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D-44801 Bochum, Germany

ReceiVed January 9, 2007; ReVised Manuscript ReceiVed March 5, 2007

ABSTRACT: Two monomeric fractions of photosystem II (PS II) core pacticles from the thermophilic
cyanobacteriumThermosynechococcus elongatushave been investigated using flash-induced variable
fluorescence kinetics and EPR spectroscopy. One fraction was highly active in oxygen evolution and
contained the extrinsic protein subunits PsbO, PsbU, and PsbV. The other monomeric fraction lacked
oxygen evolving activity as well as the three extrinsic subunits, but the luminally located, extrinsic Psb27
lipoprotein was present. In the monomeric fraction with bound Psb27, flash-induced variable fluorescence
showed an absence of oxidizable Mn on the donor side of PS II and impaired forward electron transfer
from the primary quinone acceptor, QA. These results were confirmed with EPR spectroscopy by the
absence of the “split S1” interaction signal from YZ• and the CaMn4 cluster and by the absence of the
S2-state multiline signal. A different protein composition on the donor side of PS II monomers with Psb27
was also supported by the lack of an EPR signal from cytochromec550 (in the PsbV subunit). In addition,
we did not observe any oxidation of cytochromeb559 at low temperature in this fraction. The presence of
Psb27 and the absence of the CaMn4 cluster did not affect the protein matrix around YD or the acceptor
side quinones as can be judged from the appearance of the corresponding EPR signals. The diminished
electron transport capabilities on both the donor and the acceptor side of PS II when Psb27 is present
give further indications that this PS II complex is involved in the earlier steps of the PS II repair cycle.

Photosystem II (PS II)1 is a large membrane spanning
enzyme in the thylakoid membrane of cyanobacteria, algae,
and higher plants that catalyzes the light driven oxidation
of water and reduction of plastoquinone. PS II exists both
as monomers and dimers and in higher plants, with their
highly organized membrane, dimeric complexes dominate
in the appressed part of the thylakoid membrane while
monomeric forms of PS II dominate in the nonappressed part
(1, 2). In cyanobacteria the spatial separation is less
pronounced, but both monomer and dimer complexes of PS

II can be formed. In general, dimeric PS II is functionally
efficient in water oxidation while PS II monomers, at least
in higher plants, can be present in both active and nonactive
forms. This is thought to reflect events in the photorepair
cycle of PS II (1, 3). In cyanobacteria less is known about
the functional differences between monomeric and dimeric
forms of PS II.

In recent years the three-dimensional structure of PS II
has been solved to sequentially higher and higher resolution
(up to 3.0 Å) in the thermophilic cyanobacteriaThermosyn-
echococcus elongatus(4-6) and Thermosynechococcus
Vulcanus(7) using crystals of PS II core preparations. This
has triggered biochemical and spectroscopic studies of PS
II in cyanobacterial core preparations to complement the
structural knowledge (8, 9). Most of the previously known
subunits have been identified in the crystal structure. In
addition, the three-dimensional structure has revealed the
molecular details of most of the active redox components in
PS II including the P680 chlorophylls (Chl), the intermediary
acceptor pheophytin, the first quinone acceptor QA, and the
donor side components YD, YZ, and the CaMn4 cluster (4-
7). The crystal structure of the PS II complex also contains
two cytochromes: the membrane spanning cytochrome (Cyt)
b559, which is present in PS II from all organisms (10), and
Cyt c550 (coded by thepsbVgene) which is only present in
thermophilic cyanobacteria (11, 12).

In addition to the protein subunits found in the PS II core,
intact PS II is known to contain many more subunits. In PS

† This work was supported from the Swedish Research Council, the
EU program SOLAR-H (NEST ADVENTURE 516510), the Knut and
Alice Wallenberg Foundation, the Swedish Energy Agency, and the
German Research Council (Sonderforschungsbereich 480, project C1).

* To whom correspondence should be addressed. Tel:+46 18 471
65 80. Fax:+46 18 471 68 44. E-mail: stenbjorn.styring@fotomol.uu.se;
matthias.roegner@ruhr-uni-bochum.de.

