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ABSTRACT: pH dependence of the efficiencies of the flash-induced S-state transitions in the oxygen-evolving
center (OEC) was studied by means of Fourier transform infrared (FTIR) difference spectroscopy using
photosystem II (PSII) core complexes from the thermophilic cyanabactriumThermosynechoccocus
elongatus. The PSII core complexes dark-adapted at different pHs in the presence of ferricyanide as an
electron acceptor were excited by four consecutive saturating laser flashes, and FTIR difference spectra
induced by each flash were recorded in the region of 1800-1200 cm-1. Each difference spectrum was
fitted with a linear combination of standard spectra measured at pH 6.0, which represent the spectra upon
individual S-state transitions, and the transition efficiencies were estimated from the fitting parameters. It
was found that the S1 f S2 transition probability is independent of pH throughout the pH region of
3.5-9.5, while the S2 f S3, S3 f S0, and S0 f S1 transition probabilities decrease at acidic pH with pK
values of 3.6( 0.2, 4.2( 0.3, and 4.7( 0.5, respectively. These findings, i.e., the pH-independent S1

f S2 transition probability and the pK values for the inhibition in the acidic range of the other three
transitions, were in good agreement with recent results obtained by electron paramagnetic resonance
measurements for PSII-enriched membranes of spinach [Berna´t, G., Morvaridi, F., Feyziyev, Y., and
Styring, S. (2002)Biochemistry 41, 5830-5843]. On the basis of this correspondence for quite different
types of PSII preparations exhibiting marked difference in the pH dependence of the apparent proton
release pattern, it is concluded that the inhibition of the S2 f S3, S3 f S0, and S0 f S1 transitions in the
acidic region is an inherent property of the OEC. This feature probably reflects proton release from substrate
water in these three transitions. On the other hand, all of the S-state transitions remained generally efficient
up to pH 9.5 in the alkaline region, except for a slight decrease of the S3 f S0 transition probability
above pH 8 (pK ∼ 10). This observation partly differs from the tendency reported for spinach preparations,
suggesting that a mechanism different from that in the acidic region is responsible for the transition
efficiencies in the alkaline region.

The photosynthetic oxygen evolution in plants and cy-
anobacteria is performed in the oxygen-evolving center
(OEC)1 located on the electron-donor side of photosystem
II (PSII) (1-4). Oxygen evolution takes place as a conse-
quence of the oxidation of water, which functions as a
terminal electron donor of the electron transport chain,
producing NADPH and ATP for the ultimate reduction of
carbon dioxide leading to the synthesis of sugars. The

molecular oxygen released as a byproduct of water oxidation
is basically the sole source of the oxygen content (∼21%)
of the atmosphere of earth. It has been known that the
catalytic site of OEC consists of a tetranuclear Mn cluster.
The structure of this Mn cluster has been studied by using
spectroscopic techniques such as extended X-ray absorption
fine structure (EXAFS) (3, 5) and electron paramagnetic
resonance (EPR) (2, 6). Recent results of X-ray crystal-
lography by Zouni et al. (7), Kamiya and Shen (8), and
Ferreira et al. (9) at resolutions of 3.8-3.5 Å led to the
conclusion that the Mn cluster exhibits a trimer/monomer
structure. However, these resolutions are still not sufficient
to draw an unequivocal conclusion. Ferreira et al. (9) further
proposed that carboxylate side chains from D1 (Asp170,
Glu189, Glu333, and Asp342) and CP43 (Glu354) and a
histidine imidazole (D1-His337) act as protein ligands to the
Mn ions. The latter conclusion is consistent with mutational
studies (1, 10, 11).

In contrast to the recent advancement in structural studies
of the OEC, the molecular mechanism of water oxidation is
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still largely unknown. The view established so far is that
two water molecules are oxidized to produce one molecular
oxygen and four protons through a light-driven cycle, the
so-called S-state cycle, which comprises five intermediates,
the S0-S4 states (12, 13). Among these intermediates, the
S1 state is the most dark stable, and four consecutive flashes
proceed the S1 state to S2, S2 to S3, S3 to S0, and S0 to the
original S1 state. Molecular oxygen is released during the
S3 f S0 transition via the transient S4 state. As for the proton
release steps, the release pattern of 1:0:1:2 for the S0 f S1

f S2 f S3 f S0 transitions has long been accepted (14-
17). However, it was later found that this pattern was strongly
dependent on material and pH and the values were generally
nonintegers(18, 19). Thus, apparent proton release upon
individual S-state transitions is attributed not only to protons
from substrate water but also to protons from amino acid
side groups by their pKa shifts triggered by electrostatic and
conformational changes.

The redox potential (E) of the reaction of water oxidation

is pH-dependent and generally expressed as

under conditions of the temperature of 25°C and an O2
pressure of 1 atm. As the pH of a medium is lowered, the
redox potential increases and hence oxidation of water by
P680 via YZ, whose redox potentials were estimated to be
∼1.2 V (20, 21) and∼1.0 V (22), respectively, should be
inhibited. In fact, it has been observed that oxygen evolution
of PSII particles or thylakoids decreases below pH 5.0 and
is almost completely inhibited at pH 4.0 (23-25). For
understanding the water oxidation mechanism, it is essential
to examine which transitions are sensitive to pH change,
because transitions including steps of proton release from
substrate water should be affected by pH in principle. On
the other hand, pH dependence of the S-state transitions could
be affected also by protonation/deprotonation of specific
amino acid groups that are involved in the mechanisms of
the OEC reactions. Identification of such residues would be
an important clue to understand the molecular process of
water oxidation.

