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Abstract

Fourier transform infrared (FTIR) difference spectroscopy is a powerful method to study the detailed structures of active sites in enzymes.

It can detect basically all molecules involved in trigger reactions and the structural information obtained is complementary to that by X-ray
crystallography. Light-induced FTIR difference spectra of the photosynthetic oxygen-evolving center (OEC), which consists of the Mn4Ca cluster
embedded in photosystem II protein complexes, were obtained as spectral changes upon the first S1-to-S2 transition or during the S-state cycle.
Band assignments were performed by isotopic substitution, quantum chemical calculations, and site-directed mutagenesis, while the structures and

Abbreviations: ATR, attenuated total reflection; DFT, density functional theory; FTIR, Fourier transform infrared; IR, infrared; OEC, oxygen-evolving
center; PSII, photosystem II; QA, primary quinone electron acceptor; YZ, redox-active tyrosine on the D1 protein
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eactions of OEC were analysed by applying certain perturbations on the OEC and detecting concomitant spectral changes. This review summarizes
he FTIR studies on OEC thus far performed for understanding the molecular mechanism of photosynthetic oxygen evolution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recent X-ray crystallographic studies of photosystem II
PSII) core complexes of thermophilic cyanobacteria revealed
he structure of the oxygen-evolving center (OEC) to be a Mn4Ca
luster ligated by several amino-acid ligands [1,2]. With the rel-
tively low resolution of 3.0–3.5 Å and possible damage to the
n cluster by X-ray radiation [3,4], however, the detailed OEC

tructure has not been resolved yet. In addition, inherent weak-
ess of X-ray crystallography in detecting hydrogen atoms is a
isadvantage in investigation of the mechanism of oxygen evo-
ution, which is performed by four-electron oxidation of two
ater molecules involving proton release steps. Moreover, it is

ssential to detect the structures of all the metastable interme-
iates, called S states (S0–S3), in a light-driven reaction cycle
S-state cycle) of oxygen evolution. Such intermediate detec-
ion under physiological conditions is difficult to achieve by
-ray crystallography. Thus, some other spectroscopic methods,
hich cover the weakness of X-ray crystallography and provide

omplementary structural information, are necessary for full
nderstanding of the molecular mechanism of photosynthetic
xygen evolution.

One of such spectroscopic methods is Fourier transform
nfrared (FTIR) spectroscopy. FTIR spectroscopy is one of
ibrational spectroscopies, which detect the normal mode fre-
uencies of molecular vibrations and reveals a molecular
tructure as an assembly of chemical bonds and interactions
ather than as the positions of atoms. Thus, FTIR provides
he information on the presence/absence and the strengths
f certain chemical bonds or interactions, which is essen-
ial in understanding the molecular mechanisms of chemical
eactions. Furthermore, FTIR is especially sensitive to protona-
ion/deprotonation structures and hydrogen-bond interactions,
hich are the information often not available in X-ray crystal-

ographic studies.
FTIR spectra of active sites of enzymes can be obtained

sing reaction-induced FTIR difference spectroscopy [5–7].
TIR difference spectroscopy can detect signals from basi-
ally all molecules affected by a trigger reaction, including
olypeptide main chains, amino acid side groups, cofactors,
ubstrates, and water molecules. Thus, the spectra obtained
ontain a variety of information on the structures and reac-
ions in the active sites. In contrast to FTIR, resonance Raman
pectroscopy, which is another method to obtain vibrational
pectra of active sites, is selective for specific vibrations of a
ofactor coupled to its electronic transition at the excitation
avelength. However, the application of resonance Raman spec-
roscopy to the OEC have been limited to a few studies using
he SERS (surface-enhanced Raman scattering) [8] and SERDS
shifted-excitation Raman difference spectroscopy) [9] tech-
iques because of strong Raman scattering from a number of

2
r
i
c

I; S-state cycle

hlorophyll and carotenoid molecules in PSII samples. Careful
nalyses of the FTIR spectra using isotope substitution, quan-
um chemical calculations, site-directed mutagenesis, and so on
rovide information specific to a concerned molecule or a group
n proteins. In addition, rather complex features of FTIR dif-
erence spectra in turn are useful as “fingerprints” to identify
ertain intermediates during enzymatic reactions.

The FTIR spectra of OEC were first reported in 1992 [10] as
difference upon the S1 → S2 transition, which is the first tran-

ition by illumination on dark-adapted PSII sample, and spectra
f all the flash-induced S-state transitions (S1 → S2, S2 → S3,
3 → S0, and S0 → S1) during the S-state cycle were obtained in
001 [11,12]. During the past years, various analyses using this
pectroscopy have been attempted and much information has
een accumulated. This review summarizes the results of these
TIR studies. Readers may consult reviews of the same topic but
ore focused on low-frequency measurements by Chu et al. [13]

nd on measurement methods by Noguchi [14]. Also, a review
f FTIR studies of redox-active cofactors of PSII including OEC
y Noguchi and Berthomieu [15] may be consulted.

. Detection of FTIR signals of OEC

FTIR signals of OEC are detected as absorption changes (typ-
cally, of the order of 10−4 or 10−5 as �A) by light-triggered
eactions in membranes or core preparations of PSII. The most
ontrollable reaction is the S1 → S2 transition, which takes place
y single-flash illumination on the dark-adapted PSII sample
r by continuous illumination under conditions to ensure a
ingle-turnover reaction. Successive flashes induce further S-
tate transitions (i.e., S2 → S3, S3 → S0, and S0 → S1) in the
-state cycle and difference spectra upon individual flashes pro-
ide signals representing corresponding transitions.