‡ Uppsala University.
§ Ruhr-Universita¨t Bochum.
1 Abbreviations: C., Chlamydomonas; Chl, chlorophyll; Cyt, cyto-

chrome; D1 and D2, core subunits in PS II; DCMU, 3-(3′,4′-
dichlorophenyl)-1,1-dimethylurea;â-DM, n-dodecyl â-D-maltoside;
EPR, electron paramagnetic resonance; HP, high-potential; LED, light-
emitting diode; LP, low-potential; OEC, oxygen evolving complex;
P680, primary electron donor of PS II; PS II, photosystem II; [PS II
monomers/-Psb27], monomeric PS II preparation without the Psb27
subunit but with the PsbO, PsbU, and PsbV subunits; [PS II monomers/
+Psb27], monomeric PS II preparation with the Psb27 subunit but
without the PsbO, PsbU, and PsbV subunits; QA and QB, primary and
secondary quinone acceptors, respectively, in PS II;T., Thermosyn-
echococcus; Tris, tris(hydroxymethyl)aminomethane; YD, tyrosine 160
on the D2 subunit; YZ, tyrosine 161 on the D1 subunit.

5542 Biochemistry2007,46, 5542-5551

10.1021/bi7000399 CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/14/2007



II from cyanobacteria or higher plants there are more than
19 or 25 subunits, respectively, and many of these have been
assigned biochemical and biophysical properties (13, 14).

Furthermore, additional factors like PratA (15) or the D1
processing peptidase CtpA (16) are only transiently bound
to the complex during the assembly/repair process and others
like IdiA (17) only under specific stress conditions. One of
these transient subunits is the recently discovered lipid protein
Psb27 (3, 18), which is involved in the repair cycle of PS
II. It has attracted considerable interest since binding of this
subunit seemingly interferes with the water oxidizing com-
plex in cyanobacteria (3, 19) and higher plants (20).

Recently, the isolation of monomeric PS II core particles,
either containing or lacking the Psb27 subunit, has been
achieved (3). Careful biochemical characterization of these
preparations revealed that a monomeric PS II fraction with
high oxygen evolution activity had a normal donor side
composition with the PsbO, PsbU, and PsbV subunits while
no Psb27 was present; we will refer to this fraction as [PS
II monomers/-Psb27]. A clearly distinguishable monomeric
PS II fraction that contained bound Psb27 [PS II monomers/
+Psb27] was almost devoid of oxygen evolution activity and
lacked the PsbO, PsbU, and PsbV subunits. These three
extrinsic subunits bind close to the CaMn4 cluster on the
lumenal side of PS II and are known to stabilize the structure
and function of the OEC. PsbO is the most essential of the
three while the presence of PsbU and PsbV is suggested to
optimize the rate of O2 evolution (21). EPR spectroscopy
also indicated the presence of Mn in the [PS II monomers/-
Psb27] fraction, but no Mn was found in the [PS II
monomers/+Psb27] (3). From 15N pulse label experiments
it was possible to show that the [PS II monomers/+Psb27]
is an intermediate in the PS II repair cycle. This intermediate
was proposed to be formed prior to the incorporation of the
CaMn4 cluster in the fully functional oxygen evolving
complex (OEC) leading to the formation of the [PS II
monomers/-Psb27] (3).

It was therefore of interest to characterize this new
intermediate, [PS II monomers/+Psb27], with respect to
photosynthetic electron transfer and functionality of PS II
redox centers and to compare this with the [PS II monomers/-
Psb27] fraction where the OEC is fully functional. In this
paper we have applied low-temperature EPR spectroscopy
and flash-induced variable fluorescence to analyze and
compare the function of nearly all redox components in [PS
II monomers/-Psb27] and [PS II monomers/+Psb27] from
T. elongatus.

MATERIALS AND METHODS

Cell Growth. T. elongatuswas grown under normal light
conditions (∼30 µE) at 55°C as previously described (22).

PS II Core Particle Preparation.His-tagged PS II core
particles (10× His fused to the C terminus of the CP43
subunit) fromT. elongatuswere prepared by a treatment with
n-dodecylâ-D-maltoside (â-DM). The resulting preparation
was further divided by column chromatography using a
Sepharose fast flow column (Pharmacia) and a UNO Q6
column (Bio-Rad) as in refs3 and22.

