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ABSTRACT: The redox-active tyrosine YD (D2-Tyr160) in photosystem II (PSII) serves as a side-path electron
donor to P680. When YD is oxidized, a proton is released from phenolic OH, and a neutral radical YD

• is
formed. A hydrogen bond network around YD must be deeply involved in the mechanism of the YD

reaction. In this study, we have detected water molecules structurally coupled to YD by means of Fourier
transform infrared (FTIR) spectroscopy. Light-induced YD

•/YD FTIR difference spectrum of a hydrated
film of the PSII core complexes fromThermosynechococcus elongatusshowed major signals at
3636(-)/3617(+) and 3594(+)/3585(-) cm-1 in the weakly hydrogen bonded OH stretching region. These
peaks downshifted by 11-12 cm-1 upon H2

18O substitution and almost disappeared upon H/D exchange,
and hence, they were definitely assigned to the water OH vibrations. Small intramolecular couplings of
3-6 cm-1 estimated from the OH frequencies of residual HOD species in a deuterated film indicate that
these OH signals arise from two different water molecules that have significantly asymmetric hydrogen
bond structures. Similar OH signals were observed in PSII-enriched membranes from spinach, suggesting
that two water molecules commonly exist near YD irrespective of biological species. These water molecules
are coupled to YD most probably through a hydrogen bond network or one of them possibly interacts
directly with YD, and thus, they may play crucial roles in the YD reaction by forming a proton-transfer
pathway and tuning the redox potential of YD.

The redox-active tyrosine YD1 (D2-Tyr160) in photosystem
II (PSII) serves as an electron donor to the special-pair
chlorophyll P680. When YD is oxidized, a proton is released
from phenolic OH, and a neutral radical YD

• is produced
(1-5), reflecting a extremely low pKa of -2 for the cation
radical (6). While another redox-active tyrosine YZ (D1-
Tyr161), which is symmetrically located in the PSII complex,
functions in a main electron-transfer pathway from the
oxygen-evolving Mn cluster to P680, YD is related to
peripheral electron-transfer processes involving P680 and the
Mn cluster (1-5). YD may play physiological roles in
preventing over-reduction of the Mn cluster to maintain stable
valence states and tuning the P680+ property electrostatically
or through a hydrogen bond network (3, 7). The redox
potential of YD

•/YD has been estimated to be+0.72-0.76
mV (8, 9), which is much lower than that of YZ•/YZ

(approximately+1 V) (1). The reason for the low redox
potential of YD remains unclarified. Recent quantum chemi-

cal calculations suggested that the hydrogen bond network
around YD plays a crucial role in determining the redox
potential (10).

The protein structure around YD has been revealed by
X-ray crystallographic studies of PSII core complexes from
Thermosynechococcus elongatusat 3.0-3.5 Å resolution (11,
12). The side chain of D2-His189 is located at a hydrogen
bonding distance to the phenolic OH of YD, and that of D2-
Gln164 is also in close vicinity. The X-ray structures also
showed a hydrogen bond network involving D2-Arg294,
CP47-Glu364, and D2-Asn292 in addition to D2-His189 and
D2-Gln164, while no water molecules have been resolved
so far. Exchangeable protons near YD

• have been detected
by ENDOR and ESEEM spectroscopies (13-19). Direct
interaction with D2-His189 has been revealed by ENDOR
(17, 20), high-field EPR (21), and FTIR (22) measurements
in combination with specific15N isotope substitution of
histidines or site-directed mutation of D2-His189.

It has been thought that the proton released from YD

remains in the vicinity of YD (2, 3). D2-H189 or a nearby
residue may accept the proton, or it can be shared within a
hydrogen bond network (2, 3, 23). FTIR measurements by
Hienerwadel et al. (23), however, detected protons released
from PSII proteins upon YD oxidation as changes in buffer
bands, although they could not conclude whether the proton
originates from YD or arises from residues at the protein
surface due to an electrostatic effect. Thus, the fate of the
proton released upon YD oxidation has not been clarified
yet. It is essential to identify the proton-transfer pathway
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and the protonation states of residues involved in this
pathway to answer this question.

