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ABSTRACT: The vibrations of a water molecule in the water-oxidizing complex (WOC) of photosystem II
were detected for the first time using Fourier transform infrared (FTIR) spectroscopy. In a flash-induced
FTIR difference spectrum upon the S1-to-S2 transition, a pair of positive and negative bands was observed
at 3618 and 3585 cm-1, respectively, and both bands exhibited downshifts by 12 cm-1 upon replacement
of H2

16O by H2
18O. Upon D2O substitution, the bands largely shifted down to 2681 and 2652 cm-1.

These observations indicate that the bands at 3618 and 3585 cm-1 arise from the O-H stretching vibrations
of a water molecule, probably substrate water, coupled to the Mn cluster in the S2 and S1 states, respectively.
The band frequencies indicate that the O-H group forms a weak H-bond and this H-bonding becomes
weaker upon S2 formation. Intramolecular coupling with the other O-H vibration of this water molecule
was studied by a decoupling experiment using a H2O/D2O (1:1) mixture. The downshifts by decoupling
were estimated to be 4 and 12 cm-1 for the 3618 (S2) and 3585 cm-1 (S1) bands, both of which were
much smaller than 52 cm-1 of water in vapor, indicating that the observed water has a considerably
asymmetric structure; i.e., one of the O-H groups is weakly and the other is strongly H-bonded. The
smaller coupling in the S2 than the S1 state means that this H-bonding asymmetry becomes more prominent
upon S2 formation. Such a structural change may facilitate the proton release reaction that takes place in
the later step by lowering the potential barrier. The present study showed that FTIR detection of the
O-H vibrations is a useful and promising method to directly monitor the chemical reactions of substrate
water and clarify the molecular mechanism of photosynthetic water oxidation.

Photosynthesis is the process by which plants and certain
types of bacteria convert the energy of light into the chemical
energy of organic compounds such as sugars and starch.
These energy-rich compounds are synthesized by reduction

of CO2. As the source of electrons for this CO2 reduction,
plants and cyanobacteria use water, which is one of the most
abundant resources on the earth. Hence, water works as a
terminal electron donor in the electron-transfer chain of
photosynthetic reactions. The oxidation of water is performed
in the water-oxidizing complex (WOC),1 which resides on
the electron donor side of photosystem II (PSII) (1-6). The
catalytic core of the WOC is a tetranuclear Mn cluster, whose
structure has been proposed as a dimer of a di-µ-oxo dimer
from EXAFS and EPR studies (3, 7). In the WOC, two water
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molecules are oxidized to cleave into a O2 molecule and four
protons. This reaction proceeds through a light-driven cycle
of five intermediates, S0-S4, in which the S1 state is dark
stable and O2 is released in the S4-to-S0 transition. As for
the chemical mechanism of water oxidation, various models
have been proposed so far (1-6). The general view is that
(i) two substrate water molecules bind to Mn, (ii) protons
are liberated in a stepwise or concerted way through the
changes in the redox states of the Mn ions, and (iii) an O-O
bond is created in the S4 state and then O2 is released. The
current experimental knowledge, however, is so limited that
the detailed chemical mechanism of water oxidation remains
a mystery.

To clarify the mechanism of an enzymatic reaction, it is
essential to probe a substrate molecule in the protein
complex. In the case of the WOC, however, this is rather
difficult because the substrate is water that is also the solvent
of the system. The substrate water in the WOC must be
distinguished from an enormous amount of bulk water. Up
to now, several attempts have been made to detect water
molecules bound to the Mn cluster. The NMR relaxation
rate of solvent protons is enhanced by S-state changes, and
this phenomenon was interpreted as due to rapid equilibrium
between the protons of bulk water and those of Mn-
coordinated water (8). Mass spectrometry studies indicated
that the exchanging rate of water in the S3 state is biphasic,
and thus two substrate water molecules have strongly
heterogeneous structures (9). Water binding to the Mn cluster
has also been suggested by CW EPR studies, in which small
changes were observed in the S2 multiline signal in H2

17O
(10) and D2O (11). Britt (2) also showed the presence of
water or hydroxo ligands to Mn in both the S1 and S2 states
by ESEEM of D2O-exchanged PSII particles. By contrast,
in recent ESEEM investigations using H2

17O and D2O-
reconstituted PSII, Turconi et al. (12) could not obtain the
evidence of H2O binding to the Mn center giving rise to the
multiline signal. In proton ENDOR studies, Kawamori et
al. (13) and Fiege et al. (14) reported the protons from water
ligands to the Mn cluster, whereas Tang et al. (15) did not
observe signals from un-ionized water or hydroxo ligands
directly bound to the Mn cluster.