.1. S1-to-S2 transition

The first S2/S1 difference spectrum was detected by single-
ash illumination on trypsin-treated PSII membranes of spinach

n the presence of ferricyanide as an electron acceptor [10].
n this early work, trypsin treatment was adopted to facilitate
lectron abstraction at the electron acceptor side. However, it
as later found that this treatment was not necessary and the

pectrum was actually contaminated by signals of the non-heme
ron, which was preoxidized by ferricyanide [16,17]. A pure
2/S1 spectrum was obtained using untreated PSII membranes

n the presence of the ferricyanide/ferrocyanide (1:9) couple at

50 K [18]. In a relatively low pH buffer (pH 5.5) with a lower
edox potential due to the high ferrocyanide ratio, the non-heme
ron remained reduced, and hence the S2/S1 spectrum obtained
ontained no contamination of acceptor-side signals [17,18].
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Fig. 1. Flash-induced FTIR difference spectra in the mid-frequency region
(1800–1100 cm−1) during the S-state cycle of OEC [34]. The sample was a
moderately hydrated film of PSII core complexes from Thermosynechococcus
elongatus. Difference spectra upon the 1st (a), 2nd (b), 3rd (c), and 4th (d) flashes
represent the structural changes of OEC in the S1 → S2, S2 → S3, S3 → S0, and
S0 → S1 transitions, respectively.
38 T. Noguchi / Coordination Che

An alternative method to detect the S2/S1 signals without
sing artificial electron acceptors is measuring an S2QA

−/S1QA
ifference spectrum by applying continuous illumination on
SII samples in the presence of DCMU or at cryogenic tem-
eratures (∼200 K) to block the electron transfer from QA to
B [10,19–24]. Subtraction of a QA

−/QA difference spectrum,
hich is obtained using Mn-depleted PSII in the presence of
H2OH [25], from the S2QA

−/S1QA spectrum provides an
2/S1 difference spectrum virtually identical to that using a
erricyanide/ferrocyanide couple [23,26,27]. An S2QB

−/S1QB
ifference spectrum measured at room temperature using PSII
embranes without DCMU was also reported [21].
Several different groups reported virtually identical S2/S1

r S2QA
−/S2QA difference spectra [18,21–24,28,29] except for

arly work of one group, which showed significantly different
pectra [30,31] perhaps due to a heat effect [20] and a high
lycerol content (see footnote 2 in [28]). Two different forms
f the S2 states exhibiting the g = 2 multiline and g = 4.1 EPR
ignals were shown to have very similar FTIR signals, indicat-
ng that these two forms have only minor structural differences
nd are indistinguishable by molecular vibrations [20]. Recently,
he S2/S1 difference spectrum of PSII membranes adsorbed on a
ilicon surface was measured using an ATR–FTIR technique
32], which will be useful for in situ detection of structural
erturbations in OEC under different conditions.

.2. S-state cycle

Chu et al. [33] applied two flashes to PSII OTG (octyl-�-
-thioglucopyranoside) cores at 250 K and obtained an S3/S2
ifference spectrum by subtracting an S2/S1 spectrum by a sin-
le flash. The spectrum showed several bands absent in the S2/S1
pectrum. Hillier and Babcock [11] and Noguchi and Sugiura
12] independently measured the FTIR spectra during the S-
tate cycle by illumination of consecutive flashes. The former
roup used PSII membrane fragments from spinach and the latter
sed PSII core complexes from Thermosynechococcus elonga-
us. Despite the different PSII preparations and temperatures
265 K in the former versus 10 ◦C in the latter), spectral fea-
ures at individual flashes were very similar between the two

easurements.
Figs. 1 and 2 show flash-induced FTIR spectra of the

-state cycle in the mid-frequency (1800–1100 cm−1) and high-
requency (3800–2200 cm−1) regions, respectively, obtained
sing a moderately hydrated (or deuterated) film of core com-
lexes from T. elongatus in the presence of ferricyanide as an
xogenous electron acceptor [34,35]. The former region reflects
he structural changes in the protein moiety comprising OEC
nd the latter region includes water OH (OD) vibrations in
ddition to protein bands (see below). Moderate hydration of
PSII film was achieved in a sealed IR cell in which a 20–40%
lycerol/water (v/v) solution was placed without touching the
ample [34]. The advantage of the film sample is that the strong

R absorption of bulk water in the regions of 3700–3000 (OH
tretch) and 1700–1600 (HOH bend) cm−1 can be eliminated
nd sample stability is improved. The sample temperature was
aintained at 10 ◦C. From the oscillation pattern of the peak

Fig. 2. Flash-induced FTIR difference spectra in the high-frequency region
(3800–2200 cm−1) during the S-state cycle of OEC [35]. The samples were
moderately hydrated (black lines) and deuterated (gray lines) films of PSII core
complexes from T. elongatus and the difference spectra were obtained upon the
1st (a), 2nd (b), 3rd (c), and 4th (d) flashes.
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ntensities, the miss factor was estimated as ∼12% [34]. Thus,
pectra upon the 1st, 2nd, 3rd, and 4th flashes virtually represent
he structural changes upon the S1 → S2, S2 → S3, S3 → S0, and
0 → S1 transitions, respectively. Although the second to fourth
ash spectra include some contributions of other transitions, fifth

o eighth flash spectra in the second cycle showed very similar
eatures to the corresponding spectra in the first cycle [11,12],
upporting that signals in the spectra mostly belong to the major
ransition. This situation of course depends on samples and mea-
urement conditions, and when miss factors are large, spectra are
everely distorted concomitant with decreased intensities espe-
ially after the 3rd flash. As shown in Fig. 1, most of the peaks
n the 1st- and 2nd-flash spectra have counter peaks at the same
requencies but with opposite signs in the 3rd- or 4th-flash spec-
rum, indicating that the protein movements in the S1 → S2 and
2 → S3 transitions are mostly reversed in either the S3 → S0 or

he S0 → S1 transition [12,34]. This characteristic of the S-state
TIR bands demonstrates well the catalytic role of the protein
oieties comprising the OEC. However, the FTIR observation

isagrees with the fact that oxidizing equivalents are accumu-
ated in the S0 → S1 → S2 → S3 transitions and then released in
he S3 → S0 transition to produce an oxygen molecule, indicat-
ng that protein movements do not necessarily correlate to the
hanges in the oxidation states of the Mn cluster.