In this study, we have for the first time detected water
molecules structurally coupled to YD by means of light-
induced FTIR difference spectroscopy. This technique has
been applied to various redox cofactors in PSII to study their
reactions and couplings with surrounding molecules (24).
YD

•/YD FTIR spectra have been reported only in the mid-
frequency region (1800-1000 cm-1) thus far (22, 23, 25-
27). Here, we have measured the high-frequency region
(3700-3500 cm-1), where OH stretching vibrations of water
occur (28-31), using moderately hydrated films of PSII
preparations fromT. elongatusand spinach. Two water
molecules, probably involved in the hydrogen bond network
around YD, were identified. These water molecules may play
a crucial role in the mechanism of YD oxidation and a
concomitant proton-transfer reaction.

MATERIALS AND METHODS

PSII core complexes ofT. elongatus, in which the carboxyl
terminus of the CP43 subunit was genetically His-tagged,
were purified as previously described (32). Mn depletion was
performed by 10 mM NH2OH treatment for 30 min at room
temperature (32). PSII-enriched membranes of spinach were
prepared as reported previously (33), and Mn depletion was
performed by 1 M Tris-HCl (pH 8.5) treatment.

For YD
•/YD FTIR measurements ofT. elongatuscore

complexes, 5µL of a suspension of the Mn-depleted PSII
core complexes (3.0 mg Chl/mL) in a pH 6.0 Mes buffer
(10 mM Mes, 5 mM NaCl, and 0.06% DM) was mixed with
0.5 µL of 200 mM sodium formate, 1µL of 20 mM
potassium ferricyanide, and 1µL of 20 mM potassium
ferrocyanide. The addition of sodium formate was omitted
for the measurements without formate treatment. For mea-
surements of spinach PSII, 5µL of Mn-depleted PSII-
enriched membranes (5.0 mg Chl/mL) suspended in a pH
6.0 Mes buffer (10 mM Mes and 5 mM NaCl) was mixed
with 1.0 µL of 200 mM sodium formate, 1µL of 20 mM
potassium ferricyanide, and 1µL of 20 mM potassium
ferrocyanide. The sample was dried on a CaF2 plate under
N2 gas flow to make a film (6 mm in diameter), which was
then sealed with another CaF2 plate with a greased Teflon
spacer (1.0 mm in thickness). The dry film was hydrated by
placing 2µL of 40% (v/v) glycerol/H2O in a sealed infrared
cell without touching the sample (34). For replacement of
unlabeled H2O with H2

18O (Euriso-top, 95.4 at. %18O) [or
D2O (Aldrich, 99.9 at % D)], the film was dried and hydrated
(deuterated) by placing 2µL of H2

18O (D2O) in the sealed
cell. This procedure was repeated 4 times at intervals of 10
min, and 2µL of 40% (v/v) glycerol/H2

18O [glycerol(OD)3
(CDN, 98.7 at % D)/D2O] was placed for final hydration
(deuteration). The sample temperature was adjusted to
10 °C by circulating cold water in a copper holder. The
sample was stabilized at this temperature in the dark for more
than 1 h before the measurements were begun.

Flash-induced FTIR spectra were recorded on a Brucker
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 fwhm;
9 mJ pulse-1 cm-2). Single-beam spectra with 100 scans (50
s accumulation) were recorded before and after five flash

illuminations (1 Hz). The measurement was repeated with
dark relaxation for 750 s between measurements. The spectra
of 18, 30, and 150 cycles were averaged forT. elongatus
PSII with formate, that without formate, and spinach PSII,
respectively, to calculate a YD

•/YD difference spectrum as
after-minus-before illumination.

