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ABSTRACT: Oxygenic photosynthesis takes place in the thylakoid membrane of cyanobacteria, algae, and
higher plants. Initially light is absorbed by an oligomeric pigment-protein complex designated as
photosystem II (PSII), which catalyzes light-induced water cleavage under release of molecular oxygen
for the biosphere on our planet. The membrane-extrinsic manganese stabilizing protein (PsbO) is associated
on the lumenal side of the thylakoids close to the redox-active (Mn)4Ca cluster at the catalytically active
site of PSII. Recombinant PsbO from the thermophilic cyanobacteriumThermosynechococcus elongatus
was expressed inEscherichia coliand spectroscopically characterized. The secondary structure of
recombinant PsbO (recPsbO) was analyzed in the absence and presence of Ca2+ using Fourier transform
infrared spectroscopy (FTIR) and circular dichroism spectropolarimetry (CD). No significant structural
changes could be observed when the PSII subunit was titrated with Ca2+ in vitro. These findings are
compared with data for spinach PsbO. Our results are discussed in the light of the recent 3D-structural
analysis of the oxygen-evolving PSII and structural/thermodynamic differences between the two homologous
proteins from thermophilic cyanobacteria and plants.

Photosystem II (PSII)1 harnesses sunlight to split water
into molecular oxygen and protons. PSII is a multi-subunit
pigment-protein complex composed of membrane-intrinsic
and membrane-extrinsic subunits harboring a number of
different cofactors (chlorophylla (Chla), pheophytina, non-
heme Fe2+, plastoquinones, carotenoids, Mn cluster, Ca2+,
and Cl-). The core antenna proteins CP43 and CP47 are
located at the periphery of the reaction center subunits D1
and D2; cytochromeb-559 and at least 10 other low

molecular mass polypeptides of largely unknown function
are embedded in the thylakoid membrane, whereas PsbO,
PsbU, and PsbV (cytochromec-550) are membrane-extrinsic
and attached at the lumenal side of the PSII core. Water
cleavage is catalyzed by a redox-active (Mn4)Ca cluster.
Additionally, one Cl- could be essential for the redox cycle
(1).

Whereas PsbO is present in all oxygenic photoautotrophic
organisms, the cyanobacterial PsbU and PsbV are function-
ally replaced by PsbQ and PsbP in green algae and in higher
plants (2). Even though the cyanobacterial PsbO reveals
deletions and insertions in its primary structure, there is a
moderate similarity of 40-50% between cyanobacteria and
higher plants (2-4). Limited proteolysis of PsbO isolated
from various organisms results in different degradation
products (5). Structural predictions, based on UV-CD
spectropolarimetry (6-8) and Fourier transform infrared
spectroscopy (FTIR) (6, 9-12), revealed a highâ-sheet
content, whereas other spectroscopic studies suggested a
“natively unfolded” structure (6). Furthermore PsbO exhibits
pronounced pH-dependent structural changes (9, 13). These
results and other typical features of PsbO were discussed
by Shutova et al. suggesting a “molten globule” structure
with a hydrophobicâ-sheet structure (14). Recent preliminary
NMR studies on the overexpressed isolated protein from
Thermosynechococcus elongatusled the authors to suggest
that PsbO rather consists of a hydrophobic core and highly
flexible domains (15). The recently published X-ray struc-
tures of T. elongatus(16, 17) and Thermosynechococcus
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Vulcanus(18) at medium resolutions showed that PsbO is
in immediate vicinity to PsbU and interacts with the lumenal
domains of D1, D2, and CP47, supported by cross-linking
studies (19, 20). It seems to regulate the substrate acces-
sibility (21), but it does not directly ligate the Mn cluster
(22). PsbO forms a hollow cylinder, that mainly consists of
â-sheets featuring a length of 35 Å and a diameter of 15 Å.
It resembles aâ-barrel like structure in agreement with a
proposal that this subunit could form a channel-like structure
(9, 16-18, 23). Proton wires provided by PsbO between the
catalytic site of water oxidation and the thylakoid lumen (9)
and channel-like structures on the donor side have been
earlier suggested in refs24 and25.