We have been using FTIR difference spectroscopy to
investigate the ligand and protein structures of the WOC
(16-24). The FTIR spectra of the WOC have been obtained
as light-induced difference spectra upon S1-to-S2 transition.
Analyses of the S2/S1 difference spectra have revealed the
presence of carboxylate ligands (16-19, 23), the protonation
and H-bonding structure of a histidine ligand (22), changes
in conformations of the polypeptide chains (16, 18, 19), and
the structural coupling of a tyrosine residue with the Mn
cluster (21). Zhang et al. (25) and Chu et al. (26) recently
reported S2/S1 or S2QA

-/S1QA difference spectra in the 1800-
1200 cm-1 region basically identical to ours. Chu et al. (26)
further succeeded in measuring the lower frequency region

(1000-550 cm-1) of those spectra, where the vibrations of
di-µ-oxo-bridged Mn dimer are expected to be present.

Water has characteristic infrared absorption in the 3800-
3000 cm-1 region that arises from its O-H stretching
vibration. This vibration is the best monitor to study the
structure and interactions of a water molecule, because it is
highly sensitive to the H-bonding, metal binding, and
molecular symmetry (27-33). It is also useful to directly
detect the protonation and deprotonation reactions of water.
As for water in proteins, Maeda, Kandori, and co-workers
(34, 35) have extensively studied the structures of water
molecules in the active sites of bacteriorhodopsin and
rhodopsin by detecting the O-H stretching vibrations using
a light-induced FTIR difference technique. These studies
showed the interaction changes of water molecules that are
located in the proton-transfer pathways. In the present study,
we have applied the same technique to study the structure
and reaction of substrate water in the WOC. We have
succeeded, for the first time, in detecting O-H vibrations
of an active water molecule in the WOC and obtained the
structural information of this water including the H-bonding
interaction and the structural symmetry.

MATERIALS AND METHODS

Oxygen-evolving PSII core complexes from the thermo-
philic cyanobacteriumSynechococcus elongatus, in which
the carboxyl terminus of the CP43 subunit was genetically
histidine-tagged, were purified using Ni2+-affinity column
chromatography as described by Sugiura and Inoue (36). The
typical value of oxygen-evolving activity of this PSII core
was 2200µmol (mg of Chl)-1 h-1 at 25°C with ferricyanide
as an exogenous electron acceptor (36). Depletion of the Mn
cluster was performed by NH2OH treatment according to
Sugiura and Inoue (36). The PSII core complexes were
suspended in 40 mM Mes-NaOH buffer (pH. 6.5) containing
20 mM NaCl, 15 mM CaCl2, 15 mM MgCl2, 0.03% DM,
and 25% glycerol and stored in liquid N2 until use. Before
FTIR measurements, the core complexes were resuspended
in 10 mM Mes-NaOH (pH 6.0) buffer containing 50 mM
sucrose, 5 mM NaCl, 5 mM CaCl2, and 0.06% DM. For the
replacement of H216O with H2

18O, an aliquot of sample
suspension was dried under N2 gas flow followed by
resuspension with the same volume of H2

18O. This replace-
ment procedure was repeated twice. The PSII core suspension
in H2

18O buffer was then incubated at 10°C overnight. It is
noted that the present core sample prepared from a thermo-
philic cyanobacterium is highly stable and retains more
than 90% of the original oxygen-evolving activity even after
8-day incubation at 20°C (36). The PSII samples in D2O
and H2O/D2O (1:1) buffers were prepared by the replacement
of the H2O buffer with the D2O and H2O/D2O (1:1) buffers
by repetitive concentration and dilution procedures using
Microcon-100 (Amicon). The sample was then incubated at
6 °C overnight. The above procedures of buffer replacement
were performed in the dark, so that the WOC was poised
basically in the S1 state.