RESULTS

Figure 1a shows a YD•/YD FTIR difference spectrum in
the mid-frequency region (1800-1000 cm-1) obtained using
a moderately hydrated film of Mn-depleted PSII core
complexes fromT. elongatus. The positive and negative
signals correspond to YD• and YD, respectively. The PSII
sample contained formate to prevent peroxidation of non-
heme iron, whose signals otherwise contaminate the YD

•/
YD spectrum (23, 25). Spectral features were virtually
identical to previous YD•/YD spectra of PSII core complexes
from Synechocystissp. PCC6803 (22, 23, 26, 27). A positive
peak at 1503 cm-1 and a negative peak at 1252 cm-1 have
been assigned to the CO vibration of YD

• and the COH
vibration of YD, respectively, using specific isotope labeling
of Tyr residues (22, 26). These frequencies are consistent
with hydrogen bond interactions of YD

• and YD (4, 22). The
complex structure in the 1700-1600 cm-1 region includes

FIGURE 1: Light-induced YD
•/YD FTIR difference spectra in the

mid-frequency region (1800-1000 cm-1) obtained using moderately
hydrated or deuterated films of Mn-depleted PSII preparations in
Mes buffers at pH 6.0. (a) Hydrated PSII core complexes fromT.
elongatus. (b) Deuterated PSII core complexes fromT. elongatus.
(c) Hydrated PSII core complexes fromT. elongatusin the absence
of formate. (d) Hydrated PSII membranes from spinach. Samples
other than for panel c contained formate to prevent contamination
of non-heme iron signals. The sample temperature was adjusted to
10 °C.
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amide I bands (CdO stretch of backbone amide) due to
protein conformational changes upon YD

• formation, while
the characteristic differential signal at 1705/1698 cm-1 might
arise from the electrochromic shift of the keto CdO band
of P680 (22). Bands at 1600-1510 cm-1 may mostly arise
from the amide II vibrations (NH band+ CN stretch of
backbone amide), and the negative peak at 1512 cm-1

includes the contribution of the CC stretching vibration (the
19 mode) of YD (22).

Figure 2a (black line) shows the high-frequency region
(3680-3530 cm-1) of the YD

•/YD difference spectrum. This
region includes the OH stretching vibrations of weakly
hydrogen bonded OH groups. Two major differential signals
appeared at 3636(-)/3617(+) and 3594(+)/3585(-) (+ and
- indicate positive and negative intensity, respectively),
along with a minor signal at 3652(-)/3647(+) cm-1. Upon
H2

18O substitution, the major signals downshifted by 11-
12 cm-1 to 3625(-)/3605(+) and 3583(+)/3574(-) cm-1,
and the minor signal also seems to downshift to 3639(-)/
3635(+) cm-1 (Figure 2a, gray line). The spectrum in the
mid-frequency region was virtually unchanged by H2

18O
substitution (data not shown).

Upon deuteration of the PSII core film, many peaks
underwent frequency shifts and/or intensity changes in the
1800-1000 cm-1 region (Figure 1b). For example, in the
amide I region, peaks at 1682(+)/1672(-) diminished and
were replaced by a small signal at 1676(+)/1664(-), while
the peaks at 1633(+)/1623(-)/1591(+) cm-1 were changed
to more complex features with peaks at 1630(+)/1623(-)/
1611(-)/1597(+)/1585(+) cm-1. Although the present sample

in a deuterated film was incubated at 10°C only for 1-2 h
before measurement, the spectrum of the sample incubated
in D2O for more than 2 days at 10°C was virtually identical
to the spectrum in Figure 1b (data not shown). Thus,
exchangeable protons in the protein matrix coupled to YD

as well as a proton of YD itself were fully deuterated in the
procedure used in this study. Previous EPR experiments
showed that the half time of H/D exchange of the YD proton
is 9 h for the PSII core complexes ofSynechocystissp. PCC
6803 (17, 19). The much faster exchange rate observed in
the present experiment can be ascribed to several reasons
such as repetitive light reactions during FTIR measurement,
incubation at 10°C, the presence of formate, and the
difference in species (T. elongatusvsSynechocystissp. PCC
6803).

In the high-frequency region, the OH signals observed in
the hydrated PSII film almost disappeared upon deuteration
(Figure 2b). Expansion of the spectrum (Figure 2b, lower
spectrum, solid line), however, showed that very small peaks
remain at 3630(-)/3613(+) and 3590(+)/3582(-) cm-1 (the
noise level is shown with a dotted line in Figure 2b). These
small peaks originate from residual protons in the deuterated
sample and hence most probably arise from the OH vibra-
tions of HOD species. The peak positions downshifted by
3-6 cm-1 from the original peaks at 3636(-)/3617(+) and
3594(+)/3585(-) cm-1 in the hydrated sample (Figure 2a,
black line). It is noted that measurement in an H2O/D2O (1:
1) mixture showed the peaks from both H2O and HOD with
comparable intensities (data not shown), confirming this
interpretation.