. Band assignments

Rough assignments of the S-state FTIR spectra can be
chieved using the concept of group frequencies [36], in which
ndividual chemical groups have their characteristic vibrational
requencies. The assignment of each group is supported by FTIR
easurements of model compounds that have similar but simpler

tructures. In addition, quantum chemical calculations using, for
xample, the density functional theory (DFT) method, which has
een used extensively for vibrational analysis, are quite powerful
ot only for band assignments but also for establishing criteria to
btain structural information such as protonation structures and
ydrogen bond interactions. More accurate assignments should,
owever, be made by isotopic substitution, which is universally
ubjected to individual atomic species in proteins or ideally to
pecific atoms in amino acid residues or cofactors. Site-directed
utagenesis is useful to assign bands to a specific amino acid

esidue. Because of the secondary effects of mutation, how-
ver, minor spectral changes must be interpreted with caution
s demonstrated by Strickler et al. [37].

.1. Amide I and II bands of polypeptide backbones

All proteins show characteristic prominent bands at
700–1600 and 1600–1500 cm−1, which are due to the amide I
C O stretch) and amide II (NH bend coupled with CN stretch)
odes, respectively, of polypeptide backbones [38]. During

nzymatic reactions, protein conformations are often perturbed

nd as a result amide I and II bands appear in reaction-induced
TIR difference spectra. In the spectra of the S-state cycle
Fig. 1), several prominent peaks are observed in the amide
(1700–1600 cm−1) and amide II (1600–1500 cm−1) regions.

M
O
D
G
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ost of the peaks at 1700–1600 cm−1 showed large downshifts
y 40–50 cm−1 upon universal 13C labeling and slight down-
hifts by a few wave numbers upon 15N labeling, and thus they
ere assigned to the amide I modes [18,39–42]. Amide I fre-
uencies reflect polypeptide conformations [38]. The presence
f several intense amide I peaks in a relatively wide range in
700–1600 cm−1 indicates that different polypeptide conforma-
ions coexist in the protein moiety comprising OEC, which is
onsistent with the recent X-ray structures [1,2]. Rather different
and features between the 1st- and 2nd-flash spectra indicate that
ifferent polypeptide chains are perturbed between the S1 → S2
nd S2 → S3 transitions. The former change seems to be reversed
ostly in the S3 → S0 transition, while the latter in the S0 → S1

ransition (Fig. 1).
Some of the peaks in the 1600–1500 cm−1 region, for

xample, peaks at 1545–1541 cm−1 showed moderate down-
hifts by 10–20 cm−1 both upon 13C labeling and 15N labeling
18,39–42]. Thus, they were assigned to the amide II modes of
ackbone amides, which are coupled to the amide I peaks.

.2. Carboxylate groups

The most striking features of the FTIR difference spectra
f OEC are several prominent peaks in the typical asymmet-
ic and symmetric carboxylate stretching regions at 1600–1500
nd 1450–1300 cm−1, respectively (Fig. 1). Indeed, all the major
ands in the 1450–1300 cm−1 region underwent large 13C down-
hifts by 25–45 cm−1 without any 15N shifts [18,39–42] (acetate
n aqueous solution showed 13C downshifts by 42 and 26 cm−1

n the asymmetric and symmetric vibrations, respectively [40]).
ence, these bands were assigned to the symmetric COO−

tretching modes originating from Asp, Glu, or the C-terminus.
ince no other prominent bands interfere with this region, the
ymmetric COO− bands can be good monitors of the struc-
ures and reactions of carboxylate groups coupled to the Mn
luster. On the other hand, the asymmetric COO− bands at
600–1500 cm−1 severely overlap the amide II bands, and thus
he assignments are not straightforward. However, some peaks,
or example, at 1588, 1562, and 1513–1509 cm−1 (Fig. 1),
howed large downshifts by 30–50 cm−1 upon universal 13C
abeling without any 15N shifts, and thus these were assigned to
he asymmetric COO− vibrations [18,39–42].

The absence of prominent peaks at 1760–1700 cm−1, where
he C O stretches of COOH groups typically show bands [36],
ndicates that the prominent COO− bands in the S-state spec-
ra do not originate from protonation/deprotonation reactions of
OO−/COOH groups, but rather arise from structural pertur-
ations of COO− groups during the S-state cycle. It is most
ikely that carboxylate ligands to the Mn4Ca cluster change
heir coordination structures and bond orders. In the symmetric
OO− region of the four flash-induced spectra (Fig. 1), about
0 corresponding peaks are recognized at different frequencies,
uggesting that several carboxylate groups are coupled with the
n cluster. This seems consistent with the X-ray structure of
EC, in which six carboxylate groups (D1-Asp170, D1-Glu189,
1-Glu333, D1-Asp342, �-COO− of D1-Ala344, and CP43-
lu354) are found in the close vicinity of the Mn or Ca ions [1,2].
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Attempts to assign the COO− bands to specific residues have
een made using site-directed mutagenesis and selective isotope
ubstitution. Chu et al. [28] showed that the symmetric stretching
ands of the �-COO− group of D1-Ala344 exist at ∼1356 cm−1