Several possible functions were proposed for PsbO: it
maintains the redox-active Mn cluster in the active site (26,
27), and affects its stability as well as the S-state transitions
(28). ∆psbOmutants fromSynechocystissp. PCC6803 reveal
modified Yz

• reduction kinetics (29) as well as alterations in
the Mn photoligation during assembling of the PSII complex
(30). Furthermore, they show decreased oxygen evolution
capacity and their PSII is light sensitive (30-33). Therefore
this subunit is also referred to as the manganese stabilizing
protein. In vitro PsbO can be removed from cyanobacterial
and plant PSII by high CaCl2 concentrations sometimes
accompanied by a loss of two manganese ions of the
tetrameric Mn cluster (34), but see ref35. The oxygen-
evolving activity can be largely restored under nonphysi-
ological Ca2+ and Cl- concentrations (34). Its rebinding
restores the oxygen-evolution activity and stability of the
active site (1, 3, 4). Whether PsbO specifically binds Ca2+

is not yet clear (36-38). It could provide an appropriate ionic
environment (Ca2+, Cl-) for the oxygen-evolving complex.
Recently, Ca2+ dependent conformational changes within
PsbO from spinach were studied by FTIR (38). Conclusions
from these data disagree with those drawn from EPR data
on intact PSII and that depleted of the extrinsic subunits (36).
An additional function of PsbO from thermophilic cyano-
bacteria discussed is that it may play a stabilizing role on
PSII leading to an increased thermostability of the holocom-
plex (6, 39).

In the work presented here, we describe the overexpression
of psbOin Escherichia coliand characterization of the gene
product by biochemical and spectroscopic methods. As there
is no three-dimensional structure for PsbO available at the
atomic level, we applied UV-CD spectropolarimetry to
analyze its secondary structure elements. We compare the
UV-CD and FTIR spectra of wild type (wt) PsbO, chemi-
cally removed from PSII, with those of recPsbO. On the basis
of these spectroscopic data, we conclude that recPsbO is
correctly folded and can reconstitute a quasi-native PSII core
complex. To elucidate probable Ca2+ binding site(s), recPsbO
was titrated in the presence of CaCl2, followed by UV-CD
and FTIR spectroscopy, but no significant changes in the
secondary structure could be observed. Furthermore, the
thermostability was studied by far UV-CD and revealing
an increased portion of secondary structure upon heating.

MATERIALS AND METHODS

Cloning of the psbO Gene.The preparation of cDNA of
T. elongatuswas carried out as described (40). For ampli-
fication of cDNA encoding recPsbO, two oligonucleotide

primers were synthesized, 5′-CATATGGCAAAACAGACTT-
TAACCTATGACG-3′ and 5′-GGATCCCCTAGGCAGGT-
TCGATGCTG-3′ (Eurogentec, Cologne, Germany). On the
basis of the sense strand ofpsbO, the 5′-coding region for
the N-terminal signal sequence was truncated and anNdeI
restriction site was generated at the start codon (underlined
in the sequence). The antisense strand contained aBamHI
endonuclease cleavage site two nucleotides downstream from
the stop codon (underlined in the sequence). The fragment
of the coding region was PCR-amplified and cloned into
vector pGEM-T (Promega, Madison, WI). The correctness
of the DNA insert was verified by sequencing and after
insertion cloned into the expression vector pET11a (Novagen,
Madison, WI). The latter was transformed intoE. coli strain
BL21(DE3) (Novagen).

Expression and Purification of recPsbO.The expression
and purification of recPsbO was carried out as described (41)
with some modifications. The culture was induced by adding
IPTG to a final concentration of 1 mM. The cells were
harvested after 4 h by centrifugation at 6000g for 30 min.
Cells were opened by osmotic shock; the cell extract was
centrifuged at 13000g for 30 min and the supernatant filtered
through 0.22µm pore membranes. The protein was loaded
onto a DEAE Macroprep column (Biorad, Hercules, CA)
equilibrated with buffer A (50 mM MES-NaOH, pH 6.5,
25 mM NaCl). Applying a linear salt gradient (25 mM to
323 mM NaCl), recPsbO eluted at 153 mM NaCl. The
fractions containing recPsbO were pooled, dialyzed against
buffer A overnight, and loaded onto a Resource Q column
(Pharmacia, Uppsala, Sweden) equilibrated with buffer A.
A linear gradient was performed as for the DEAE Macroprep
column. Fractions containing further purified recPsbO were
pooled, concentrated using Amicon Ultra-30 (Millipore,
Bedford, MA), and loaded on a Superdex-75 16/60 column
(Pharmacia) equilibrated with buffer B (50 mM MES-
NaOH, pH 6.5, 100 mM NaCl). Protein purity was tested
by SDS-PAGE (42) and silver staining (43). Protein
concentrations were determined spectrophotometrically (λ )
595 nm) using Coomassie G250 (44). After electroblotting
on polyvinylidene difluoride membranes (Optibran BA S 83,
Roth, Karlsruhe, Germany), using a buffer system as
described (45), immunodetection and visualization of the
bands were performed using antibodies raised against poly-
clonal spinach PsbO. For matrix assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF
MS), samples were diluted with 40% acetonitrile/0.1%
trifluoroacetic acid and mixed with sinapinic acid as matrix.
Mass standards of cytochromec and myoglobin were used
to calibrate the Kompact MALDI II (Shimadzu, Duisburg,
Germany) instrument.