pH dependence of the S-state transitions has been studied
by EPR (26, 28), thermoluminescence (TL) (27), and the
oscillation of oxygen yield (29, 30) using thylakoids or PSII-
enriched membranes of spinach. It was shown that the S1 f
S2 transition is independent of pH (26, 28) and that the S3
f [S4] f S0 transition is inhibited at high pH (27). Recently,
Bernát et al. (28) studied the pH dependence of all four
individual transitions more systematically and in a wider pH
range, using the S0, S2, and S3 (S2YZ‚) EPR signals in
combination with a pH jump technique. They found that the
three transitions other than S1 f S2 are all inhibited at acidic
pH, and in addition, the S2 f S3 and S3 f S0 transitions are
inhibited at alkaline pH.

Fourier transform infrared (FTIR) spectroscopy is another
powerful method to study both the structure and the reactions
of OEC. Using a flash-induced difference technique, details
of the structural changes, i.e., changes in chemical bonds
and interactions of the proteins, Mn4Ca core, and substrate,

during the S-state cycle can be detected at the molecular
level (31). Difference spectra upon first-, second-, third-, and
fourth-flash illumination represent the changes in the S1 f
S2, S2 f S3, S3 f S0, and S0 f S1 transitions, respectively
(32-34). In the mid-IR region of 1800-1200 cm-1, promi-
nent signals of the amide I (1700-1600 cm-1) and II (∼1550
cm-1) bands because of protein conformational changes and
of the carboxylate COO- stretching bands (1600-1500 and
1450-1350 cm-1 for asymmetric and symmetric stretches,
respectively) of Asp, Glu, and the C terminus have been
observed (35-43). The presence of a number of bands of
COO- vibrations (37, 43) indicates that several carboxylate
groups are involved in the structure of OEC and its reactions,
being consistent with the recent X-ray crystallographic
structures of OEC (8, 9). Chu et al. (39) recently identified
the COO- bands of the C terminus carboxylate in the S2/S1

difference spectrum, suggesting that the C terminus is
strongly coupled to the Mn cluster. FTIR spectra have also
been detected in the regions of the water OH stretch (3800-
3000 cm-1) (44, 45), histidine C-N stretch (∼1100 cm-1)
(46), and Mn-O-Mn and Mn-ligand vibrations (1000-
350 cm-1) (38, 43, 47-50), providing various structural
information.

Because the proton release pattern of OEC differs depend-
ing on material and pH, it is of significance to examine
whether the pH dependence of the individual S-state transi-
tions is rather similar, if not identical, in different species
and preparations. If a close similarity exists, this pH
dependence would reflect an intrinsic property of OEC, most
likely of the proton release from substrate water itself rather
than that from amino acid groups as a secondary effect of
reactions. In this study, we have investigated the pH
dependence of four individual S-state transitions of the OEC
by means of flash-induced FTIR difference spectroscopy
using the PSII core complexes from the thermophilic
cyanobacteriumThermosynchococcus elongatus. This is a
important complement to a recent study addressing the
problem by using EPR spectroscopy and PSII-enriched
membranes of spinach (28). Robustness of the core com-
plexes of T. elongatus(51), which have been used for
crystallography (7, 9), enabled us to examine the pH effect
on the S-state cycle in a wider pH range (pH 3.5-9.5) than
before. Because individual FTIR difference spectra during
the S-state cycle exhibit characteristic features with multiple
peaks, the efficiencies of the four transitions could be
estimated by a simple fitting procedure without any com-
plicated experimental protocols. Furthermore, the FTIR
spectroscopy has the advantage of a direct monitoring of
protonation/deprotonation of amino acid groups, especially
carboxylate groups, coupled to the S-state transitions, which
could be relevant to the pH dependence.

MATERIALS AND METHODS

Oxygen-evolving PSII core complexes fromT. elongatus,
in which the carboxyl terminus of the CP43 subunit was
genetically histidine-tagged, were purified using Ni2+-affinity
column chromatography as described previously (51). The
PSII core complexes were suspended in 40 mM 2-(N-
morpholino)ethanesulfonic acid (Mes)-NaOH buffer (pH 6.5)
containing 20 mM NaCl, 15 mM CaCl2, 15 mM MgCl2, 15
mM imidazole, 25% glycerol, and 0.06%n-dodecyl â-D-
maltoside and stored in liquid N2 until use.