n the S1 state and at ∼1339 or ∼1320 cm−1 in the S2 state in
he PSII particles of Synechocystis sp. PCC 6803, using com-
ination of l-[1-13C]alanine labeling and D1-Ala344Gly and
1-Ala344Ser mutations. Kimura et al. [43] further reported

hat the D1-Ala344 signal at the 1st flash was mostly reversed
t the 3rd flash. On the other hand, D1-Asp170His [44,45] and
1-Asp342Asn [46] mutations did not alter the COO− stretch-

ng bands in any flash-induced transitions. Kimura et al. [47]
bserved that symmetric COO− bands at 1450–1370 cm−1 in
he S2/S1 spectrum were slightly perturbed by Glu189Gln muta-
ion and proposed that the bands of Glu189 exist in this region.
owever, Strickler et al. [37] showed that neither the Gln nor
rg mutations at D1-Glu189 eliminates any COO− stretching
ands and small spectral alterations were similar in amplitude
o those by different methods of sample handling or mutation at
residue that is located apart from the Mn cluster. Thus, these
utagenesis studies showed that at least three out of the six

utative carboxylate ligands are silent in S-state FTIR spectra.
his is rather controversial to the presence of about 10 corre-
ponding peaks in the symmetric COO− region (see above). This
iscrepancy has to be resolved by definite assignments of bands
n future works.

The minor peaks in the 1760–1700 cm−1 region are
ttributable to the C O stretching vibrations of COOH groups
40] or ester C O groups of chlorophylls. These groups may be
tructurally or electrostatically coupled to the Mn cluster and
lightly perturbed by S-state reactions. The peaks were virtually
naffected in a deuterated film [35]. Thus, if they arise from
OOH groups, they must exist in hydrophobic environments
ut not in proton or water pathways between OEC and the
umenal side.

.3. Histidine

The imidazole group of His exhibits a characteristic CN
tretching band at around 1100 cm−1, which is sensitive to
rotonation structures and a good marker of His structures
16,48–53]. In the S2/S1 spectrum, a negative peak was observed
t 1114–1113 cm−1 and downshifted by ∼7 cm−1 upon both
niversal 15N labeling and selective 15N-imidazole labeling
Fig. 3B) [42,49,54]. Thus, this peak was assigned definitely
o the vibration of a His side chain. The criterion to identify the
rotonation structures of a His side chain was determined by
TIR measurements of model compounds (4-methylimidazole
nd dl-histidine) [48–50] and quantum chemical calculations
50–53]. This criterion was shown to be applicable to metal
omplexes by DFT calculation [51] as well as by examples of
is(4-methylimidazole) complex of iron protoporphyrin [48],

nd Cytb559 [48] and the non-heme iron [16] in PSII. From the
eak frequency at 1114–1113 cm−1 together with insensitivity
o D2O exchange, it was proposed that the His in OEC takes
neutral imidazole form protonated at the N� site, and hence

w
e
d
n
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oordinated to Mn at the N� site (Fig. 3C) [49]. In addition, sev-
ral Fermi resonance peaks of a hydrogen-bonded NH stretching
ibration were observed at 2850–2500 cm−1 (Fig. 3A), which
ndicated that the NH group of the observed His is hydro-
en bonded [49] (Fig. 3C). The most likely candidate for this
is is D1-His332, which ligates a Mn ion at the N� site, and

ts N�H is within a hydrogen-bonding distance of the back-
one C O of D1-Glu329 in the X-ray structures [1,2]. The
ossibility of D1-His337, which is also located in the vicin-
ty of the Mn cluster, cannot be excluded at present. Kimura
t al. [54] identified His CN bands during the S-state cycle by
niversal 15N labeling and l-[15N3]His labeling, and reported
hat the His vibration was mainly perturbed in the S1 → S2,
2 → S3, and S0 → S1 transitions but not in the S3 → S0

ransition.

.4. Low-frequency vibrations of the Mn cluster core

The low-frequency region below 1000 cm−1 contains vibra-
ions of the Mn cluster core and metal-ligand bonds [13].
he vibrations of [Mn(�-O)]2 cores (700–600 cm−1), Mn–OH2

500–200 cm−1), MnV or IV O (1000–700 cm−1) are expected
o be observed in the OEC spectra [13]. Chu et al. [22] first
btained the S2/S1 difference spectra in the low-frequency
egion (<1000 cm−1) by using window materials, a beam
plitter, a detector, and a band-pass filter suitable for low-
requency measurements [55,56]. They found that the bands
t 606/625 cm−1 downshifted by about 10 cm−1 in H2

18O, but
ere not affected by 44Ca2+ substitution; thus, these bands were

ssigned to a Mn–O–Mn cluster vibration of OEC [57]. The
ssignments to the Mn–O–Mn or Mn–O stretching vibrations
ere supported by ATR–FTIR measurements of adamantane-

ike Mn compounds in two different oxidation states (Mn4
IV

nd MnIIIMn3
IV) [58] and vibrational analyses of model Mn

omplexes by the GF-matrix method [58,59] or the DFT
ethod [60]. Visser et al. [58] suggested that two bands at

06/625 cm−1 (S2/S1) are not the same vibrational modes and
re from different symmetry representations. Chu et al. [61]
ound Mn–O–Mn vibration in the S3 state at ∼621 cm−1 by
wo-flash experiments. Low-frequency S2/S1 spectra using uni-
ersally 15N- or 13C-labeled PSII core complexes showed that
ost of the low-frequency bands were derived from vibra-

ional modes coupled with nitrogen- and/or carbon-containing
roups [41].