The samples for Figures 1a,b and 2a,b contained formate.
Hienerwadel et al. (23) reported that formate is coupled with
YD through a hydrogen bond network, although the hydrogen
bond interaction of YD itself is unaffected. To study the effect
of formate on the OH signals, we measured a YD

•/YD

spectrum with the PSII core sample in the absence of formate
(Figures 1c and 2c). Although the spectrum was slightly
contaminated with non-heme iron signals as typically seen
by a negative peak at 1099 cm-1 arising from the His ligands
of the non-heme iron (Figure 1c) (35, 36), the effect of the
absence of formate was basically identical to the previous
measurement (23); a negative peak at 1692 cm-1 diminished,
and a new signal appeared at 1674(-)/1666(+) cm-1. The
high-frequency OH region showed peaks at 3639(-)/3619
(+) and 3595(+)/3586(-) cm-1 (Figure 2c). These signals
were very similar to those at 3636/3617 and 3594/3585 cm-1

in the presence of formate (Figure 2a), although the peak
positions upshifted by 1-3 cm-1 and the relative intensities
of the signals were slightly altered.

Figures 1d and 2d show the YD
•/YD spectrum in the mid-

and high-frequency regions, respectively, of the Mn-depleted
PSII membranes of spinach in the presence of formate. The
mid-frequency spectrum (Figure 1d) is basically in agreement
with the previous spectrum of spinach PSII membranes (25).
Notably, peak positions of CO (1503 cm-1) and COH (1252
cm-1) vibrations by YD

• and YD, respectively, were identical
betweenT. elongatusand spinach (Figure 1a,d). In the OH
stretching region (Figure 2d), signals were observed at
3657(-)/3646(+), 3636(-)/3624(+), and 3599(+)/3590(-)
cm-1. These signals were similar to those ofT. elongatus
(Figure 2a, black line), although the peak frequencies differ
by -1 to +7 cm-1.

FIGURE 2: High-frequency OH stretching region (3680-3530 cm-1)
of the YD

•/YD FTIR difference spectra. (a) PSII core complexes
from T. elongatushydrated by unlabeled H2O (black line) and H218O
(gray line). A dark-minus-dark spectrum (dotted line) is also shown
to express a noise level. (b) Deuterated PSII core complexes from
T. elongatus. An expanded (×4) spectrum (solid line) is also shown
with a dark-minus-dark spectrum (dotted line). (c) Hydrated PSII
core complexes fromT. elongatusin the absence of formate. (d)
Hydrated PSII membranes from spinach. See Figure 1 caption for
other conditions.
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DISCUSSION

The YD
•/YD spectrum of Mn-depleted PSII core complexes

of T. elongatusshowed prominent differential signals at
3636(-)/3617(+) and 3594(+)/3585(-) cm-1 in the OH
stretching region (Figure 2a, black line). These signals
downshifted by 11-12 cm-1 upon H2

18O substitution (Figure
1a, gray line) and almost disappeared upon deuteration
(Figure 2b). Thus, these bands were definitely assigned to
the OH stretching vibrations of water molecule(s). This
frequency region is typical of weakly hydrogen bonded OH
vibrations (28-31), while strongly hydrogen bonded OH
vibrations occur at lower frequencies (<3500 cm-1) but with
broad widths (37). Such broad features along with super-
imposition of the NH stretching bands of protein backbones
hamper identification of strongly H-bonded OH bands.

If a H2O molecule has a symmetric hydrogen bond
structure, two OH vibrations couple with each other and split
into asymmetric and symmetric stretching vibrations. For
example, in water vapor, in which both OH bonds are free
from a hydrogen bond, asymmetric and symmetric OH
vibrations take place at 3756 and 3657 cm-1, respectively,
as a result of the intermolecular coupling of∼50 cm-1 (38).
In the YD

•/YD spectrum, the couplings were estimated to be
only 3-6 cm-1 from the frequencies of residual HOD in a
deuterated PSII sample (Figure 2b, expanded spectrum).
These small coupling values indicate that the water molecules
detected in the present study have highly asymmetric
hydrogen bond interactions (i.e., one is weakly hydrogen
bonded and the other is strongly hydrogen bonded). This
observation also indicates that the two differential signals at
3636/3617 and 3594/3585 cm-1 arise from weakly hydrogen
bonded OH bonds of two different water molecules.