PSII Preparation and Reconstitution. T. elongatuswas
grown at 55°C, and PSII was isolated and purified as
described (46). The PSII complexes were used at a Chla
concentration of 4 mM as determined spectroscopically (47).
Wt PsbO was extracted from PSII complexes by incubation
on ice for 30 min with buffer in a final concentration of 2.6
M urea, 0.2 M NaCl, and 13 mM MES-NaOH (pH 6.0)
(48). The detached extrinsic subunits were removed by
ultrafiltration with Amicon Ultra-100 (Millipore, Bedford,
MA). Supernatant and flow-through were tested by SDS-
PAGE and Western blotting for their content of wt PsbO.
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For reconstitution, recPsbO was dialyzed against 10 mM
NaCl, 10 mM MgCl2, 5 mM CaCl2, and MES-NaOH (pH
6.0) and incubated in molar excess with PsbO-depleted PSII
in the dark on ice for 30 min. The light-induced oxygen-
evolving activity was measured using a Clark-type electrode
(49) of native PSII complexes (positive control), of extracted,
but not reconstituted PSII complexes (negative control), and
of PSII complexes reconstituted with recPsbO in the presence
of 2 mM K3[FeCN]6 and to 0.2 mM phenyl-p-benzoquinone
as electron acceptors. The buffer contained 20 mM MES-
NaOH, pH 6.4, 5 mM CaCl2, and measurements were
performed at Chla concentrations of 20-50 µM. Excitation
was performed with repetitive 1 Hz flashes from a xenon
flash lamp or with saturating continuous white light from a
tungsten lamp passing through a heat filter. Maximally we
could reconstitute 60-70% of the activity of native PSII core
complexes (2200-3700 µmol O2 (mg Chla h)-1; 37-70
Chla (0.25 O2 flash)-1). The presence of recPsbO in all
samples was identified by Western blotting (45) and immu-
nodecoration using polyclonal anti PsbO. As a loss of Mn
ions during the extraction of the extrinsic subunits cannot
be excluded, the Mn content of all probes was determined
by atom absorption spectroscopy (AAnalyst 800; Perkin-
Elmer, BO) (46).

UV-CD Spectropolarimetry. For CD spectropolarimetry,
recPsbO samples (0.2 mg/mL) were extensively dialyzed
against 20 mM KH2PO4 (pH 6.5). CD spectra were recorded
using a JASCO J600 spectropolarimeter (Gross-Umstadt,
Germany) with an RC 6 thermostat (Lauda, Lauda-Ko¨nig-
shofen, Germany) that was calibrated withD-camphor-10-
sulfonic acid. The samples were allowed to equilibrate at a
given temperature for 10 min. The optical path length was
0.1 cm, and data were collected using a scan speed of 50
nm/min. A buffer CD spectrum was recorded and subtracted
from all protein spectra that were recorded 5 times and
averaged. CD spectra were analyzed using the program K2
(50). This program uses a neural network to align the
spectrum to given comparative spectra.