Low-frequency spectra during the S-state cycle were reported
y Kimura et al. [62] and analyzed using isotope-labeled water
H2

18O, D2
16O, and D2

18O). Several bands sensitive to both
6O/18O and H/D exchanges were found at 670–540 cm−1 and
ttributed to the structure involving Mn and oxygen coupled with
ydrogen. The possible origin of these bands was proposed to be
ater-derived intermediate associated with the Mn cluster [62].

n resonance Raman spectra of OEC with 820-nm excitation,
ua et al. [9] found four D2O-sensitive bands at 500–300 cm−1,

hich were attributed to Mn–OH2 or Mn–OH vibrations. How-

ver, only minor bands were found below 500 cm−1 in FTIR
ifference spectra [62] and thus the corresponding IR bands have
ot been identified yet.
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Fig. 3. S2/S1 difference spectra in the hydrogen-bonded NH stretching region (A) and the CN stretching region (B) of the imidazole side chain of His [49]. The
s 3 cell
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amples were PSII core complexes from unlabeled Synechocystis sp. PCC 680
abeled with 15N (b). (C) The structure of a His ligand proposed by FTIR spectr
igand is D1-His332 that is hydrogen-bonded with the backbone C O of D1-G

.5. Water OH vibrations and signals of hydrogen bond
etworks

The OH stretching vibrations of water molecules in OEC
ere first detected in the S2/S1 spectrum in the weakly hydrogen-
onded OH region (3700–3500 cm−1) using the core complexes
rom T. elongatus at 250 K [63]. A wider water OH(OD) region
uring the S-state cycle was measured using a hydrated (deuter-
ted) film of PSII core complexes [35] (Fig. 2). Assignments
f the water OH(OD) vibrations were made by H2

18O (D2
18O)

ubstitution [35,63]. In the S1 → S2 transition, a differential sig-
al at 3617/3588 cm−1 (2682/2653 cm−1 in D2O) was observed,
hereas the S2 → S3, S3 → S0, and S0 → S1 transitions showed
egative OH bands at different frequencies at 3634, 3621, and
612 cm−1 (2693, 2677, and 2673 cm−1 in D2O) in the weak

ydrogen-bond region. These negative bands indicate either pro-
on release reactions or the formation of strong hydrogen bonds.
trongly hydrogen-bonded OD bands of D2O during the S-state
ycle, which were detected as double difference spectra between

r
d
S
b

s (a) and cells in which two imidazole nitrogen atoms of His were selectively
ydrogen bond acceptor is expressed as B. The most likely candidate of this His
.

he spectra in D2
16O and D2

18O, exhibited broad features in the
ange of 2600–2200 cm−1 [35].

On the lower-frequency side of water OH region, broad con-
inuum features were observed around 3000, 2700, 2550, and
600 cm−1 in the 1st, 2nd, 3rd, and 4th flash spectra, respec-
ively [35] (Fig. 2). These broad features probably arise from
igh proton polarizability in hydrogen bonds [64]. Thus, band
ppearances in the S-state spectra and different maximum posi-
ions among the S-state transitions may reflect changes in the
ydrogen-bond networks around OEC in the course of water
xidation.

.6. Other vibrations

Relatively sharp peaks were observed in the high-frequency

egion of 3450–3250 cm−1 in the S-state spectra of hydrated or
euterated PSII films of T. elongatus [35,40] (Fig. 2; the lower
/N in a hydrated film is due to absorption of bulk water). These
ands were downshifted by 6–15 cm−1 upon universal 15N sub-
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spectrum very similar to the previous spectrum by Noguchi et
al. [18] obtained using Ca2+-depleted PSII in the presence of
EDTA and a K4[Fe(CN)6]/K3[Fe(CN)6] couple (Fig. 4). Thus,

Fig. 4. S2/S1 difference spectra (symmetric COO− region) of untreated (a, black
line), Ca2+-depleted (b, c), and Ca2+-reconstituted (a, gray line) PSII membranes
of spinach. The Ca2+-depeted sample for spectrum b contained neither solu-
ble chelators nor K+ ions, but contained Chelelx-100 powder [27], while the
42 T. Noguchi / Coordination Che

titution but unaffected upon 13C substitution, and thus assigned
o the NH stretching bands of backbone amides [40]. The obser-
ation that these bands were mostly left in a deuterated film
ndicates that a large portion of the polypeptide main chains cou-
led to the OEC reactions is in rather hydrophobic environments
35,40].

Using the Synechocystis sp. PCC 6803 cores labeled with
ring-4-13C]Tyr, the signals of a tyrosine side chain in the S2/S1
pectrum were identified at 1254 and 1521 cm−1 arising from the
OH and ring C C vibrations, respectively [65]. These signals
ere proposed as being attributable to YZ structurally coupled
ith the Mn cluster. However, corresponding Tyr signals in other
-state transitions have not been reported yet, and thus further
areful studies will be necessary for the final assignment of Tyr
ignals coupled to the Mn cluster.

It was asserted that bicarbonate bands were found at 1589
nd 1365 cm−1 in the FTIR spectra of the OEC by comparing
he spectra of PSII membranes in control medium, bicarbonate-
epleted medium, and medium containing either unlabeled or
3C-labeled bicarbonate at 1 mM concentration [66]. However,
he measurements were performed with continuous illumination
t room temperature, and thus the S-state transitions were not
ontrolled. The reported spectra differ from any of the S-state
pectra (Fig. 1), and seem to suffer severely from water vapor
eaks as typical artifacts in FTIR difference spectra. Recent S-
tate measurements in the presence of unlabeled- or 13C-labeled
icarbonate did not show any signals assignable to bicarbon-
te coupled to the OEC, although only the 1st-flash spectrum
howed bicarbonate bands that arose from the non-heme iron
enter due to its preoxidation by ferricyanide [67].