2H2O ) O2 + 4H+ + 4e-

E (V) ) +1.23- 0.059pH (1)
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For FTIR measurements, the above buffer was replaced
with 1 mM Mes-NaOH buffer (pH 6.0) containing 5 mM
NaCl, 5 mM CaCl2, and 0.06%n-dodecylâ-D-maltoside and
then concentrated to about 4.5 mg Chl/mL using Microcon-
100 (Amicon). For flash-induced measurements of the S-state
cycle, the core solution (4µL) was first mixed with 1µL of
100 mM potassium ferricyanide solution and lightly dried
on a CaF2 plate (25 mmφ × 3 mm) under N2 gas flow. Then,
4 µL of 10 mM buffer at an intended pH was mixed with
the sample, and the resultant solution was dried again to make
a film about 1 cm in diameter on the CaF2 plate. The dry
film was moderately hydrated by humidity control using a
20% (v/v) glycerol/water solution as reported previously (34).
Buffers used to adjust final pHs wereL-glutamic acid-NaOH
for pH 3.5-5.0, Mes-NaOH for pH 5.5-7.0, N-tris(hy-
droxymethyl)methyl-2-aminoethanesulfonic acid (Tes)-NaOH
for pH 7.5-8.0, andN-cyclohexyl-2-aminoethanesulfonic
acid (Ches)-NaOH for pH 8.6-10.0. The sample temperature
was adjusted to 10°C by circulating cold water in a copper
holder. Flash-induced FTIR difference spectra were measured
as described previously (34) using a Bruker IFS-66/S
spectrophotometer equipped with an MCT detector (InfraRed
D316/8), and a Q-switched Nd/YAG laser [Quanta-Ray
GCR-130, 532 nm,∼7 ns full width at half-maximum
(fwhm)]. Briefly, after two preflashes followed by subsequent
dark adaptation for 1 h to oxidize YD and synchronize the
OEC to the S1 state, the sample was subjected to four
consecutive flashes at 10-s intervals. Five single-beam spectra
(10-s scans) were recorded before, between, and after the
flashes. The sample was then dark-adapted for 1 h, and this
cycle was repeated 8 times. Difference spectra (after minus
before a flash) were calculated for individual flashes, and
the spectra for the same flash number were averaged. The
conditions of the 10-s interval between flashes and the 1-h
dark adaptation were determined based on the relaxation time
of S2 and/or S3 states in the order of minutes in hydrated
films in the presence of ferricyanide (34).

Measurements of S2QA
-/S1QA difference spectra by con-

tinuous illumination were performed with similar PSII core
films in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea (DCMU) instead of ferricyanide. In this case, 4µL of
the core solution in 1 mM Mes buffer (pH 6.0) was first
diluted with 6µL of water, and then 0.5µL of 1 mM DCMU/
ethanol solution was mixed (final ethanol concentration was
5%). The sample was dried on a CaF2 plate and subsequently
mixed with 4 µL of 10 mM buffer at an intended pH.
Hydrated films were prepared in the same manner as the
samples for flash-induced measurements. Illumination was
performed by continuous red light from a halogen lamp
(Sigma Koki PHL-150) equipped with a red cutoff filter
(Hoya-Schott R60). The light intensity was about 17 mW/
cm2 at the sample surface. After preillumination for 5 s
followed by dark relaxation for 15 min, single-beam spectra
(10-s scans) were recorded before and after 5-s illumination,
and a light-induced difference spectrum was calculated. The
measurement was repeated 8-16 times at intervals of 15
min to improve the signal-to-noise ratio.

An FTIR difference spectrum between deprotonated and
protonated states ofL-glutamic acid was obtained by subtrac-
tion of the spectrum of aqueous solution (250 mM) of
L-glutamic acid hydrochloride from that of the solution (250

mM) of L-glutamic acid monosodium salt. All FTIR spectra
were recorded with a resolution of 4 cm-1.

Spectral fitting was performed using the IGOR Pro 4.0
program (Wavemetrics Inc.).

RESULTS

Flash-induced FTIR difference spectra during the S-state
cycle were measured at different pHs (pH 3.5-10.0) using
the PSII core complexes fromT. elongatusin the presence
of ferricyanide as an exogenous electron acceptor. The
obtained difference spectra (1800-1200 cm-1) upon first-,
second-, third-, and fourth-flash illumination at several
selected pHs are presented in Figures 1-4, respectively. The
scales of the spectra were all normalized on the basis of the
protein amount estimated by the intensity of the amide II
band at∼1550 cm-1 in original (not light-induced difference)
absorption spectra (not shown). At pH 6.0, the first-, second-,
third-, and fourth-flash spectra (traces d of Figures 1-4)
virtually represent the structural changes upon the S1 f S2,

FIGURE 1: First-flash-induced FTIR difference spectra of the PSII
core complexes fromT. elongatusat pH 3.5 (a), 4.0 (b), 5.0 (c),
6.0 (d), 7.0 (e), 8.0 (f), 9.0 (g), 9.5 (h), and 10.0 (i). The core
samples, in the forms of hydrated films, included ferricyanide as
an electron acceptor. The sample temperature was adjusted to 10
°C. Four consecutive flashes from a Nd/YAG laser (532 nm,∼7
ns fwhm) were subjected to the sample at 10-s intervals, and an
FTIR difference spectrum upon the first flash was recorded. This
four-flash illumination followed by 1-h dark adaptation was repeated
8 times, and the spectra were averaged.

1710 Biochemistry, Vol. 44, No. 5, 2005 Suzuki et al.



S2 f S3, S3 f S0, and S0 f S1 transitions (34). The
frequency region of 1800-1200 cm-1 comprises the protein
bands that are coupled to the S-state transitions (37).
Typically, complex structures at 1700-1600 cm-1 mostly
arise from the amide I bands (CdO stretch) of backbones
because of protein conformational changes, and prominent
bands at 1450-1300 cm-1 originate from the symmetric
COO- stretching bands of carboxylate groups. In addition,
prominent bands at 1600-1500 cm-1 are attributed to either
the asymmetric COO- stretching bands of carboxylate or
the amide II bands (NH deformation coupled with C-N
stretch) of backbones.