FTIR spectra were measured on a Bruker IFS-66/S
spectrophotometer equipped with an MCT detector (EG&G
JUDSON). S2/S1 FTIR difference spectra were measured as
described previously (18, 19, 21, 22). An aliquot of the core
suspension (6 mg of Chl/mL; 5µL) was mixed with 4µL

1 Abbreviations: DM,n-dodecylâ-D-maltoside; ENDOR, electron
nuclear double resonance; EPR, electron paramagnetic resonance;
ESEEM, electron spin-echo envelope modulation; EXAFS, extended
X-ray absorption fine structure; FTIR, Fourier transform infrared;
H-bond, hydrogen bond; Mes, 2-(N-morpholino)ethanesulfonic acid;
PSII, photosystem II; QA, primary quinone electron acceptor of PSII;
QB, secondary quinone electron acceptor of PSII; WOC, water-oxidizing
complex.
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of ferricyanide/ferrocyanide (2 mM/18 mM) solution, lightly
dried on a BaF2 plate under N2 gas flow, and covered with
another BaF2 plate. Absorbance of the amide I band around
1650 cm-1 was adjusted below 1.0. The sample temperature
was kept at 250 K in a liquid N2 cryostat (Oxford DN1704)
equipped with a controller (Oxford ITC-5). Two single-beam
spectra (200 s accumulation for each) were measured before
and 10 s after single-pulse illumination from a frequency-
doubled Nd:YAG laser (Quanta-Ray GCR-130) (532 nm;
7 ns pulse width; 20 mJ/pulse cm2 at the sample point), and
the difference spectrum was calculated by subtracting the
spectrum obtained before illumination from that after il-
lumination. The interval of 10 s after illumination was taken
to complete the electron abstraction by ferricyanide on the
electron acceptor side. The spectral resolution was 4 cm-1.
Six to eight spectra were averaged for final data.

RESULTS

Figure 1a shows a flash-induced S2/S1 FTIR spectrum of
the WOC of the PSII core complexes fromS. elongatus. The
spectral features of the lower frequency region (1800-1200
cm-1) follow those of the previously reported S2/S1 spectrum
of PSII membranes of spinach (18, 19, 24) and PSII core
complexes fromSynechocystisPCC 6803 (21, 22). Several
prominent bands are observed in the symmetric (1450-1350
cm-1) and asymmetric (1600-1500 cm-1) stretching regions
of carboxylate groups, and complex structures appear in the
amide I region (1700-1600 cm-1). The sample included
ferricyanide as an exogenous electron acceptor, and thus QA

-/
QA or QB

-/QB signals, which are characterized by an intense
CO stretching band of the semiquinone anion around 1480
cm-1 (25, 37, 38), were not observed. Instead, in the CN
stretching region, positive and negative peaks at 2115 and

2038 cm-1, respectively, appeared due to the reduction of
ferricyanide to produce ferrocyanide (not shown). When the
Mn cluster was depleted, most of the bands disappeared,
leaving some weak signals (Figure 1b). These remaining
signals are probably ascribed to the non-heme iron (Fe2+/
Fe3+) (20, 39, 40), part of which is preoxidized even under
the redox condition of ferrocyanide/ferricyanide (9:1) and
hence becomes an endogenous electron acceptor. Bicarbonate
seems to be released from this preoxidized non-heme iron,
because the bands of bicarbonate at 1338 and 1228 cm-1

(39) are missing and the spectrum is more similar to that of
the non-heme iron with glycolate (40). The disappearance
of most bands by Mn depletion (Figure 1b) reinforced the
idea that the spectrum of the Mn-intact PSII core complexes
in Figure 1a arises from the WOC, although some contami-
nation signals from the non-heme iron may be included. It
is noted that, in Figure 1b, the YD

•/YD signals, which have
been detected in the Mn-depleted PSII with ferricyanide (21,
38), were not observed. This is probably because ferro-
cyanide, which was included in the sample with high
concentration (ferrocyanide:ferricyanide) 9:1), worked as
an exogenous electron donor, and hence YD

• was not
accumulated in this PSII.