FTIR Spectroscopy.The freshly purified recPsbO samples
were concentrated to 25.6 mg/mL and dialyzed extensively
against D2O (Sigma-Aldrich, Germany; 99.9% purity) con-
taining 50 mM MES-NaOD (pD 6.0), 6 mM NaCl, and 1
mM ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA) or 1 mM CaCl2, respectively, before
use. Due to the pH sensitivity of PsbO (9, 13), the pD was
adjusted with NaOD to pD 6 (pD) pH + 0.5 pH units). A
10 µL sample was pipetted into an infrared cell with CaF2

windows and a 23µm Teflon spacer and placed into a Bruker
IFS 66 FTIR spectrometer equipped with a liquid N2 cooled
MCT detector. For each sample 200 interferograms were
added and averaged. As reference spectrum the buffer
solution was measured under identical conditions and
subtracted from the individual protein spectra. The instrument
was continuously purged with dry air to prevent spectral
contributions due to atmospheric water vapor. A water vapor
spectrum was recorded using the same instrumental param-
eters and interactively subtracted from the buffer-corrected
spectrum until a flat baseline resulted between 1715 and 1745
cm-1 (see Supporting Information).

RESULTS

recPsbO was expressed and purified as described in
Materials and Methods. recPsbO appeared as a single band
on silver stained SDS-polyacrylamide gels (not shown).
Edman degradation revealed the correct protein sequence of
the in frame translatedpsbO.recPsbO eluted as a monomer
from the gel filtration column, and by MALDI-TOF MS a
molecular mass of 26822 Da was determined, which is in
excellent agreement with the calculated mass (26824 Da)
(51). Spectroscopic experiments in the presence of Ca2+ or
EGTA were carried out with freshly isolated protein samples
of the same preparation.

FTIR Spectra of recPsbO in the Presence and Absence of
Ca2+ and Secondary Structure Content. The FTIR spectrum
of recPsbO in the amide I′ region and the calculated amino
acid side chain absorption spectrum between 1500 and 1750
cm-1 are presented in Figure 1 and Figure S1 of the
Supporting Information. Prior to any further analysis by
deconvolution and fitting, the side chain spectrum was
subtracted. In the recPsbO FTIR spectrum the amide I′ band
is centered at about 1630 cm-1, characteristic for proteins
with a highâ-sheet secondary structure content (52).

Figure 2 and Figure S2 of the Supporting Information
show the original and deconvoluted FTIR spectra in the
1580-1720 cm-1 region, for recPsbO in D2O in the presence
of Ca2+ and EGTA exhibiting two maxima at 1640 and 1625
cm-1 for the amide band I′. The deconvoluted spectra showed
no significant differences in the spectra of recPsbO in the

FIGURE 1: FTIR spectra of recPsbO (0.2 mg/mL) in D2O at pD
6.0 in the presence of 1 mM Ca2+. For experimental conditions,
see Materials and Methods. Original spectrum (solid line), spectrum
for the side chains (dotted line), and spectrum with side chain
correction (dashed line).

FIGURE 2: Comparison of deconvoluted FTIR spectra in the
presence of 1 mM Ca2+ at pD 6.0 and line with triangles in the
presence of 1 mM EGTA at pD 6.0. For experimental conditions,
see Materials and Methods.
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presence and absence of Ca2+ (see Supporting Information).
The fitted deconvoluted spectra of recPsbO in the presence
of Ca2+ and EGTA collected at 27°C are shown in Figure
3A and Figure 3B, and the position and population of 10
bands are given in Table 1. All band parameters were varied
during the fitting, and different start parameters gave the
same results. The components of the amide I′ band are
designated to a certain secondary structure type according
to the assignment from previously published FTIR data of
different other proteins (52-56). Infrared vibration bands
in the 1658-1649 cm-1 region generally correspond to
R-helical structures. Vibrations in the 1637-1620 cm-1

region are assigned toâ-sheet structures. A second vibrational
region at higher wavenumbers, 1690-1675 cm-1, also

corresponds toâ-sheet structures. Turn structures show
signals between 1675 and 1660 cm-1 together with stable
loops and especiallyâ-turn signals partially overlap with the
â-sheet signal around 1979 cm-1. Irregular structures are
generally assigned to the region between 1645 and 1640
cm-1.