At the first flash (Figure 1), only the S1 f S2 transition
takes place in OEC, because a double hit does not occur by
a single pulse with a∼7 ns width. The spectral intensity
gently decreased as the pH is either lowered from 6.0 to 3.5
or increased from 6.0 to 9.5. At pH 10.0 (trace i of Figure
1), however, the S2/S1 signals disappeared in the spectrum
and instead typical signals of the non-heme iron (Fe2+/Fe3+)
(52, 53) appeared at 1672, 1659, 1339, 1256, and 1228 cm-1.
At this high pH, the second-, third-, and fourth-flash spectra
did not show any signals (traces i of Figures 2-4). Thus, it
is assumed that the OEC is totally inactivated at pH 10.0,
whereas the sample includes the PSII complexes with OEC

that retains its integrity between pH 3.5-9.5. At pH 9.5,
although most of the signals originate from the S2/S1

difference, there seems to be some contributions from the
non-heme iron signals (trace h of Figure 1).

At the second flash (Figure 2), signals basically identical
to those in the standard S3/S2 spectra at pH 6.0 (trace d)
were observed between pH 3.5 and 9.5. Similar to the first-
flash spectra (Figure 1), the overall intensities decreased on
both the acidic and alkaline sides, although this tendency
seems more significant on the acidic side. A broad positive
background around 1720 cm-1, concomitant with negative
ones around 1550 and 1400 cm-1, were pronounced at pH
3.5-5.0 (traces a-c of Figure 2), the pH region in which
glutamic acid is used as a buffer component. Similar broad
backgrounds were seen also in the third- and fourth-flash
spectra at pH 3.5-5.0 (traces a-c of Figures 3 and 4). The
feature of these signals is typical of the protonation of
carboxylate groups, which is characterized by the appearance
of the CdO stretch of COOH at 1750-1700 cm-1 and the
disappearance of the asymmetric and symmetric COO-

stretches at∼1550 and∼1400 cm-1, respectively. The broad
features indicate that the signals are not attributed to specific
carboxylate groups inside the proteins but to glutamate buffer
or nonspecific carboxylate groups on the surface of the
proteins. Although the latter assignment was previously made

FIGURE 2: Second-flash-induced FTIR difference spectra of the
PSII core complexes fromT. elongatusat pH 3.5 (a), 4.0 (b), 5.0
(c), 6.0 (d), 7.0 (e), 8.0 (f), 9.0 (g), 9.5 (h), and 10.0 (i). Samples
and measuring conditions were the same as those for Figure 1 except
for recording difference spectra upon the second flash.

FIGURE 3: Third-flash-induced FTIR difference spectra of the PSII
core complexes fromT. elongatusat pH 3.5 (a), 4.0 (b), 5.0 (c),
6.0 (d), 7.0 (e), 8.0 (f), 9.0 (g), 9.5 (h), and 10.0 (i). Samples and
measuring conditions were the same as those for Figure 1 except
for recording difference spectra upon the third flash.

pH Dependence of S-State Transitions Biochemistry, Vol. 44, No. 5, 20051711



for similar broad features observed in the S-state spectra in
solution samples (33), such broad features were not pro-
nounced in samples of hydrated films at pH 6.0 (34) (trace
d of Figure 2). Thus, it is most likely that protonation of
glutamate buffer during the S-state cycle makes a major
contribution to the broad features at pH 3.5-5.0.

The third- and fourth-flash spectra (Figures 3 and 4,
respectively) showed basically a similar tendency of pH
dependence in the region of pH 3.5-9.5. The band intensities
diminished at acidic and alkaline pH values conserving basic
spectral features of the S0/S3 (for third flash) or S1/S0 (for
fourth flash) signals at pH 6.0. However, compared with the
first- and second-flash spectra, the signal decrease by
lowering pH was more significant and no prominent signals
were observed at pH 3.5.

It is noteworthy that throughout the first-fourth-flash
spectra, basically all of the prominent peaks of the standard
spectra at pH 6.0 were conserved in the pH range of 3.5-
9.5 as long as band intensities are retained (Figures 1-4).
In addition, no specific peaks were newly observed by
lowering or increasing pH except for broad backgrounds by
protonation of buffer or nonspecific carboxylate.

To estimate the efficiencies of individual S-state transitions
from these FTIR data, fitting of the spectra at each pH with

the standard spectra at pH 6.0 was performed with a similar
method described previously (34). This fitting was performed
for the spectra in the symmetric COO- region (1470-1300
cm-1), because bands in this region, in contrast to the amide
I (1700-1600 cm-1) and II (1600-1500 cm-1) regions, are
not particularly sensitive to subtle changes in sample
conditions such as a hydration extent and hence provide
better fitting results. Before fitting the spectra, broad
backgrounds mostly because of glutamate buffer in the
second-fourth-flash spectra at pH 3.5-5.0 (trances a-c of
Figures 2-4) were eliminated by subtracting the glutamic
acid/glutamate difference spectrum obtained in aqueous
solutions so as to cancel the broad positive feature around
1720 cm-1. An experimentally obtainednth-flash spectrum
at a certain pH,fn(ν) (n ) 1-4), was fitted with a linear
combination of the standard first-, second-, third-, and fourth-
flash spectra at pH 6.0 (traces d of Figures 1-4), F1(ν), F2-
(ν), F3(ν), andF4(ν), which virtually represent the difference
spectra upon S1 f S2, S2 f S3, S3 f S0, and S0 f S1

transitions, respectively;

wherecn1, cn2, cn3, andcn4 are the coefficients of the linear
combination. In the fitting, the parameters,cn1-cn4, were
restricted as follows. At the first flash (n ) 1), c12, c13, and
c14 were set to 0, because of no double hit. At the second
flash (n ) 2), c23 andc24 were set to 0 for the same reason
andc21 was restricted to 0< c21 < c11. At the third flash (n
) 3), c34 was set to 0 andc31 andc32 were set to 0< c31 <
c21 and 0< c32 < c22, respectively. Finally, at the fourth
flash (n ) 4), c41, c42, andc43 were restricted to 0< c41 <
c31, 0 < c42 < c32, and 0< c43 < c33, respectively. The results
of fitting are presented in Figure 5 at selected pHs of 4.0
(A), 5.0 (B), 7.0 (C), and 8.0 (D), showing that the spectra
at each pH were satisfactorily fitted using the above
procedure.