The original FTIR spectrum of the PSII sample shows a
strong absorption band around 3300 cm-1, which is due to
the strongly H-bonded O-H stretching vibrations of bulk
water (ice in this case) (Figure 1, inset). Because a rather
wet sample was used in this study to avoid inactivation of
the WOC, infrared absorption in the 3500-3100 cm-1 region
was saturated (A > 1.0) (Figure 1, inset), and hence the
spectrum in this region was not available. On the other hand,
the higher frequency region of 3800-3500 cm-1, where free
or weakly H-bonded O-H stretching bands of water occur,
escaped from saturation (Figure 1 inset). Thus, a light-
induced difference spectrum can be obtained in this fre-
quency region. The S2/S1 spectrum in this high-frequency
region is included in Figure 1a. There appeared prominent
positive and negative bands at 3618 and 3585 cm-1,
respectively. The band intensities were comparable with those
of the carboxylate bands in the 1600-1350 cm-1 region
(Figure 1a). Both of the bands at 3618/3585 cm-1 disap-
peared upon Mn depletion (Figure 1b), confirming that these
belong to the S2/S1 change of the WOC. A similar band pair
was observed also in the S2/S1 difference spectrum of BBY-
type PSII membranes from spinach (spectrum not shown),
indicating that this signal is not specific to cyanobacteria or
core preparations. It should be also noted that this observa-
tion, along with the spectral features in the 1800-1200 cm-1

region, similar to those of spinach membranes andSynecho-
cystiscore complexes, indicates that the His-tag of CP43 in
this S. elongatusmutant does not affect the structure of the
WOC detected by FTIR.

To examine whether the signal at 3618/3585 cm-1 arises
from the O-H stretching vibrations of water, the spectrum
was measured using the sample incubated in H2

18O buffer.
In the lower frequency region (1800-1200 cm-1), the S2/S1

spectrum obtained (not shown) was virtually identical to that
of the sample in H216O (Figure 1a), indicating that the PSII
sample was not damaged by the H2

16O/H2
18O replacement

procedure. The S2/S1 difference spectrum in the O-H region
measured in the H218O buffer is shown in Figure 2a (thick
line) compared with that in the H216O buffer (thin line). Both

FIGURE 1: Flash-induced FTIR difference spectra upon S1-to-S2
transition of the WOC in PSII core complexes fromS. elongatus
(a) and in Mn-depleted complexes (b). The samples included
ferricyanide/ferrocyanide (1:9). Inset: FTIR absorption spectrum
of the PSII core complexes in the O-H stretching region, in which
the frequency region shown in difference spectra a and b is indicated
by an arrow. The sample temperature was 250 K. Difference spectra
were obtained as after-minus-before single-pulse illumination (532
nm; 7 ns). The spectral resolution was 4 cm-1.
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of the peaks at 3618/3585 cm-1 shifted to the lower
frequencies by 12 cm-1, and the bands are now located at
3606/3573 cm-1. This downshift of 12 cm-1 is identical to
the calculated shift of the O-H frequency upon replacement
of 16O by 18O. This observation indicates that the bands at
3618/3585 cm-1 both originate from the O-H stretching
vibrations of water.

Further evidence was obtained by the measurement of the
sample incubated in D2O. Upon H2O/D2O exchange, the
bands in the O-H stretching region disappeared as expected
(Figure 2b). Instead, in the O-D stretching region, new
bands appeared at 2681/2652 cm-1 (Figure 3b). The O-D
band intensities were smaller than the corresponding O-H
intensities (Figures 1a and 2b). This observation is reasonably
explained by the molar extinction coefficient of the O-D
stretching vibration that is originally smaller than the
coefficient of the O-H stretch (41). In H2O buffer, several
successive peaks were detected in this O-D region (Figure
3a) (22). These peaks have already been ascribed to Fermi
resonance of the overtones and combinations of the imidazole
vibrations with the H-bonded N-H stretch of the histidine
ligand of the Mn cluster (22). The peaks reasonably
disappeared upon D2O exchange (Figure 3b). Also, in the
S2/S1 spectrum in H2O, a broad background has been ob-
served above 2500 cm-1, which continues up to about 3000
cm-1 (partly seen in Figure 3a) (22). The origin of this broad
feature was discussed as due to the N-H stretching vibration
of the coupled histidine or the O-H or N-H bands of water
or proteins that are involved in a H-bonding network around
the Mn cluster (22). This broad feature was not affected at
all by H2

16O/H2
18O exchange (data not shown), indicating

that exchangeable water is not responsible for this feature.