In the amide I′ spectrum of recPsbO in D2O containing
buffer in the presence of Ca2+ (see Materials and Methods)
an R-helical component at 1651 cm-1 could be observed.
The integrated intensity of this band represents 23.0% of
the amide I′ band area. The bands at 1612, 1624, 1629, 1682,
and 1691 cm-1 are assigned toâ-strands, and the sum of
the integrated intensities of these five bands suggests a
â-sheet content of 33.3% (Table 2) similar to data from
Shutova et al. (9). If the integrated intensities of theâ-turn
features at 1664 and 1674 cm-1 (18.9%) are added, this
results in a totalâ-structure content of 52.4%. A band at
1601 cm-1 having a very small population of 0.4% was not
assigned very likely corresponding to arginine side chain
absorptions, which are not completely compensated. The
remaining component at 1639 cm-1 assigned to irregular
(non- or disordered) structure contributes to an integrated
intensity of 25.1%. However, signals at 1664 and 1674 cm-1

can be assigned toâ-turn as well as to loop structures,
resulting in an irregular protein content of 33.9% and
reducing theâ-structure content to 32.5% (Table 2). Inde-
pendent of the assignments of the 1664 and 1674 cm-1 bands,
the infrared data for recPsbO in the presence of Ca2+ indicate
a high content ofâ-sheet structure of about 33%. As a second
major component irregular structural elements are identified.
As suggested by the similar shape of the recPsbO FTIR
amide I′ spectrum in the presence of EGTA, the positions
of the bands and the integrated intensities showed no
significant changes compared to recPsbO in the presence of
Ca2+ (Table 1).

CD Spectra of recPsbO, Secondary Structure Determina-
tion, and Thermal Denaturation.The secondary structure
content of recPsbO was also investigated by CD spectropo-
larimetry at pH 6.5. Figure 4 shows typical CD spectra of
recPsbO between 200 and 260 nm. A buffer spectrum was
recorded with the same instrumental parameters and sub-
tracted from each original protein spectrum. The molar
ellipticity (Θ) was computed from the original CD reading
using the concentration of amino acid residues and the path
length. On the basis of the ellipticities between 200 and 240
nm the secondary structure content was predicted yielding a
high content ofâ-sheet structure and a low contribution of
R-helices (Table 3) being consistent with previous investiga-
tions on cyanobacterial wt PsbO (10).

Following the thermal unfolding of recPsbO far-UV CD
spectra were recorded in the range of 25-95 °C and
corrected for buffer effects (Figure 4A). A temperature-

FIGURE 3: Fitted self-deconvoluted amide I′ bands of recPsbO in
D2O pH 7.0. Solid lines represent experimental spectra and dashed
lines individual Gaussian components. (A) recPsbO in the presence
of 1 mM Ca2+. (B) recPsbO in the presence of 1 mM EGTA.

Table 1: Amide I′ Component Bands, Relative Integrated Intensities
(Population), and Secondary Structure Assignments for recPsbO in
50 mM MES-NaOD (pD 6.0), 6 mM NaCl, and 1 mM CaCl2 or 1
mM EGTA, Respectivelya

+CaCl2 +EGTA

position
(cm-1)

population
(%)

position
(cm-1)

population
(%) assignment

1601 0.4 1601 0.4 Arg side chain
1613 4.2 1612 4.2 â-sheet
1624 13.2 1624 13.8 â-sheet
1629 10.1 1629 9.2 â-sheet
1639 24.4 1639 24.7 irregular
1651 23.0 1651 23.6 R-helix
1663 11.8 1664 12.4 turns, loops
1673 7.1 1674 6.4 turns, loops
1682 3.7 1682 3.3 turns,â-sheet
1691 2.1 1691 2.0 â-sheet
a For experimental conditions, see Materials and Methods

Table 2: Secondary Structure Prediction for recPsbO as Determined
by FTIR Spectroscopy

secondary
structure

Ca2+

population
(%)

EGTA
population

(%)

â-sheet 33.3 32.5
nonordered 24.8 25.1
R-helix 23.0 23.6
turns, loops 18.9 18.8
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dependent transition of recPsbO above 65°C indicated by
an increase of the negativeΘ was observed. This suggests
an atypical unfolding without any loss of secondary structure.
Analyzing the unfolding of recPsbO upon heating in more
detail, the Θ at 222 nm was plotted as a function of
temperature (Figure 4B). Independent reproducible measure-
ments showed sigmoidal curves with a transition point at
76 °C. While the Θ at 222 nm suggests an increase in
secondary structure, a new negative Cotton effect is observed
at 204 nm with anΘ of -5700. Since a minimum in the
200 nm region is usually attributed to random coil, this could
be due to a thermally induced aggregation of recPsbO.