The efficiencies of the S1 f S2, S2 f S3, S3 f S0, and S0

f S1 transitions,φ1f2, φ2f3, φ3f0, andφ0f1, respectively,
can be estimated from the quantities of the most advanced
transitions at individual flashes, i.e., the fitting parameters,
c11, c22, c33, andc44 (34);

where Fact is the number of active OEC at each pH with
respect to that at pH 6.0 (see below) andR is a miss factor
at pH 6.0, which was previously estimated to be 0.12 for an
identical hydrated film (34). This miss factor is virtually
identical to that ofT. elongatusthylakoids in solution
obtained by Isgandarova et al. (54) from the flash-induced
oxygen evolution patterns measured at 10°C. It should be
noted that this procedure to estimate the transition efficiencies
gives the same results as a method that pure S2/S1, S3/S2,
S0/S3, and S1/S0 difference spectra are first calculated using
the experimental flash spectra at pH 6.0,Fn(ν) (n ) 1-4),

FIGURE 4: Fourth-flash-induced FTIR difference spectra of the PSII
core complexes fromT. elongatusat pH 3.5 (a), 4.0 (b), 5.0 (c),
6.0 (d), 7.0 (e), 8.0 (f), 9.0 (g), 9.5 (h), and 10.0 (i). Samples and
measuring conditions were the same as those for Figure 1 except
for recording difference spectra upon the fourth flash.

fn(ν) ) cn1F1(ν) + cn2F2(ν) + cn3F3(ν) + cn4F4(ν)
(2)

φ1f2 ) (1 - R)c11/Fact

φ2f3 ) (1 - R)c22/c11

φ3f0 ) (1 - R)c33/c22 (3)

φ0f1 ) (1 - R)c44/c33

1712 Biochemistry, Vol. 44, No. 5, 2005 Suzuki et al.



and a miss factor of 0.12, and then the spectra at each pH
are fitted by these pure spectra. In this case, the efficiencies
of individual transitions are obtained by the expression
similar to eq 3 without the coefficient of (1- R).

The value ofFact was estimated by detecting the S2QA
-

formation by continuous illumination in the presence of
DCMU. DCMU blocks an electron transfer beyond QA, and
hence continuous illumination converts all of the active
centers to the S2QA

- state. Thus, the intensity of the S2QA
-/

S2QA difference spectra upon this continuous illumination
reflects the number of active centers. Note that because the
core complexes ofT. elongatusshowed a TL band by S2QA

-

recombination at∼20 °C (51), the S2QA
- state is stable

enough during the scan time (10 s) at the measurement
temperature of 10°C. The obtained S2QA

-/S2QA difference
spectra are presented in Figure 6 for pH 4.0 (a), 6.0 (b), and
8.0 (c). The intensities of these spectra were normalized on
the basis of the protein amount estimated by the amide II
band intensity in the similar way to the flash-induced spectra.

These spectra showed basically the same band features
irrespective of pH and were identical to the S2QA

-/S1QA

spectra previously measured for the PSII core complexes
from T. elongatus(55). The characteristic positive peak at
1477 cm-1 has been attributed to the CO stretching vibration
of a semiquinone anion (56, 57), and the negative peak at
1402 cm-1 belongs to the S1 state in the S2/S1 difference
(55, 58-60). The sum of the absolute intensities of the 1477
and 1402 cm-1 peaks was used to estimate the relative
amount of S2QA

- formation, i.e., that of active OEC centers,
Fact. The obtained values ofFact were plotted as a function
of pH in Figure 7A (O). There is a tendency that the number
of active centers decreases as the pH is decreased and
increased from pH 6.0. This active-center decrease may
simply originate from inactivation of OEC or PSII at low
and high pHs, because prolonged incubation of the core
sample in buffer solution at very high and low pHs promoted
the S2-formation loss. The decrease in the number of
functionally competent OEC at acidic and/or alkaline pHs
has been reported previously (27-29).

The pH dependence of the relative amount of S2 formation
by single-flash illumination, which was estimated by a fitting
parameterc11, is also presented in the same panel (Figure
7A, b). It is readily seen that flash-induced S2 formation
exhibited the pH dependency similar toFact, i.e., the smaller
value at lower and higher pHs than pH 6.0. The efficiency
of the S1 f S2 transition in active centers,φ1f2, estimated
from eq 2 was plotted in Figure 7B as a function of pH. The
data points were rather scattered probably because of

FIGURE 5: Results of fitting of the flash-induced spectra of OEC
in the symmetric COO- stretching region (1470-1300 cm-1) at
pH 4.0 (A), 5.0 (B), 7.0 (C), and 8.0 (D). The experimentally
obtained difference spectra (thin lines) upon first (a), second (b),
third (c), and fourth (d) flashes at each pH were fitted with a linear
combination of four standard difference spectra (first-fourth-flash
spectra) at pH 6.0. The resulting fitting spectra (thick lines) are
presented in comparison with the experimental spectra. For the
second-, third-, and fourth-flash spectra at pH 4.0 and 5.0 (traces
b-d of A and B), the contribution of buffer (glutamic acid) changes
were eliminated before fitting. See the text for details of the fitting
procedure.