Thus, it is concluded that at least two water molecules
are structurally coupled to YD and that they change their
interactions upon YD oxidation. The downshift from 3636
to 3617 cm-1 and the upshift from 3594 to 3585 cm-1 upon
YD

• formation imply that the hydrogen bond interaction of
one water is strengthened and that of the other water is
weakened. The presence of these water molecules and
interaction changes upon YD

• formation were basically
unchanged whether the sample involves formate or not
(Figure 2a,c). The slight changes in frequencies (by 1-3
cm-1) and relative intensities are consistent with the binding
of formate in the hydrogen bond network (23), although the
possibility that water bands in contaminating non-heme
iron signals contribute to these changes cannot be excluded
at present. Similar water bands were also observed at
3636(-)/3624(+) and 3599(+)/3590(-) cm-1 in the YD

•/
YD spectrum of Mn-depleted PSII membranes of spinach
(Figure 2d). Thus, these two water molecules commonly exist
near YD irrespective of species. In addition, the third water
molecule that is weakly coupled to YD may exist to show a
weak signal at 3652(-)/3647(+) cm-1 in T. elongatusand
at 3657(-)/3646(+) cm-1 in spinach (Figure 2a,d).

These water molecules are probably involved in a hydro-
gen bond network around the phenolic OH of YD. The
previous ENDOR study showed that three or fewer protons
are located within a shell between 4.5 and 8.5 Å (18). Some
of these protons may arise from the water molecules observed
in the FTIR spectra. An exchangeable proton hydrogen

bonded to YD• has been detected by ENDOR and ESEEM
measurements (13-19). This proton is most probably at-
tributed to D2-H189 interacting with YD• (17, 20-22).
Notably, the ESEEM study by Diner et al. (19) showed the
presence of another hydrogen bonded proton inSynechocystis
PSII. According to the X-ray structures (11, 12), another
neighboring amino acid D2-Gln164 is located at a weak
hydrogen bond distance of 3.1-3.5 Å (between nitrogen or
oxygen of the Gln side chain and the YD oxygen) but with
an orientation inappropriate to hydrogen bonding [the Cs
O‚‚‚N(O) angle is 67-68°, and the dihedral angle formed
between benzene plane and CsO‚‚‚N(O) is 73-89°]. Thus,
it may be possible that a water molecule is another hydrogen
bond partner directly interacting with YD. Although the
ESEEM result suggested only one hydrogen bond in spinach
YD

• (19), FTIR spectra showed that the CO (1503 cm-1) and
COH (1252 cm-1) vibrations of YD

• and YD, respectively,
are virtually identical between cyanobacteria (T. elongatus
andSynechocystissp. PCC 6803) and spinach (Figure 1a,d)
(22, 25, 26), indicating that the hydrogen bond interactions
of YD are conserved among species. It should be noted that
the H-bond network around YD could be slightly modified
in Mn-depleted PSII. However, because a significant change
in the YD property upon Mn depletion has not been reported,
it is highly likely that the immediate H-bond environment
of YD remains intact even after Mn depletion.

The proton released from YD upon its oxidation may
remain in the vicinity of YD (2, 3, 23) or may be partly
released from the protein (23). Water molecules around YD

may form a proton-transfer pathway by connecting polar
residues. A high dielectric property of water can stabilize
the positive charge produced in the vicinity of YD and thus
could contribute to its low redox potential [+0.72-0.76 mV
(8, 9) vs approximately+1 V of YZ

•/YZ (1)]. In addition, if
a water molecule is a hydrogen bond partner to YD, this water
can be directly involved in the YD reaction by such as tuning
the redox potential through a hydrogen bond interaction and
accepting a proton immediately from YD. Thus, water
molecules coupled to YD may play crucial roles in the
molecular mechanism of the proton-coupled electron-transfer
reaction of YD.
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