The observed thermal denaturation was partially revers-
ible: After heating recPsbO to 95°C and then cooling to

22 °C its CD spectrum represents 89% complete refolding.
Although we obtained sigmoidal structural transition curves
for recPsbO, no significant cooperativity in its unfolding
pattern could be observed since the range over which the
transition occurs is very broad (>30 °C). This is consistent
with investigations on the spinach protein (6, 9) suggesting
a relatively loose folding of PsbO in solution.

DISCUSSION

Spectroscopic studies have been widely used for gaining
information on the structural characteristics of wt PsbO from
cyanobacteria and plants. To ensure that the recombinant
protein is correctly folded, UV-CD and FTIR spectroscopic
studies allow estimation of its secondary structure content
(52, 54) and monitoring of overall structural changes upon
cofactor binding or chemical and thermal denaturation (6,
57).

For plant PsbO, spectroscopic studies suggest a mainly
â-type protein with a high content of nonordered structure
(6, 9, 11, 38). Some studies indicate possible Ca2+ binding
(58, 59) and a transition point at 56°C (38).

In the present study the following questions were ad-
dressed: (i) does cyanobacterial recPsbO bind Ca2+ and, if
so, (ii) do we observe cofactor-dependent conformational
changes in the protein backbone, and (iii) does recPsbO
reveal a thermostability similar to that of the wt protein?

The secondary structure content of recPsbO was deter-
mined by CD, and we obtained similar values as was earlier
reported for the wt protein fromSynechococcus elongatus
(10). Comparable values for irregular structural elements
were calculated for both the recPsbO (48%) and wt protein
(43%). For wt PsbO Sonoyama et al. (10) obtained 23%
â-sheets and 17%â-structures, while we calculated a total
amount of 43%â-structural elements, since our prediction
algorithm (see Supporting Information) does not distinguish
between the relative amounts ofâ-structures and turns.
However, theR-helix content differed significantly for
recPsbO (8%) and wt PsbO (17%).

When the secondary structure of recPsbO was examined
by FTIR, the prediction of the relative content of its
secondary structure also partly agrees with data for the wt
protein as described by Sonoyama et al. (10). While the
contents ofR-helices (19% wt versus 23% recPsbO) and turn
abundancies (17% wt versus 19% recPsbO) are comparable,
our study reveals a higherâ-structure content (33% recPsbO
versus 24% wt) and a smaller contribution of random coils
(25% recPsbO versus 40% wt).

Our data clearly show that, depending on the experimental
method applied, the secondary structure determination can
vary drastically, especially for the relative amounts of
R-helices (8% by UV-CD, 23% by FTIR) and irregular
structures (48% by UV-CD, 25% by FTIR). A higher
R-helix content and a lower relative amount of random coils
were also observed for spinach PsbO, when FTIR studies
were compared with those using CD (8, 9, 11). Marked
differences in the results of secondary structure analyses
performed by CD or FTIR spectroscopy were also reported
for other proteins (60). These may be explained by the
different parameters of secondary structures, which are
measured using both techniques. FTIR monitors amide group
hydrogen bonding whereas CD reflects torsion angles.

FIGURE 4: (A) CD spectra of recPsbO (0.2 mg/mL) in 20 mM
K2HPO4 (pH 6.5) recorded at different temperatures (°C), see inset.
Each sample was equilibrated for 10 min at the given temperature.
(B) Temperature dependence of the negativeΘ at 222 nm, taken
from spectra as measured in Figure 4A. The inflection point is
indicated by a black dot.

Table 3: Predicted Secondary Structure Components of recPsbO
Determined by Far UV CD Spectroscopy at Two Different
Temperatures and of PsbO Associated with PSII

secondary
structure

25 °C
population

(%)a

95 °C
population

(%)