From the above experiments of isotope exchange, it is
concluded that the signal at 3618/3585 cm-1 arises from the
O-H stretching vibrations of a water molecule coupled to
the Mn cluster. Upon S1-to-S2 transition, the O-H frequency
shifts upward by 33 cm-1 from 3585 (S1) to 3618 cm-1 (S2).

When a water molecule has a symmetric structure, i.e.,
the two O-H groups have the same interactions, the two
O-H vibrations couple with each other, resulting in the
asymmetric and symmetric vibrations. The O-H frequency
shifts up from the original O-H frequency in the asymmetric
vibration and shifts down in the symmetric vibration. For
example, in a water molecule in vapor, which takes a
symmetric structure, the coupled asymmetric and symmetric
vibrations occur at 3756 and 3652 cm-1, respectively (42),
with a frequency gap of about 100 cm-1. On the other
hand, when a water molecule has an asymmetric struc-
ture, this intramolecular coupling is small and each O-H
vibration is rather independent. Thus, the structural symmetry
of a water molecule can be examined by studying the
coupling of the two O-H vibrations. The extent of the
O-H coupling is estimated by a frequency shift upon
decoupling by partial deuteration of water. Assuming a water
molecule, H1-O-H2, the frequency of the O-H1 stretching
vibration coupled with the O-H2 vibration will shift to
the pure O-H1 frequency by decoupling of the O-H2 in
H1-O-D2. The decoupling shift is larger as the coupling
is stronger.

To examine the intramolecular coupling of the O-H
bands at 3618/3585 cm-1 in the S2/S1 spectrum, the spectrum
was measured using the PSII sample in a H2O/D2O mixture
(1:1). Figure 2c shows the O-H stretching region of the
spectrum obtained. The band intensities became half of the
O-H intensities in H2O buffer (Figure 1a). [The spectra
were normalized at the 1402/1362 cm-1 carboxylate bands,

FIGURE 2: S2/S1 FTIR difference spectra in the O-H stretching
region of PSII core complexes fromS. elongatusin H2

16O (a, thin
line), H2

18O (a, thick line), D2O (b), and H2O/D2O (1:1) (c).
Measuring conditions were the same as those for Figure 1. The
spectra were normalized to adjust the intensities of the symmetric
carboxylate stretching bands at 1403/1362 cm-1.

FIGURE 3: S2/S1 FTIR difference spectra in the O-D stretching
region of PSII core complexes fromS. elongatusin H2

16O (a, thin
line), H2

18O (a, thick line), D2O (b), and H2O/D2O (1:1) (c).
Measuring conditions were the same as those for Figure 1. The
spectra were normalized to adjust the intensities of the symmetric
carboxylate stretching bands at 1403/1362 cm-1.
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which are not affected by deuteration (19).] The 3618 cm-1

band shifted to the lower frequency by 2 cm-1 with virtually
no change in the bandwidth [20 cm-1 in a full width at
half-maximum (HWFM)], while the 3585 cm-1 band shifted
more by 6 cm-1 with slight band broadening (from 20 to
26 cm-1 in HWFM). In the H2O/D2O (1:1) mixture, four
different water species exist with the same amount, i.e., H1-
O-H2, H1-O-D2, D1-O-H2, and D1-O-D2. The above
spectral changes are explained as that both of the 3618 and
3585 cm-1 bands arise from rather isolated O-H modes
(defined as O-H1) with relatively weak intramolecular
coupling with O-H2. As for the 3585 cm-1 band in the S1
state, the original O-H1 band in H1-O-H2 is left at 3585
cm-1 with a quarter intensity, while the decoupled O-H1

stretch in H1-O-D2 appears at 3573 cm-1 by a 12 cm-1

downshift with another quarter intensity, resulting in the
broader band centered at 3579 cm-1 with a half intensity
(Figure 2c). Note that the two bands with a 12 cm-1 gap
cannot be resolved because of the original bandwidth of
20 cm-1. The coupling of the 3618 cm-1 band in the S2 state
is much smaller; the frequency shift upon decoupling is
predicted to be only 4 cm-1, resulting in the apparent 2 cm-1

shift due to the overlap of the original band of H1-O-H2

at 3618 cm-1 and the decoupled band of H1-O-D2 at 3614
cm-1. The bandwidth is virtually unchanged because of this
small shift.