This resulted in separation of four fractions of PS II core
particles. Fractions 1 and 2 were monomeric, while fractions
3 and 4 were of different dimeric origin. The four core

fractions have been described biochemically in ref3. The
core preparations were suspended in a buffer composed by
20 mM MES, pH 6.5, 20 mM CaCl2, 20 mM MgCl2, 0.5 M
mannitol, and 0.03%â-DM, which was used in all further
measurements.

Variable Chl a Fluorescence Relaxation Kinetics.Flash-
induced increase and subsequent decrease of the variable Chl
a fluorescence yield were measured using a double modula-
tion fluorometer (PSI Photon Instruments, Brno, Czech
Republic). The instrument contained red LEDs for both
actinic (30µs) and measuring (2.0µs) flashes. Four measur-
ing flashes were applied per decade in the range from 100
µs to 100 s (to 600 s in cases when DCMU was present)
after the actinic flash. The sample concentration was 5µg
of Chl/mL in the â-DM buffer. All samples were dark
adapted for 5 min at room temperature before the measure-
ment started. When used, the DCMU concentration was 10
µM.

EPR Spectroscopy.Continuous wave EPR spectra were
recorded with a Bruker ELEXSYS E500 spectrometer and
a standard Bruker ST4102 or a dual mode Bruker DM4116
cavity. Low-temperature measurements were performed
using an Oxford-900 cryostat and ITC-4 temperature control-
ler.

In experiments aimed for quantifications of YD
• the sample

was exposed to room light illumination at room temperature
for 90 s and thereafter dark adapted for 5 min at room
temperature before freezing (23-25). All spectra measured
at this point are considered as dark-adapted EPR spectra.
Induction of the split S1 signal was done as described in
Havelius et al. (26) by illumination at 6 K directly into the
EPR cavity during accumulation of spectra. Induction of the
S2-state multiline signal was done by illumination at 200 K
for 6 min as described in Mamedov et al. (27) and Miller
and Brudvig (24). Oxidation of Cytb559 was achieved by
illumination at 77 K for 6 min (24, 27). White light from an
800 W projector lamp filtered through a 4 cmCuSO4(aq)
filter was used for all illumination protocols. Induction of
the QA

--Fe2+ EPR signal was achieved after incubation in
the presence of 50 mM sodium formate for 15 min (at room
temperature) and subsequent chemical reduction with 50 mM
sodium dithionite (both from 500 mM stock solutions)
(27-29). After 10 min at room temperature the samples were
frozen. All additions and incubations were performed in
darkness. Analysis of spectra was performed using the Bruker
Xepr 2.1 software.

RESULTS AND DISCUSSION

Structural Differences between the Monomeric Fractions.
We have earlier presented a thorough biochemical charac-
terization of the two monomeric fractions of PS II core
particles (3). On a protein level there are clearly distinguish-
able differences between the two fractions. In the fraction
where Psb27 is present [PS II monomers/+Psb27], three
subunits on the donor side of PS II are missing (PsbO, PsbU,
and PsbV). In contrast, these three subunits are present in
the other fraction, [PS II monomers/-Psb27], that does not
contain Psb27. Scheme 1 shows these differences in subunit
composition. This scheme also summarizes some of the other
structural and functional differences between the two frac-
tions, which are described in the following sections.

Monomeric PS II with or without the Psb27 Protein Biochemistry, Vol. 46, No. 18, 20075543



Cytochromeb559 has been proposed to mediate cyclic
electron transfer in PS II, but it does not take part in linear
electron flow. It exists in several redox potential forms, and
the status of the PS II complex is influencing the appearance
of the different potential forms as well as their redox state
(10, 30-34). The extrinsic protein PsbV codes for the low-
potential (LP) Cytc550 subunit which is present in PS II in
T. elongatusalthough it does not participate in the redox
events of the water oxidation (11, 12, 35, 36). The lack of
this protein in [PS II monomers/+Psb27] has been shown
by gel electrophoresis (3), and our EPR spectra agree well
with this. Figure 1A shows EPR spectra recorded in thegz