FIGURE 6: S2QA
-/S1QA difference spectra of PSII core complexes

at pH 4.0 (a), 6.0 (b), and 8.0 (c) by continuous-light illumination.
The core samples included DCMU to block electron transfer beyond
QA

-, and the sample temperature was 10°C. Illumination was
performed by continuous red light (>600 nm) for 5 s, and difference
spectra between before and after illumination were recorded. The
measurement was repeated at intervals of 15 min, and the spectra
were averaged.
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relatively rough estimation of the protein amount using the
amide II band. Despite the scatter, however, this plot clearly
shows that the S1 f S2 transition is pH-independent in the
range of pH 3.5-9.5. This result of pH independency of the
S1 f S2 transition is in agreement with the previous studies
by EPR measurements (26, 28).

The efficiencies of the S2 f S3 (φ2f3), S3 f S0 (φ3f0),
and S0 f S1 (φ0f1) transitions, which were estimated from
the resulting fitting parameters using eq 2, were plotted in
Figure 8 as functions of pH. Errors of the efficiency values
were estimated from the standard deviation of the fitting
parameters. In the low pH region, all of these three transitions
showed an efficiency decrease. Among them, inhibition of
the S3 f S0 and S0 f S1 transitions was more prominent
than that of the S2 f S3 transition. Titration curves to fit the
data points in the acidic region provided pK values of 3.6(
0.2, 4.2( 0.3, and 4.7( 0.5 for the S2 f S3, S3 f S0, and
S0 f S1 transitions, respectively. It should be noted that these
fitting curves assume a single-proton reaction. Actually more
than one proton should be related in some transitions, and
hence the deviation from the fitting curve could reflect a
multiple-proton reaction. It could be possible, however, that

this deviation simply arises from experimental uncertainty.
Further careful studies are necessary to address this point.

In the present FTIR measurements, a constant pH was used
throughout the S-state cycle. Hence, if the reaction was
completely blocked at earlier transitions, it would be difficult
to estimate the efficiencies of the later transitions. In such a
case, we would need a kind of pH jump technique as Berna´t
et al. (28) successfully used in their EPR study, in which
the pH was rapidly changed by mixing stronger buffer just
before a flash for the target transition is given. However,
such a situation actually took place only in the S0 f S1

transition at pH 3.5 as shown in the very small signals at
the third and fourth flashes (traces a of Figures 3 and 4) and
a relatively large error bar in the calculated efficiency (Figure
8C, the point at pH 3.5). Note that omitting this point at pH
3.5 from Figure 8C changes the pK value for the S0 f S1

transition only by+0.05, which is much smaller than the
estimated error ((0.5). As long as transitions are advanced

FIGURE 7: (A) Relative amount of flash-induced (b) and continuous
light-induced (O) S2 formation as a function of pH. The amount of
flash-induced S2 formation was estimated by fitting of the first-
flash induced spectra at each pH with the standard S2/S1 difference
spectrum at pH 6.0 in the 1470-1300 cm-1 region (Figure 1). The
relative amount of continuous-light-induced S2 formation, which
represents the relative number of active OEC (Fact), was estimated
from the sum of the absolute intensities of a positive 1477 cm-1

band (QA
-) and a negative 1402 cm-1 band (S1) in the S2QA

-/
S1QA spectra (Figure 6). (B) pH dependence of the efficiency of
the S1 f S2 transition (φ1f2). The efficiency at each pH was
estimated as a ratio of the amount of flash-induced S2 formation
(A, b) to that of continuous-light-induced S2 formation (A, O),
multiplied by a factor of 0.88, which is an S1 f S2 efficiency at
pH 6.0 (34).

FIGURE 8: pH dependence of the efficiencies of the S2 f S3 (A),
S3 f S0 (B), and S0 f S1 (C) transitions estimated by fitting of
the flash-induced FTIR spectra at each pH (Figures 2-4) by a linear
combination of the standard difference spectra at pH 6.0 (see the
text for details). Error bars were estimated from the standard
deviations of the fitting parameters. Solid lines are the titration
curves with one or two pK values to fit the data points.
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even with low probabilities, transition efficiencies can be
estimated by the above method of fitting the flash-induced
FTIR spectra, and thus the obtained pK values, which
exhibited higher values for later transitions, are not an artifact
by inhibition of earlier transitions. This will be verified later
in comparing with the pKs obtained by Berna´t et al. (28)
using the pH jump technique (see below).

In contrast to the clear acidic inhibition, in the high pH
region, the S2 f S3 and S0 f S1 efficiencies were basically
independent of pH to 9.5, while the S3 f S0 efficiency
slightly decreased at pH values higher than 8.0. From a
titration curve to fit this decrease, the pK for the alkaline
inhibition of the S3 f S0 transition was estimated to be 10.2
( 1.0.

