
hopping is the rate-limiting step and triggers the shift of the
equilibrium of proton transfer between the water ligands and
YZ

• to the YZ
• side, while the proton on WA is also transferred

to the hydrogen bond network near D1-Asn298 via water
molecules (Figures 9 and 11). Thus, eventually a proton is
transferred from substrate water to the lumen. An alternative
possibility could be hopping of a proton from W7 to W4 (the
distance between their oxygen atoms is 3.84 Å in the YZ

• state),
which is now connected to the hydrogen bond network to the
lumen through WA−WD (Figures 9 and 11). The key event in
this novel proton transfer mechanism is the movement of a
water molecule for rearrangement of the hydrogen bond
network. The significance of such mobile water in proton
pathways has been suggested previously.27,36,74

This type of proton transfer can take place before the transfer
of an electron from the Mn4Ca cluster to YZ

•. Such a proton-
first PCET reaction has been proposed to occur at the S2 and S3
states, which have an excess positive charge on the Mn4Ca
cluster, to decrease the redox potentials before electron
transfer.32,34,75,93 Which proton pathway is preferentially used
in each S-state transition may depend on the structural
relationship of the proton-releasing substrate with the hydrogen
bond network around the Mn4Ca cluster. The S3 → S0
transition seems to use the pathway via D1-Asp61 and Cl-
1,35,36,83−90 because mutations at D1-Asp6188−90 and D2-
Lys317,86,87 which is a ligand to Cl-1, retard the rate of this
transition or affects the efficiency. In contrast, in the S2 → S3
transition, another pathway near YZ was proposed to be
active.32 It is suggested that the electrostatic repulsion between
the positive charges on D1-His190 and the Mn4Ca cluster in
the S2 state promotes the proton transfer cascade starting from
the release of the polarizable proton in YZ

•-HisH+. In this case,
the protons from W4, W3, and W2 (and possibly O5) can be
released to the lumenal side using the proton transfer
mechanism mentioned above (Figure 11). The proton transfer
via YZ

•-HisH+ may also take place in concerted PCET. This
proton transfer mechanism looks similar to the previous
hydrogen abstraction model.19 The basic difference, however, is
that in the mechanism proposed here, the triggering reaction of
the transfer of a proton from HisH+ determines the rate of the
whole PCET process and the stable formation of deprotonated
YZ

•-His is not required.
Proton rocking along the hydrogen bond between YZ and

D1-His190 without further proton release is the most effective
way to decrease the energy barrier of the redox reactions of YZ.
The strong hydrogen bond in the YZ-His pair in the oxidized
form as shown in this study as well as in the reduced form as
theoretically revealed by Saito et al.17 particularly contributes to
the increase in the rates of YZ reactions. In contrast, the absence
of proton rocking between YD and D2-His189 was also
confirmed by the absence of a broad feature at a frequency of
<3000 cm−1 (Figure 3d), indicative of no formation of the YD-
HisH+ form. This is because D2-His189 has a neutral Nτ-H
form by accepting a hydrogen bond at the Nπ site from the
guanidinium cation of D2-Arg294 and hence cannot accept a
hydrogen bond at Nτ from the YD OH (Figure 8e). Thus, YD
releases a proton along a longer proton pathway in the protein,
as recently indicated by the QM/MM calculations.31 Such a
difference in the proton release mechanism provides a major
cause for the kinetic difference between YZ and YD

11−13 and
hence their roles as the main and peripheral electron donor,
respectively, to P680+.
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Mulkidjanian, A., and Junge, W. (1998) Function of tyrosine Z in
water oxidation by photosystem II: Electrostatical promotor instead of
hydrogen abstractor. Biochemistry 37, 1131−1142.
(25) Ho, F. M., and Styring, S. (2008) Access channels and methanol
binding site to the CaMn4 cluster in Photosystem II based on solvent
accessibility simulations, with implications for substrate water access.
Biochim. Biophys. Acta 1777, 140−153.
(26) Vassiliev, S., Comte, P., Mahboob, A., and Bruce, D. (2010)
Tracking the flow of water through photosystem II using molecular
dynamics and streamline tracing. Biochemistry 49, 1873−1881.
(27) Ogata, K., Yuki, T., Hatakeyama, M., Uchida, W., and
Nakamura, S. (2013) All-atom molecular dynamics simulation of

photosystem II embedded in thylakoid membrane. J. Am. Chem. Soc.
135, 15670−15673.
(28) Boussac, A., and Etienne, A. L. (1984) Midpoint potential of
signal II (slow) in Tris-washed photosystem II particles. Biochim.
Biophys. Acta 766, 576−581.
(29) Vass, I., and Styring, S. (1991) pH-Dependent charge equilibria
between tyrosine-D and the S states in photosystem II. Estimation of
relative midpoint redox potentials. Biochemistry 30, 830−839.
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