region of the cytochrome spectrum of 77 K illuminated (full
line) and dark-adapted (broken line) samples of the two
monomeric fractions. In [PS II monomers/-Psb27] (Figure
1A, top) the EPR spectrum is two times larger than it is in
the [PS II monomers/+Psb27] (Figure 1A, bottom). In
addition, the illumination at 77 K resulted in further increase
of the peak amplitude in the [PS II monomers/-Psb27] while
the peak size was unaffected by the illumination in the [PS
II monomers/+Psb27]. The larger spectrum in the [PS II
monomers/-Psb27] reflects the presence of not only Cytb559

but also Cytc550, which is known to be oxidized under these
conditions (36). In this fraction, Cytb559 was not fully
oxidized in the dark. Instead, the illumination at 77 K resulted
in oxidation of a fraction of Cytb559 (shown as the difference
spectrum in Figure 1A, top spectra). In contrast, the smaller
spectrum in the [PS II monomers/+Psb27] reflects that this
fraction only contains Cytb559. There was no further
oxidation of Cyt b559 upon illumination at 77 K, which
indicates that the cytochrome was fully oxidized already in
the dark.

Figure 1B shows EPR spectra measured at 7 K of the 200
K illuminated (full lines) and dark-adapted (broken lines)
samples of the [PS II monomers/-Psb27] (top) and the [PS
II monomers/+Psb27] (bottom) fractions. A feature atg )
6.1 is visible in both samples but is much more pronounced
in the [PS II monomers/+Psb27]. Peaks at this position have
been attributed to high-spin Cytb559 (24, 37, 38). Signals
from the oxidized form of the non-heme acceptor side iron
could appear in this region (24, 39, 40) but have been
reported to have additional features aroundg ) 8 where we
do not see any signal in our samples. In the [PS II
monomers/-Psb27] the illumination at 200 K resulted in a

small increase in the intensity of theg ) 6.1 feature (top,
gray line) whereas no difference could be seen in the [PS II
monomers/+Psb27] (bottom, gray line) fraction.

The g value for thegz peak of Cytb559 which in the [PS
II monomers/+Psb27] is obtained in the absence of Cytc550

is 3.00 (10, 24), which is somewhat higher than theg )
2.95 found in tris(hydroxymethyl)aminomethane- (Tris-)
washed PS II fromT. elongatus(34). In the presence of the
large spectra of oxidized Cytc550 it is more difficult to
ascertain the exactg value for the light-induced Cytb559 in
the [PS II monomers/-Psb27]. However, it seems clear from
the spectrum (Figure 1A, top difference spectrum) that the

Scheme 1

FIGURE 1: (A) EPR spectra of thegz region of Cytc550 and Cyt
b559 in the [PS II monomers/-Psb27] (top) and [PS II monomers/
+Psb27] (bottom). Dashed spectra were recorded in dark-adapted
samples. Full line spectra were recorded after 6 min illumination
at 77 K. The spectra are normalized to the YD

• signal size in the
respective sample (from Figure 2). Spectra in gray are the light
minus dark difference spectra corresponding to changes in the redox
state of Cyt b559. (B) Wide-scan EPR spectra of the [PS II
monomers/-Psb27] (top) and [PS II monomers/+Psb27] (bottom).
Dashed spectra were recorded in samples exposed to room light
illumination at room temperature for 90 s and thereafter dark
adapted for 5 min at room temperature. Full line spectra were
recorded after 6 min illumination at 200 K. The spectra are
normalized to the YD• signal size in the respective sample (from
Figure 2). Arrows indicate theg ) 6.1 position. Spectra in gray
are the light minus dark difference spectra, magnified two times,
corresponding to photoinduced changes in the low-field region of
the spectra. EPR conditions: (A)T ) 15 K, (B) T ) 7 K;
microwave power, (A) 5 mW, (B) 10 mW; modulation amplitude,
(A) 15 G, (B) 20 G; microwave frequency, 9.46 GHz.
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g value was higher than for the Cytb559 in the [PS II
monomers/+Psb27] (Figure 1A, bottom spectra). A higher
g value for the high-potential (HP) form than the LP form
of Cyt b559 has been found in higher plants and algae (10,
33, 41). Therefore, we assign the photooxidizable fraction
of the Cytb559 in the [PS II monomers/-Psb27] to HP Cyt
b559. In contrast, both the lowerg value and the dominance
of the oxidized form indicate that Cytb559 was present in
the LP form in [PS II monomers/+Psb27].

