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ABSTRACT: Photosynthetic oxygen evolution by plants,
algae, and cyanobacteria is performed at the Mn4Ca cluster
in photosystem II (PSII) by light-driven water oxidation. It
has been proposed that CP43-Arg357, which is located in
the vicinity of the Mn4Ca cluster, plays a key role in the O2

evolution mechanism; however, direct evidence for its
involvement in the reaction has not yet been obtained. In
this study, we have for the first time detected the structural
coupling of CP43-Arg357 with the Mn4Ca cluster by means
of isotope-edited Fourier transform infrared (FTIR) spec-
troscopy. Light-induced FTIR difference spectra upon the
S1fS2 transition (S2/S1 difference spectra) of the Mn4Ca
cluster were measured using isolated PSII core complexes
from Synechocystis sp. PCC 6803 cells, where the Arg side
chains were labeled with either [η1,2-

15N2]Arg or [ζ-
13C]Arg.

Bands due to Arg side chain vibrations, which were extracted
by taking a double difference between the S2/S1 spectra of
isotope-labeled and unlabeled samples, were found at 1700-
1600 and 1700-1550 cm-1 for [η1,2-

15N2]Arg- and
[ζ-13C]Arg-labeled PSII, respectively. These frequency
regions are in good agreement with those of the CN/NH2

vibrations of a guanidinium group in difference spectra
between isotope-labeled and unlabeled Arg in aqueous
solutions. The detected Arg bands in the S2/S1 difference
spectra were attributed to CP43-Arg357, which is the only
Arg residue located near theMn4Ca cluster. The presence of
relatively high frequency bands arising from unlabeled Arg
suggested that the guanidinium NηH2 is engaged in strong
hydrogen bonding. These results indicate that CP43-
Arg357 interacts with the Mn4Ca cluster probably through
direct hydrogen bonding to a first coordination shell ligand
of a redox-active Mn ion. This structural coupling of
CP43-Arg357 may play a crucial role in the water oxidation
reactions.

Virtually all molecular oxygen comprising 21% of the Earth’s
atmosphere is generated by photosynthesis via reactions that

are catalyzed at theMn4Ca cluster embedded in the photosystem
II (PSII) protein complexes of plants, algae, and cyanobacteria.
This metal cluster, which is crucial for the global environment
and almost all life on Earth, consists of four Mn ions and one Ca
ion that are ligated by μ-oxo bridges, and carboxylate and

imidazole groups from the D1 and CP43 proteins.1 The O2

evolution is known to be achieved by four-electron oxidation of
twowater molecules through a cycle of five intermediates called S
states (S0-S4).

2 However, the detailed mechanism of this
reaction, including the catalytic roles of amino acid residues
around the Mn4Ca cluster, remains largely unknown. It has been
proposed that CP43-Arg357, which is located in the vicinity of
the Mn4Ca cluster (Figure 1), plays a key role in the reaction
mechanism.2c,3 Although site-directed mutagenesis studies have
shown the significance of this residue,4 direct evidence for the
involvement of CP43-Arg357 in the O2-evolving reaction has yet
to be obtained. CP43-Arg357 is not a direct ligand to the Mn4Ca
cluster and hence has escaped spectroscopic detection. It is thus
urgent to develop a method to monitor the changes of the
Arg357 side chain during the reaction sequence leading to O2

evolution. In this study, we have for the first time obtained the
signals of the CP43-Arg357 side chain using isotope-edited light-
induced FTIR difference spectroscopy5 and proved that this Arg
residue is indeed structurally coupled to the Mn4Ca cluster.

The Arg-requiring strain of Synechocystis sp. PCC 6803
(designated as ΔArgH) was generated by deletion of a putative
gene encoding L-argininosuccinate lyase (slr1133; argH), which
is an enzyme involved in Arg biosynthesis, using a strain in which

Figure 1. Structural relationship of CP43-Arg357with theMn cluster in
the structural model of PSII by X-ray crystallography.1b
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a His6-tag was introduced to the C-terminus of the CP47 protein
(designated as WT)6 as a parental strain (see Supporting Infor-
mation [SI] for the experimental procedures including the details
of construction of the mutant). Isotope labeling of the guanidi-
nium group of Arg in proteins was achieved by culturing ΔArgH
cells in a medium containing 1 mM L-Arg 3HCl that is labeled
either with 15N at the η1,2-nitrogens ([η1,2-

15N2]Arg) or with
13C at the ζ-carbon ([ζ-13C]Arg) instead of unlabeled L-Arg 3
HCl (see Figure 2 for the positions of isotope-labeled atoms in an
Arg side chain). TheΔArgH cells grew at a rate similar to WT by
supplying 1 mM Arg, but did not grow at all in a medium in the
absence of Arg (Figure S1D [SI]), indicating that basically all Arg
residues were isotope labeled in ΔArgH cells cultured with
[η1,2-