. Analysis of FTIR spectra by introducing
erturbations to OEC

Although FTIR difference spectra of the S-state cycle con-
ain a variety of information about the structures of S states and
eactions during the S-state cycle, interpretation of the spectra
o obtain specific information is often not straightforward even
fter bands are definitely assigned. One effective method to ana-
yze the spectra is applying a certain perturbations to the OEC
nd then studying the effects on FTIR bands.

.1. Ca2+ depletion and metal substitution

Ca2+ ion is an indispensable cofactor for oxygen evolution,
nd it is known that Ca2+-depleted PSII undergoes the S1 → S2
ransition but higher transitions are blocked [68,69]. Ca2+ can be
eplaced with some other metal ions. Among them, only Sr2+ can
estore the oxygen-evolving activity [68,69]. In X-ray structures
1,2], one Ca2+ ion is modeled to be located in the close vicinity
o Mn ions. However, details of the structural relevance of the
a2+ to the Mn cluster and the role of Ca2+ in the mechanism of

xygen-evolving reaction are not well understood. These prob-
ems can be studied by detecting the effects of Ca2+ depletion
n the S2/S1 FTIR spectra and those of Sr2+ substitution on the
pectra during the S-state cycle.

C
K
t
a
d

Reviews 252 (2008) 336–346

Noguchi et al. [18] measured an S2/S1 difference spectrum
f Ca2+-depleted PSII membranes of spinach and showed that
a2+ depletion led to the disappearance of asymmetric and

ymmetric COO− bands at 1587/1560 and 1364/1403 cm−1,
espectively, concomitant with reduced amide I intensities. In
ontrast, Kimura et al. [23,70–72] claimed by experiments using
helex-treated buffer that Ca2+ depletion itself did not affect the
arboxylate bands, but the presence of soluble chelators and/or
+ caused the spectral changes via the interaction of chelators
ith the Mn ion and/or binding of K+ to the Ca2+ site. Their

Ca2+-depleted” PSII preparation also did not exhibit any appre-
iable changes in the Mn–O–Mn core vibrations at 606 cm−1

72]. On the other hand, recent experiments by Taguchi and
oguchi [27] using a Ca2+-depleted PSII sample, which con-

ained neither soluble chelators nor K+ ion but in the presence
f Chelex-100 even during measurements, showed an S /S
a2+-depleted sample for spectrum c contained 0.5 mM EDTA and 18/2 mM

4[Fe(CN)6]/K3[Fe(CN)6] [18]. The spectra in a and b were obtained by sub-
racting a QA

−/QA spectrum from S2QA
−/S1QA difference spectra measured

t 10 ◦C in the presence of DCMU and the spectrum in c was obtained as a
ifference spectrum upon a single flash at 250 K.
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he drastic FTIR changes were proven to be a pure effect of
a2+ depletion and not due to chelators and K+. Kimura et al.

23,70–72] adopted a NaCl wash as a method for Ca2+ deple-
ion that removed the 23 and 17 kDa extrinsic proteins, whereas
oguchi et al. [18,27] used low-pH treatment that retained these
roteins. It might be possible that absence of these extrinsic
roteins facilitated the access of contaminating Ca2+ to the Mn
luster and hence effective chelators or metal substitution were
ecessary to remove Ca2+ from its binding site.

The drastic spectral changes by Ca2+ depletion provided solid
vidence that Ca2+ is strongly coupled to the Mn cluster [18,27].
oguchi et al. [18] interpreted the frequencies of the asymmet-

ic and symmetric vibrations of Ca2+-related carboxylate group
1560 and 1403 cm−1 in S1 and 1587 and 1364 cm−1 in S2)
sing a general correlation between the asymmetric–symmetric
requency gap (��) and the coordination structure of a car-
oxylate ligand [73,74]: (i) in unidentate coordination, �� is
uch greater (>∼200 cm−1) than the ionic values (∼160 cm−1),

ii) the chelating bidentate coordination exhibits a �� value
<∼100 cm−1) significantly lower than the ionic values, and
iii) the �� value of a bridging bidentate structure is close to
he ionic value (∼160 cm−1). The large �� change from 157
o 223 cm−1 upon S1 → S2 transition was attributed to a drastic
oordination change from bridging bidentate to unidentate struc-
ure [18]. They proposed that the concerned carboxylate group
ridged the Mn and Ca ions in the S1 state and the coordination to
a was disrupted upon S2 formation, concomitant with confor-
ational changes in polypeptide chains. It was further suggested

hat upon Ca2+ depletion, this carboxylate was released even
rom the Mn ion and hence the COO− band changes by S1 → S2
ransition became silent together with diminished amide I inten-
ities [18]. However, the carboxylate bands sensitive to Ca2+

epletion arise from neither the �-COO− of D1-Ala344 [28,75]
or D1-Glu189 [37,47], which were modeled as bridging lig-
nds between Ca and Mn in the X-ray structure by Loll et al.
2]. Thus, at present the straightforward interpretation of FTIR
ata is not consistent with the X-ray model. It could be possible
hat the concerned carboxylate ligand actually bridges two Mn
ons which are strongly coupled with Ca2+ [27]. Also, Smith
t al. [76] suggested that the general criteria to determine the
oordination structures from �� values [73,74] do not hold over
he range of Mn oxidation level shown in the S states.