Similar spectral changes, i.e., half-band intensities and
downshifts of the peak positions with a larger shift in the S1

band, were seen in the O-D stretching region (Figure 3c in
comparison with Figure 3b). Unfortunately, band features
are less clear due to the background slope and some
superimposing structures. Nevertheless, this observation
confirms the above view of intramolecular coupling of the
observed water molecule.

DISCUSSION

We have observed the vibrations of a water molecule
coupled with the reaction of the WOC. In the S2/S1 FTIR
difference spectrum, the positive and negative bands at 3618
and 3585 cm-1, respectively, were definitely assigned to the
O-H stretching vibrations of the water by H2

18O and D2O
substitutions (Figures 2 and 3).

The free O-H vibration of H2O in vapor occurs at 3704
cm-1 [the mean value of the coupled asymmetric and
symmetric stretching vibrations at 3756 and 3652 cm-1 (42)].
The O-H vibration shifts to the lower frequency upon
H-bonding, and thus the O-H frequency is a good indication
of H-bonding strength (27-33). For example, weak H-
bonding to acetonitrile shows a downshift (∆ν: νfree -
νH-bond) by 50-140 cm-1 depending on solvents, while
strong H-bonding to triethylamine gives∆ν ) ∼450 cm-1

(31). In a water dimer, the H-bonded O-H shows a∆ν of
100-160 cm-1 (32, 33), while liquid water or water clusters
show stronger H-bonds with∆ν as much as 300-500 cm-1

due to the cooperativity effect of H-bonding networks (29,
32, 33). Metal binding to the oxygen atom of water also tends
to increase∆ν (28, 29).

The O-H bands of water in the WOC at 3618/3585 cm-1

(S2/S1 states) (Figure 2) give∆ν values of 86/119 cm-1 (90/
131 cm-1 if ∆ν is calculated using the decoupled O-H
frequencies of 3614/3573 cm-1; see below). These values

indicate that the observed O-H group is weakly H-bonded
in both the S1 and S2 states. The upshift of the O-H
frequency by 33 cm-1 (41 cm-1 in the decoupled O-H) upon
S2 formation means that the H-bonding interaction of this
O-H group becomes weaker in this process.

The decoupling experiment by measuring the spectrum
in H2O/D2O (1:1) provided the information of the intra-
molecular coupling of the observed O-H vibration with
another O-H in the H2O molecule (Figure 2c). The extent
of the coupling was estimated as the shift upon decoupling,
and values of 4 and 12 cm-1 were obtained for the 3618
and 3585 cm-1 bands, respectively. These values are much
smaller than 52 cm-1 for free water in vapor that has a
symmetric structure (42). This small O-H coupling indicates
a significantly asymmetric structure of the water in the WOC.
Because no prominent bands were observed in the higher
frequency side of the 3618/3585 cm-1 bands up to 3800 cm-1

(Figure 1a), the other coupled O-H bands should be located
in the strongly H-bonded O-H region below 3500 cm-1.
The observation that the 3618/3585 cm-1 bands downshifted
upon decoupling (Figure 2c) supports this idea, because the
higher frequency O-H band is shifted up by coupling, that
is, shifted down by decoupling. It is concluded, therefore,
that the observed water has an asymmetric structure in which
one O-H is weakly H-bonded, whereas the other O-H is
strongly H-bonded. Unfortunately, this strongly H-bonded
O-H band could not be identified in this study, because the
frequency region at 3500-3100 cm-1, where the band is
expected to be found, was not measurable due to the
absorption saturation by bulk water (Figure 1, inset).

The observation that the O-H coupling is smaller in the
S2 state (4 cm-1) than in the S1 state (12 cm-1) indicates
that this H2O has a more asymmetric structure in the S2 state.
This probably resulted from the further weakened H-bonding
of the weakly H-bonded O-H group in the S2 state as seen
in the 33 cm-1 upshift. In this case, the strong H-bonding of
the other O-H group may be strengthened more by the
anticooperativity effect (30); i.e., when the H-bonding of one
O-H is strengthened, that of the other O-H is weakened,
and vice versa. It may also be possible, on the contrary, that
the 33 cm-1 upshift is the result of the anticooperativity of
the strengthened H-bond of the other O-H. In any case, the
structural symmetry of the water is lowered, resulting in the
smaller coupling between the two O-H groups. It is worth
noting that because the intramolecular coupling of the O-H
vibrations was observed in both the S1 and S2 states, the
possibility that the observed O-H bands arise from a
hydroxyl form (OH- anion or OH• radical) can be excluded.