The overall efficiency of the S-state cycle multiplied by
the active center ratio,Factφ1f2φ2f3φ3f0φ0f1, should be
directly related to the O2-evolving activity by continuous
illumination. The pH dependence of the above expression
provided a bell-shape function with a maximum at pH∼7
and a steeper slope on the acidic side (not shown). This
overall shape was basically similar to the pH dependence of
the O2-evolving activity of the PSII cores fromT. elongatus
measured using 2,6-dichlorobenzoquinone (DCBQ) as an
exogenous electron acceptor. However, O2 evolution as a
function of pH was actually highly dependent on the species
of electron acceptor and light intensity. This indicates that
the pH dependence of the O2 evolution by continuous
illumination reflects not only the efficiency of the S-state
cycle but also the rates of the acceptor-side reactions.

DISCUSSION

We have examined pH dependence of the individual
S-state transitions during oxygen evolution by means of flash-
induced FTIR measurements using the core complexes of
the cyanobacteriumT. elongatus. Table 1 collects the
obtained results in comparison with the results by Berna´t et
al. (28) for the PSII-enriched membranes of spinach by EPR
measurements. The S1 f S2 transition was independent of
pH in the range of pH 3.5-9.5 (Figure 7B), although the
number of active OEC decreased in more acidic and alkaline
pH values. This result of pH independency agrees with that
of the study by Berna´t et al. (28) (pH 4.1-8.4) (Table 1)
and of an early EPR study by Damoder and Dismukes (26)
(pH 5.5-8.5). All of the other three transitions, S2 f S3, S3

f S0, and S0 f S1, were inhibited by lowering pH (Figure
8 and Table 1). The pK values of the acidic inhibition were
estimated to be 3.6( 0.2, 4.2( 0.3, and 4.7( 0.5 for the

S2 f S3, S3 f S0, and S0 f S1 transitions, respectively,
which are also in good agreement with the values of spinach
PSII membranes: 4.0, 4.5 and 4.7, respectively (Table 1).
This excellent agreement of the pH dependence with that of
the previous study by Berna´t et al. (28) is somewhat
surprising, because the two studies used totally different
species, materials, and spectroscopic methods: (i) a ther-
mophilic cyanobacterium versus a higher plant, (ii) PSII core
complexes versus PSII-enriched membranes, (iii) ferricyanide
versus phenyl-p-benzoquinone as an exogenous electron
acceptor and the absence versus presence of methanol, (iv)
hydrated films versus concentrated solutions, (v) same buffer
throughout the S-state cycle versus a pH jump in some
measurements and flash illumination at 10°C versus 20°C,
and (vi) FTIR versus EPR spectroscopy. The good agreement
despite these different conditions, therefore, indicates that
the obtained results are highly reliable. Thus, the pH
independence of the S1 f S2 transition and the acid inhibition
in the other three transitions are probably inherent properties
of OEC irrespective of species and preparations.

Possible factors responsible for the acidic inhibition in the
S2 f S3, S3 f S0, and S0 f S1 transitions fall into the
following four categories. (a) Proton release from substrate
water and/or its intermediates upon S-state transitions. Such
transitions including proton release should be thermodynami-
cally inhibited by lowering pH. (b) Acid-induced protonation
of the amino acid groups that are strongly coupled to the
OEC structure and its reactions and hence are detectable in
FTIR difference spectra. Protonation of such groups will
block the normal reactions in certain transitions. It is noted
that proton release from this type of amino acid groups by
S-state transitions (i.e., the protonation status of the group
is different between the S states) has not been detected by
FTIR measurements during the S-state cycle at least for
carboxylic (COOH) groups. (c) Acid-induced protonation of
the amino acid groups that are not structurally coupled to
the Mn cluster but are involved in the proton-transfer
pathways. Because such groups work as proton mediators
and hence their initial and final structures of each S-state
transition do not change, they cannot be detected in FTIR
difference spectra. (d) Proton release from nonspecific amino
acid groups, which are not directly involved in the water
oxidation mechanism but are affected by changes of the
electrostatics or the overall protein conformation coupled to
the S-state transitions.

Another factor that should be taken into consideration is
inhibition by Ca2+ release at acidic pH. However, this
mechanism is unlikely for the present FTIR measurements.
It is known that Ca2+-depleted PSII preparations in the
presence of potassium ion induce an S2/S1 FTIR spectrum
totally different from the usual spectrum (35, 41). The
observation that the S2/S1 spectra detected at acidic pH (pH
3.5-6.0) were basically identical to the standard one at pH
6.0 (Figure 1) indicates that the active centers capable of
the S1 f S2 transition retain Ca2+ in the OEC even at low
pH. It should be noted that the PSII core samples were
suspended in acidic buffer only for a short time (<1 min)
before forming hydration films. Prolonged incubation in
acidic buffer could release Ca2+ along with disintegration
of the Mn cluster.

The reported pH dependence of the flash-induced proton
release patterns of the PSII-enriched membranes of spinach

Table 1: pH Dependence of the Individual S-State Transitions

T. elongatus
PSII corea

spinach
PSII-enriched membranesb

transitions pK1 pK2 pK1 pK2

S1 f S2 pH independent
(pH 3.5-9.5)

pH independent
(pH 4.1-8.4)

S2 f S3 3.6( 0.2 pH independent
(pH e 9.5)