In contrast to the drastic spectral changes by Ca2+ depletion,
eplacement of Ca2+ with Sr2+ showed rather similar features in
he S2/S1 and S-state cycle spectra [29,70,72,75,77,78]. Upon a
loser look, however, the spectra in the COO− stretching regions
ere clearly perturbed, indicating that the ligand structure of the
n cluster is somewhat different between Ca2+-OEC and Sr2+-
EC [29,70,72,75,77,78]. Suzuki et al. [78] suggested from the
-state cycle measurements of Sr2+-subsituted PSII from T. elon-
atus and spinach that there are at least three carboxylate ligands
hose structures are perturbed by Ca2+/Sr2+ exchange. These

arboxylate groups were suggested to be either direct ligands

o the Ca2+ or ligands to the Mn ions that are strongly cou-
led to Ca2+. Strickler et al. [75] showed that the symmetric
OO− bands of D1-Ala344 [(∼1339 or ∼ 1320)/∼1356 cm−1

n the S2/S1 states] were not altered by Sr2+ substitution, and

o
w
n
i
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hus concluded that the �-COO− of D1-Ala344 is not a ligand
o Ca2+, but ligates a Mn ion. Chu et al. [57] showed that Sr2+

ubstitution upshifted the Mn–O–Mn band at 606 cm−1 in the
2 state to ∼618 cm−1, indicating that Sr2+ substitution causes
small structural perturbation that affects the bond length of the
n–O–Mn cluster. This result was later confirmed by Kimura

t al. [72]. When Ca2+ was replaced with K+, Rb+, Cs+, and
a2+, carboxylate bands in the S2/S1 spectra were significantly
odified and a strong negative peak at 1404 cm−1 diminished

70] similarly to the spectra of Ca2+-depleted samples [18,27].

.2. Cl− depletion and anion substitution

Cl− is also a cofactor essential to the OEC reactions. Upon
l− depletion, strong features in the amide I region of the S2/S1

pectra were mostly suppressed [79] concomitant with charac-
eristic modification in the COO− stretching bands [80]. The
verall features were restored by addition of Br−, I− or NO3

−,
hich can function in the Cl− site, whereas replacement of
l− with F− or CH3COO− resulted in marked suppression and
istortion of both the carboxylate and amide bands [80]. The
tretching vibrations of NO3

− in the S2/S1 spectra of NO3
−-

ubstituted PSII preparations were identified around 1400 cm−1

sing 15NO3
− and N18O3

− [80,81]. From comparisons of the
bserved NO3

− frequencies with those of metal-bound NO3
−,

t was suggested that NO3
− in the Cl− site is coupled to the Mn-

luster, but not as a direct ligand. Cl− depletion did not affect
he Mn–O–Mn band at 606 cm−1, which was consistent with an
ndirect interaction of Cl− with the Mn cluster [72].

.3. Ammonia treatment

Ammonia is an analogue of substrate water and an inhibitor
f the oxygen-evolving reaction. Chu et al. [26] showed that the
2/S1 spectrum of NH3-treated PSII exhibited a large upshift
f the symmetric COO− band at 1365 cm−1 in the S2 state
o 1379 cm−1. This effect was seen at 250 K but not at 200 K.
H3NH2 also showed a similar but smaller spectral change, and

he effects of amines were inverse proportional to their size. It
as proposed that the shift of the 1365 cm−1 band is caused
y the binding of NH3 or a small amine to the site on the Mn
luster, which gives rise to the altered S2 multiline EPR sig-
al. This NH3-induced effect was suppressed by the presence of
thylene glycol, whereas methanol was unable to compete with
H3 upon binding to the Mn site [82]. The 1365 cm−1 COO−
and of the S2 state was also sensitive to Ca2+ depletion [18,27]
nd Sr2+ substitution [75,78], suggestive of the proximity of the
H3 binding site on the Mn cluster to the Ca2+ site.

.4. Site-directed mutagenesis

Site-directed mutagenesis studies aiming at the assignment of
arboxylate bands were already mentioned (Section 3.2). Here,

ther results are shortly summarized. Details of mutagenesis
orks including investigation using the FTIR difference tech-
ique are described in another review by Debus [83] in the same
ssue of this journal.
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Fig. 5. (A) The OH stretching bands of active water molecule in the S2/S1

difference spectrum of T. elongatus core complexes in H2O (black line) and in
H2O/D2O (1:1) (gray line) [63]. The spectra were recorded at 250 K. (B) The
proposed structure of the water molecule detected by FTIR. B1 and B2 represent
hydrogen-bond acceptors. Arrows indicate the directions of structural changes
upon the S → S transition. The frequencies of the OH bond weakly hydrogen-
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As mentioned above, the �-COO− group of D1-Ala344
hows bands at (∼1339 or ∼1320)/∼1356 cm−1 in the S2/S1
pectrum of the core complexes of Synechocystis sp. PCC 6803
28]. Interestingly, mutations at D1-Ala344 to Gly, Val, Asp,
nd Asn did not affect the �-COO− bands but showed dis-
inctive changes in several other COO− bands [84,85]. The
1-Ala344Gly mutant also showed significant changes in the

ow-frequency spectra including the Mn–O–Mn core vibrations
84]. The Mn cluster core vibrations were also affected in the D1-
sp170His [44] and D1-Glu189Gln [47] mutants. These results

ndicate that D1-Ala344, D1-Asp170, and D1-Glu189 are struc-
urally coupled to the Mn cluster and alterations of the side
hains perturb the Mn core structure.