15N2]Arg or [ζ-13C]Arg. It was previously reported that
no isotopic scrambling to other amino acids occurred in selective
isotope labeling of Arg using an Arg auxotrophic strain of
Halobacterium salinarium.7 The integrity of the PSII complexes
isolated from the ΔArgH cells was confirmed by absorption and
fluorescence spectra, O2 evolution activities, and SDS-PAGE
analysis (see [SI]). Light-induced Fourier transform infrared
(FTIR) difference spectra upon the S1fS2 transition (S2/S1
difference spectra) were recorded at 10 �C using hydrated films
of PSII complexes as described previously.8,9

Figure 3A shows the S2/S1 FTIR difference spectra (1800-
1450 cm-1 region) of unlabeled (black line), [η1,2-

15N2]Arg-
labeled (blue line), and [ζ-13C]Arg-labeled (red line) PSII core
complexes from ΔArgH cells. The spectrum of unlabeled PSII
was virtually identical to that of PSII fromWT (data not shown).
Bands in this region of the S2/S1 spectra have been assigned
mainly to the amide I (1700-1600 cm-1; CdO stretches) and
amide II (1600-1500 cm-1; NH bends þ CN stretches)
vibrations of backbone amides and the asymmetric COO- stretch-
ing vibrations of carboxylate groups (1600-1450 cm-1).10

Some spectral changes were clearly observed in the 1700-
1600 and 1700-1550 cm-1 regions upon [η1,2-

15N2]Arg and
[ζ-13C]Arg labeling, respectively (Figure 3A), whereas no spe-
cific changes were observed in the 1550-1100 cm-1 region that
includes the prominent symmetric COO- bands (1450-
1350 cm-1) (spectra in the 1800-1100 cm-1 region are shown
in Figures S5 and S6 in Supporting Information [SI]). It should
be noted that the 1185/1174 cm-1 bands, which were tentatively
assigned to Arg vibrations in the previous FTIR study by Kimura
et al.11 using global 15N labeling (1186/1178 cm-1 bands in their
spectra), were sensitive neither to [η1,2-

15N2]Arg nor to
[ζ-13C]Arg labeling, dismissing this assignment.

Figure 3B (solid lines) shows FTIR spectra of unlabeled and
isotope-labeled Arg 3HCl in aqueous solutions. In the spectrum
of unlabeled Arg (black solid line), the 1667 and 1632 cm-1

bands are attributed to the vibrations of the guanidinium group
of Arg,12-14 while the 1596 and 1522 cm-1 bands arise from the
COO- asymmetric stretch and the NH3

þ symmetric deformation,
respectively, of an R-amino acid group.14 The NH3

þ asymmetric

deformation also has a band around 1630 cm-1 overlapping the
guanidinium band.14 The above assignment of the guanidinium
group is supported by the FTIR spectrum of ethylguanidi-
ne 3HCl (black dotted line) showing bands at 1672 and
1636 cm-1. These two bands actually consist of three vibrational
modes of the CN stretches coupled with the NH2 bends of the
guanidinium group.15 Upon η1,2-

15N2 labeling of the Arg guani-
dinium group (blue line), the band at 1667 cm-1 was down-
shifted to 1656 cm-1, while upon ζ-13C labeling (red line), the
bands at 1667 and 1632 cm-1 seemed to downshift to 1647 and
1612 cm-1 with additional weak band at ∼1570 cm-1.

These isotope-induced spectral changes are more clearly
revealed in unlabeled-minus-isotope-labeled difference spectra
(Figure 4). An S2/S1 double difference spectrum by [η1,2-

15N2]-
Arg labeling of PSII (Figure 4a) showed peaks at 1689, 1682,
1673, 1650, and 1632 cm-1, while Arg in aqueous solution
(Figure 4b) showed bands at 1686, 1653, and 1623 cm-1 by the
same labeling. Also, [ζ-13C]Arg labeling of PSII (Figure 4c)
provided peaks at 1689, 1682, 1674, 1661, 1654, 1641, 1631,
1611, 1581, and 1567 cm-1 in a double difference spectrum,
while ζ-13C-labeled Arg in solution (Figure 4d) showed bands at
1685, 1648, 1609, and 1571 cm-1. Thus, the frequency regions
where the signals appeared in the S2/S1 double difference spectra
are in good agreement with those of corresponding difference
spectra of Arg in water (1690-1620 and 1690-1565 cm-1 for
η1,2-

15N2 and ζ-13C labeling, respectively). In particular, the
wider frequency range in ζ-13C than in η1,2-

15N2 labeling,
representing a larger 13C downshift than a 15N downshift, is well
reproduced in the S2/S1 double difference spectra. These results
indicate that we indeed detected the Arg signals that are involved
in the S2/S1 difference spectrum.

Figure 2. Structure of an Arg residue in the guanidinium cation form.
Atoms that were labeled with 15N or 13C are marked with asterisks.