PSII
associated

PsbOb

â-sheet 43 48 44
irregular 48 48 48
R-helix 8 4 8

a 1% of the population at 25°C could not be assigned to any
secondary structure element.b According to the PDB entry 1S5L (16)
and see Supporting Information.
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Taken together, our predictions confirm previous reports
that PsbO has mainly aâ-type structure and a high percentage
of random coils (8-10). This is consistent with crystal-
lographic data on the PSII complex in which PsbO seems to
form a â-barrel-like structure (16-18, 23). However, the
relative amount of irregular structure seems to be much less
pronounced in the plant protein when compared with that
of thermophilic cyanobacteria. This difference could imply
a more flexible structure in cyanobacterial PSII leading to
higher thermal stability found for the prokaryotic PsbO by
UV-CD spectropolarimetry. As for the wt protein, signifi-
cant structural changes occurred at temperaturesg76 °C
compared to spinach PsbO, which unfolds at about 50°C.
The transition point for cyanobacterial PsbO at 76°C is of
particular interest, since the PSII holocomplex reveals a
similar behavior (J. Frank, A. Zouni, J. Kern, K.-D. Irrgang,
unpublished results) supporting previous observations that
PsbO is involved in mediating the thermostability of PSII
(6, 39, 61, 62).

Summarizing our findings, we suggest that PsbO does not
have a very rigid structure and its intrinsic flexibility allows
it to cope with extreme temperature increases without
irreversible structural alterations. These results are consistent
with the hypotheses proposed for isolated PsbO attaining
either a natively unfolded structure (6) or a molten globule
(14) in solution. It is highly likely that the PsbO structure in
solution differs from that within the PSII holocomplex (Table
3) due to interaction of this subunit with membrane intrinsic
and extrinsic proteins. This is in line with conclusions from
recent structural studies (15-17).

Several studies showed that Ca2+ is an essential cofactor
for the oxygen-evolving capability of PSII from both
cyanobacteria and higher plants (59, 63-68), although there
are significant differences in the requirement for this bivalent
cation and Cl- (68). The PsbO protein was suggested to
directly bind Ca2+ in plant PSII (37, 65, 69); however, the
binding constants for Ca2+ are 10 times lower when
compared to those of other typical Ca2+ binding proteins (57,
70). PsbO was proposed to indirectly provide an appropriated
ionic environment for the Mn cluster, whereas other inves-
tigations rather do not support the view that PsbO interacts
with Ca2+ (36). Recently, Ca2+-dependent conformational
changes have been monitored for the plant protein by
applying FTIR spectroscopy (38). Using a similar experi-
mental setup we could not obtain any evidence for Ca2+-
induced structural changes in the cyanobacterial PsbO. These
results could be confirmed by UV-CD spectropolarimetry.
Therefore the following questions arise: Could the different
properties of cyanobacterial versus plant PsbO be attributed
to slightly variant primary structures and folding patterns
leading in turn to different thermostabilities and to slightly
different modes of action? Heredia and de Las Rivas (38)
suggested that a Ca2+-induced structural modification might
facilitate its binding to PSII. However, our data show that
no significant conformational change occurs upon Ca2+

addition, supporting the view that Ca2+ is not bound to the
protein before it associates to PSII. Since bivalent metal ions
are mainly coordinated by carboxylate groups of Glu or Asp,
alterations in the FTIR spectra can be expected even though
the overall secondary structure content does not change. For
example, the asymmetric stretch mode of COO- has been
shown to act as a marker band for metal binding (71). Since

no marker band shifts could be observed in our experimental
data, cyanobacterial PsbO in solution probably does not
specifically bind Ca2+ ions. It is important to emphasize that
to the best of our knowledge Ca2+ binding to PsbO was only
identified for the protein from higher plants (37, 38, 58, 59,
69) and not from cyanobacteria. In plant PSII at least two
different Ca2+ binding sites occur with variant affinities in
contrast to that of cyanobacteria (66, 67) (see Supporting
Information). The results of our spectroscopic studies are in
line with X-ray diffraction data measured beyond the Mn-
edge on intact PSII (16, 17), as no anomalous signal was
observed at a position equivalent to a heavy atom (Cd2+)
binding site in close vicinity to PsbO described in the 3.8 Å
structure (23). However, since the heteronuclear (Mn4)Ca
cluster (72) is probably mainly coordinated by subunit D1
(16, 17), it appears that PsbO serves to exclude water or to
contribute only marginally to cation binding. In addition, we
cannot exclude that conformational changes most likely
occurring upon binding of PsbO to the loop regions of
membrane-intrinsic PSII core subunits (but see ref12) could
create Ca2+ binding sites at low-intermediate affinity (mM-
µM range) in agreement with Ca2+ determinations by atom
absorption spectroscopy on the spinach protein (unpublished
results).
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