. Analysis of interactions and reactions of water
olecules

Interactions and reactions of substrate water or active water
olecules in OEC were analyzed by FTIR measurements using

sotopic water (D2O, H2
18O, and D2

18O). Also, the processes
f insertion of substrate water into the reaction cycle and proton
elease steps were studied by examining the effects of changing
ater content and pH, respectively, on the flash-induced spectra.

.1. Hydrogen-bond interaction of an active water molecule

Noguchi and Sugiura [63] evaluated the intramolecular cou-
ling of the two OH vibrations of the active water molecule,
hich showed the 3618/3585 cm−1 bands in the S2/S1 spectrum,
y a decoupling experiment using a H2O/D2O (1:1) mixture
Fig. 5A). From the shifted peaks at 3616/3579 cm−1 (arising
rom the mixture of HOH and HOD), the downshifts by decou-
ling were estimated to be 4/12 cm−1. These values are much
maller than 52 cm−1 of water in vapor, indicative of a consider-
bly asymmetric structure of water, in which one OH is weakly
nd the other is strongly hydrogen bonded (Fig. 5B). The smaller
oupling in the S2 state than the S1 state together with the upshift
rom 3585 to 3618 cm−1 indicates that the hydrogen bond asym-
etry becomes more prominent upon S2 formation (Fig. 5B).
his structural change of water in the S1 → S2 transition may

acilitate the proton release in later steps. Fischer and Wydrzyn-
ki [53] performed quantum chemical calculations to estimate
he coupling strength between the two OH stretches of water.
rom the above experimental shifts by decoupling [63], they
redicted the frequencies of the strongly hydrogen-bonded OH
tretching modes to be 3104 and 3392 cm−1 in the S2 and S1
tates, respectively [53].

.2. Interaction between a carboxylate group and a water
olecule

An asymmetric COO− band at ∼1561 cm−1 in the S2/S1 dif-

erence spectrum of PSII membranes of spinach was found to
ndergo a large upshift by ∼18 cm−1 upon H2O/D2O exchange
86]. A similar upshift was observed in the 1st-flash spectrum
S1 → S2) of T. elongatus core complexes and the counter-band

m
e
i
C

1 2

onded with B1 are experimental values and those of the OH bond strongly
ydrogen-bonded with B2 are the values predicted using quantum chemical
alculations [53].

as found in the 4th-flash spectrum (S0 → S1) [35]. It was
roposed from FTIR measurements of model carboxylate com-
ounds with different types of hydrogen-bonding interaction that
his H/D sensitive band arose from the asymmetric COO− vibra-
ion coupled with a H2O bending mode in a carboxylate ligand
ydrogen-bonded with a water molecule bound to the Mn ion
86]. Quantum chemical calculations by Fisher and Wydrzyn-
ki [53] reproduced the coupling of the asymmetric COO−
ibration with the bending vibration of a hydrogen-bonded
ater molecule. However, their results showed that a deuterium-

nduced upshift requires rather symmetric interactions of the
OO− group. Further studies using FTIR measurements of

odel compounds together with theoretical calculations are nec-

ssary to determine the configuration of the COO− and water
nteraction that were revealed by the deuteration effect on the
OO− band.
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.3. Substrate insertion and proton release

Dependency on the substrate content in the water oxidizing
eaction was analyzed as dehydration effects on the efficiencies
f individual S-state transitions [34]. The water content was
ontrolled by changing the relative humidity in the IR cell. Upon
ecreasing the water content (i.e., the amount of substrate), the
fficiencies of the S2 → S3 and S3 → S0 transitions decreased
aster than those of the S1 → S2 and S0 → S1 transitions. This
esult suggests that insertion of water molecules into the OEC
ia water pathways takes place mainly in the S2 → S3 and/or
3 → S0 transitions. Note that such water insertion into the OEC
oes not necessarily represent binding of the substrate water to
he Mn cluster.

Proton release reactions of substrate water were investi-
ated by examining the pH dependence of the S-state transition
fficiencies. Flash-induced FTIR spectra were measured with
. elongatus core complexes in buffers at various pHs [87].
hereas the S1 → S2 transition probability was independent

f pH throughout the pH range of 3.5–9.5, the other three
ransitions were all inhibited at acidic pH. The apparent pKa
alues were estimated as 3.6 ± 0.2, 4.2 ± 0.3, and 4.7 ± 0.5 for
he S2 → S3, S3 → S0, and S0 → S1 transitions, respectively,
hich were in good agreement with the previous estimations

or spinach PSII membranes by EPR spectroscopy [88]. These
bservations are consistent with the view that proton release
rom substrate water takes place at the three transitions other
han S1 → S2.

. Concluding remarks and perspectives

FTIR studies on OEC have been extensively performed for the
ast 15 years and light-induced FTIR difference spectroscopy
as become one of the major techniques in investigation of pho-
osynthetic oxygen evolution. Reported spectra have provided a
ariety of structural information on the constituents of OEC, i.e.,
he Mn-cluster core, amino acid ligands, polypeptide backbones,
nd active water molecules. The reaction processes have been
xamined by detecting flash-dependent spectral changes. Defi-
ite assignments of the observed bands to specific amino acid
esidues are urgent for identification of ligands to the Mn and
a ions, and thus further investigations in combination with site-
irected mutagenesis and selective isotope substitutions will be
ecessary. Also, identification of substrate water molecules and
heir interactions to specific amino acids are crucial for under-
tanding the mechanism of water oxidation. As the resolution of
he X-ray crystallographic structure is improved, complemen-
ary structural information and reaction analysis by FTIR will
ecome more important. Thus, FTIR difference spectroscopy
ill play a key role in future investigation of photosynthetic
xygen evolution toward full understanding of its molecular
echanism.
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