Figure 3. (A) S2/S1 FTIR difference spectra of unlabeled (black line),
[η1,2-

15N2]Arg-labeled (blue line), and [ζ-13C]Arg-labeled (red line)
PSII core complexes. Isotope-labeled spectra were normalized to the
unlabeled one based on the symmetric COO- stretching region of
1450-1350 cm-1 (Figures S5 and S6 [SI]). (B) FTIR spectra of
unlabeled (black solid line), η1,2-

15N2-labeled (blue line), and ζ-13C-
labeled (red line) Arg HCl, and ethylguanidine HCl (black dotted line)
in aqueous solutions. Arg spectra were normalized on the intensity of the
NH3

þ band at 1522 cm-1.
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The peaks at 1689(þ)/1682(-) cm-1, which were com-
monly observed in both of the double difference spectra of PSII
(Figure 4a, c), correspond to the ∼1685(þ) cm-1 band in the
difference spectra of Arg in solution (Figure 4b, d) and hence are
assignable to the highest-frequency CN/NH2 vibration of un-
labeled Arg in the S2/S1 difference spectrum. Since stronger
hydrogen bonding tends to upshift the frequency of this CN/
NH2 vibration,12,13 the relatively high frequencies of the
1689(þ)/1682(-) cm-1 peaks comparable to the frequency
of Arg in water indicate that the guanidinium group is engaged in
strong hydrogen bonding. Also, the prominent differential signal
at 1581(þ)/1567(-) cm-1 in the double difference spectrum by
[ζ-13C]Arg labeling (Figure 4c) corresponds to the 1571(-) cm-1

band in the unlabeled-minus-ζ-13C-labeled Arg in aqueous
solution (Figure 4d). Hence, the origin of the 1581/1567 cm-1

signal is the lower-frequency CN/NH2 vibration of the ζ-13C-
guanidium group. The much stronger intensity of this signal than
the intensity of the 1571 cm-1 band in solution could indicate a
specific conformation of hydrogen bonding interactions of the
guanidinium group, although further investigations using theo-
retical calculations and model compound measurements are
necessary to understand the structural implications. It should
be noted that since the amide I bands around 1650 cm-1 in the
S2/S1 spectrum are rather sensitive to sample conditions (e.g.,
hydration extent), the peaks around 1650 cm-1 in the double
difference spectra (Figure 4a, c) could be disturbed to some
extent by such variable amide I changes.

It has been shown that a deprotonated guanidine group has a
band at 1600-1550 cm-1,13,16 the frequency region much lower
than that of a protonated guanidinium group (1690-1630 cm-1;
Figure 3B, dotted line). However, no meaningful bands were found
in this low frequency region in the unlabeled-minus-[η1,2-

15N2]-
Arg-labeled double difference spectrum (Figure 3a). (Weak
features in the region lower than 1600 cm-1 were not reproducible

and hence ascribed to noise.) It is thus concluded that the Arg
side chain detected by FTIR is basically in a protonated state in
both the S1 and S2 states, although the presence of a deproto-
nated state in a minor fraction of centers cannot be excluded.

The above results definitely proved that there is an Arg side
chain that is structurally coupled with the Mn4Ca cluster. The
presence of about twice the number of bands in the S2/S1 double
difference spectra (Figure 4a, c) compared with the correspond-
ing difference spectra of Arg in solutions (Figure 4b, d) is
consistent with the idea that only one Arg side chain is involved
in the coupling, because a single vibration should provide two
peaks in the S2/S1 difference spectra. CP43-Arg357 is located in
the vicinity of the Mn4Ca cluster (the shortest distance between
the Nη atom and the Mn ion is 4.4 Å in the X-ray structure1b),
and it is the only Arg side chain within 10 Å from the Mn4Ca
cluster. Thus, CP43-Arg357 is the most probable candidate for
the Arg residue responsible for the observed structural coupling.
The presence of this coupling, strong hydrogen bonding of the
NηH2 (see above), and the distance of 4-5 Å from the Mn4Ca
cluster are all consistent with view that CP43-Arg357 directly
interacts with a first coordination shell ligand of the Mn4Ca
cluster.17

In conclusion, we have succeeded in detecting the structural
coupling of CP43-Arg357 with the Mn4Ca cluster by means of
light-induced FTIR difference measurements in combination
with selective isotope labeling of Arg side chains. Because of
the strong coupling between Arg and the Mn4Ca cluster, it is
highly likely that this residue plays crucial roles in the O2-
evolving reactions such as by upshifting the redox potential of
the Mn4Ca cluster by a positive charge of Arg to facilitate water
oxidation and formation of the reaction field of substrate water by
a hydrogen-bond network around the Mn4Ca cluster. The
significance of such a hydrogen-bond network in the O-O bond
formation has been pointed out previousely.2e It is also possible
that CP43-Arg357 is deprotonated upon YZ oxidation or in
higher S states, functioning as a proton acceptor as previously
proposed.2c,3 Further FTIR measurements to monitor the Arg
reactions during the S-state cycle and determining clear criteria
to interpret the Arg bands will provide important information
to understand the molecular mechanism of photosynthetic O2

evolution.
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