4.0 9.4

S3 f S0 4.2( 0.3 (10.2( 1.0)c 4.5 8.0
S0 f S1 4.7( 0.5 pH independent

(pH e 9.5)
4.7 pH independent

(pH e 8.9)

a This study by means of FTIR difference spectroscopy.b Study by
Bernát et al. (28) by means of EPR spectroscopy.c This value was
estimated by fitting of the data to pH 9.5. The OEC was actually inactive
at pH 10.0. See the text for details.
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(61) and of the PSII core complexes ofT. elongatus(62)
was significantly different; in the former preparation, the
proton release pattern was 1.0:0.5:1.0:1.5 at pH 8 and 1.75:
0:1.0:1.25 at pH 5.5 for the S0 f S1 f S2 f S3 f S0

transitions (61), whereas in the latter preparation, the pattern
was 1.0:0.0:1.0:2.0 at pH 7 and 1.0:0.8:1.0:1.2 at pH 5.5 for
the same transitions (62). These differences may originate
from pKa shifts of amino acid groups that are not directly
involved in the catalytic reactions. Therefore, the basically
identical pH dependence of the probability of S-state
transitions between the two materials (Table 1) indicates that
the acidic inhibition in the S2 f S3, S3 f S0, and S0 f S1

transitions is not attributed to factor d.
For factor b, carboxylate and imidazole groups interacting

with the Mn cluster by ligation or hydrogen bonding are the
most likely candidates. It has been suggested in previous
FTIR studies that the catalytic reactions in the S1 f S2 and
S2 f S3 transitions are reversed in the S3 f S0 and/or S0 f
S1 transitions (34, 37). The first- and second-flash spectra,
including the typical COO- regions of 1600-1500 and
1450-1350 cm-1, did not particularly change by lowering
pH to the acidic region (pH< 4), where the S3 f S0 and S0

f S1 transitions are blocked, except for broad backgrounds
by buffer reactions (Figures 1-4). Therefore, the observed
inhibition of the S3 f S0 and S0 f S1 transitions with pK
values of 4.2-4.7 (Table 1) cannot be attributed to the
protonation of carboxylate groups that are strongly coupled
to the Mn cluster. Likewise, the S2 f S3 inhibition with a
pK value of 3.6 should not be caused by the carboxylate
groups coupled to the S1 f S2 transitions, which did not
exhibit a specific pH dependence to pH 3.5 (Figure 1). On
the other hand, the possibility of strongly coupled histidine
residues that are related to the acidic inhibition cannot be
excluded at the present stage of knowledge, because the
behavior of bands around 1100 cm-1, where the C-N
stretching band of histidine has been observed (46), was
obscured by buffer bands and relatively low signal-to-noise
ratios because of the absorption of CaF2 windows (not
shown).

On the basis of these considerations, it is concluded that
the observed acidic inhibition of the S2 f S3, S3 f S0, and
S0 f S1 transitions is attributed primarily to the factor a.
Second also, the factor c has to be taken into account. With
this respect, Berna´t et al. (28) previously proposed the
involvement of carboxylate groups located in the proton
channel. In fact, the recent X-ray structure by Ferreira et al.
(9) showed that D1-Asp61, D1-Glu65, and D2-Glu312 are
located in the hydrophilic pathways between OEC and the
lumenal surface. In addition, further analysis of the X-ray
structure showed that the proton channel proceeds along a
hydrophilic pathway within the PsbO protein involving
Asp158, Asp222, Asp223, Asp224, and Glu229 (63). Both
mechanisms a and c are indicative of the view that proton
release takes place in all S-state transitions except for S1 f
S2. This conclusion is basically consistent with the conven-
tional view of the proton release pattern, 1:0:1:2, for S0 f
S1 f S2 f S3 f S0 transitions (14-17, 62).

In contrast to the pH dependence in the acidic region, our
data showed that the efficiencies of all four S-state transitions
remain generally high in the alkaline region to pH 9.5 in the
complexes that still contain an intact OEC (Figures 7 and 8
and Table 1). Only the S2 f S3 transition exhibits a slight

decrease at pH values higher than 8, with a pK value
estimated to be 10.2( 1.0 (Table 1). Note that this value
was estimated by fitting the data to pH 9.5, and at pH 10.0,
the OEC actually became completely inactive (traces i of
Figures 1-4). This pH dependence of S-state transitions on
the alkaline side was somewhat different from the previous
results for PSII-enriched membranes (28) and thylakoids of
spinach (29, 30). In PSII-enriched membranes, a clear pH
block was observed in the S3 f S0 (pK ∼ 8.0) and the S2 f
S3 transition was also inhibited at high pH (pK ∼ 9.4), while
the S1 f S2 and S0 f S1 transitions were pH-independent
(Table 1) (28). Also, the increase in average misses has been
observed in spinach thylakoids in the alkaline region (29,
30). This difference betweenT. elongatusand spinach in
the pH dependence in the alkaline region suggests that the
transition efficiencies are determined by a mechanism
different from that in the acidic region. Such a mechanism
should be rather related to the characteristics of the PSII
proteins of each species. Berna´t et al. (28) proposed that a
pH-induced decrease in the redox potential of the YZ‚/YZ

couple is responsible for the alkaline inhibition in spinach
PSII membranes. In the PSII core complexes ofT. elongatus,
the TL peaks by S2QA

-, S2QB
-, and S3QB

- recombinations
were previousely detected at about 15°C higher temperatures
than those in spinach PSII membranes. The potential of the
acceptor side seems unchanged, because the so-called AT

band, which putatively arises from the (YZ‚His+)QA
- re-

combination, showed an identical temperature (51). Hence,
it seems likely that the redox potentials of the S states in the
OEC of T. elongatusare generally lower than those in
spinach. In this case, the energy gap between the Mn cluster
and YZ becomes larger, and hence, the efficiencies of S-state
transitions would be less sensitive to the decrease in the redox
potential of YZ by increasing pH.
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