The relatively large upshift of the O-H stretching
frequency by 33 cm-1 upon S2 formation and the structural
changes discussed above indicate that this water molecule
is strongly coupled to the reaction of the WOC. Also, the
observed weak H-bonding shows that this water is located
rather isolated from bulk water. Therefore, the primary
candidate for this water is substrate water that is directly
coordinated to the Mn cluster. In this case, the observation
in the present study indicates that at least one water molecule
is coordinated to Mn in both the S1 and S2 states, being
consistent with the conclusion from the ESEEM study by
Britt (2). Previously, we suggested, from the large upshift
of an asymmetric carboxylate stretching band upon H/D
exchange, the presence of a water ligand strongly H-bonded
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to the carboxylate ligand (19). It is possible that this water
ligand is the one that we have detected in the present study.
If this is the case, we have probably observed the O-H group
other than the O-H that is interacting to the carboxylate
group.

The observed water molecule is not deprotonated upon
S1-to-S2 transition. However, its structure becomes more
asymmetric and probably the strongly H-bonded O-H
becomes more acidic in the S2 state. It is conceivable that
such a structural change facilitates the release of this acidic
proton in the later step, by lowering the potential barrier. It
should be noted that the Mn ion that binds the observed water
may not be the one that is directly oxidized from III to IV
upon S2 formation (3, 7). If the water were coordinated to
the oxidized Mn, the O-H frequency would decrease due
to H-bond cooperativity of the metal ion (28, 29), which
should be larger in Mn(IV) than in Mn(III). A hypothetical
view is that the water-binding Mn is oxidized in the next
S2-to-S3 transition, making the strongly H-bonded proton
further acidic, and then the proton is finally liberated. The
proposed structure of the water ligand observed in this study
is depicted in Figure 4.

Although the above structure of Mn-bound water is most
plausible at the moment, direct evidence for this structure
must be obtained by detection of the Mn-H2O vibrations,
which occur in the low-frequency region (<700 cm-1) (43).2

Therefore, the possibility that the observed water is not a
direct ligand of Mn cannot be excluded. Even in this case,
this water molecule should be located in the vicinity of the
Mn cluster and strongly coupled to it through a H-bonding
network. Hence, the water can still be a substrate, which
is not bound to the Mn in the S1 and S2 states but is
incorporated into the ligand sphere in the S3 or S4 state.
Another possibility is that this water is in the proton-transfer
pathway and functions as a proton-transfer mediator. In fact,
such water molecules that play important roles in proton-
transfer reactions have been found in bacteriorhodopsin and
rhodopsin by FTIR spectroscopy (34, 35).

We probably detected one of the two substrate water
molecules. The other substrate water may have strong
H-bonding in both the O-H groups, so that the band would

occur in the strongly H-bonded O-H region that we could
not detect in this study. It seems unlikely that the observed
bands are the overlap of the two water molecules, because
in this case these two waters must have the same molecular
interactions in both the S1 and S2 states. Further studies of
the FTIR measurements in the strongly H-bonded O-H
region using dried PSII samples would be necessary to clarify
the H-bonding structures of both of the substrate water
molecules.

In conclusion, we have detected, for the first time, the
vibrations of an active water molecule, probably substrate
water, in the WOC by FTIR spectroscopy. The analysis of
the bands showed that this water molecule has an asymmetric
structure, in which one of the O-H groups is weakly
H-bonded whereas the other is strongly H-bonded. Upon S2

formation, the H-bonding structure becomes more asym-
metric. It was assumed that this structural change decreases
a potential barrier of the proton release reaction in the later
step. The present study showed that FTIR detection of the
O-H stretching vibrations of water is a very useful and
promising method to directly monitor the chemical reactions
of substrate water and clarify the molecular mechanism of
the water-oxidizing process in the WOC.
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