The dominance of LP Cytb559 in the [PS II monomers/
+Psb27] is coherent with the lack of oxygen evolution
activity (Table 1) (3) and probably reflects the absence of a
functional CaMn4 cluster similar to what has been found in
PS II from other organisms (10, 42-44, and references cited
therein). In the [PS II monomers/-Psb27], where HP Cyt
b559 is present, we observed high oxygen evolution activity
(Table 1), indicating a functional CaMn4 cluster (45).
Consequently, it seems that the Psb27 subunit can only be
present when the CaMn4 cluster is absent. In addition, we
suggest that the Psb27 subunit is also linked to the redox
potential of Cytb559 as indicated in Scheme 1. This agrees
well with the proposed role for Psb27 in the repair cycle of
PS II and is similar to the situation in higher pants and algae,
observed for example during photoactivation of PS II. In
the absence of the CaMn4 cluster, Cytb559 is present in the
LP form and is converted to the HP form when the oxygen
evolving complex (OEC) is activated (33, 43, 44).

We also recorded the EPR signal from the dark stable YD
•

radical in the [PS II monomers/-Psb27] and [PS II monomers/
+Psb27]. Figure 2 shows the EPR spectra of YD

• induced
by an illumination procedure at room temperature which is
known to induce the fully oxidized YD• (23, 25, 46). It is
clear that the shape of the EPR signal is identical in the two
fractions. The shape of the spectral components of an EPR
spectrum from a tyrosyl radical reflects the electron spin
distribution, the exact molecular orientation of the tyrosine
ring plane versus the peptide bond, and the length of the
hydrogen bond involving the phenolic proton in YD (47-
49). Therefore, the similar spectra show that the binding of
Psb27 does not interfere with the molecular environment
around YD, which is located on the C-helix in the D2 protein
close to the lumenal side of the PS II reaction center (5, 6,
50). Consequently, it is more likely that Psb27 interacts with
the D1 side in the PS II reaction center (Scheme 1; note the
suggested asymmetric position of Psb27).

Quinone A (QA) is a tightly bound plastoquinone that acts
as an electron acceptor in PS II. Reduced QA

- gives an EPR
signal when interacting with the nearby Fe2+ ion in PS II
(51). Formate binds to the acceptor side Fe2+, and this

treatment is known to significantly enhance the size of the
EPR spectrum (24, 28). Figure 3A shows the QA--Fe2+ signal
in formate-treated and dithionite-reduced samples of the [PS
II monomers/-Psb27] (Figure 3A, top) and the [PS II
monomers/+Psb27] (Figure 3A, bottom), normalized to the
YD

• size in the respective sample. An important observation
is that the spectra from QA--Fe2+ in Figure 3A recorded in
the two different fractions have an identical spectral shape.
In addition, the relative amplitudes of those spectral features
are almost identical in the two fractions. In this respect it is
interesting to note that those features have been found to be
sensitive to small alterations on the acceptor side of PS II
(39, 52, 53) and in purple bacteria (54). Consequently, the

Table 1: Comparison of EPR Signals and Number of Chls per
Reaction Center for [PS II Monomers/-Psb27] and [PS II
Monomers/+Psb27]

PS II
monomers YD• a

QA
--

Fe2+ a

QA
--

Fe2+-
QB

- a

µmol of O2

(mg of Chl)-1

h-1 b
Chl/
QA

b,c
QA/

Chlb-d

[-Psb27] 100 100 100 ∼2900 42 100
[+Psb27] 63 63 63 ∼200 64 66

a EPR signal sizes normalized to the Chl concentration of the
samples; the value for the [PS II monomers/-Psb27] is set to 100 (this
work). b From ref3. c Based on absorbance spectra measured at 77 K.
d Ratio of QA centers per Chl (relative value).

FIGURE 2: EPR spectrum from YD• in the [PS II monomers/-Psb27]
(top) and [PS II monomers/+Psb27] (bottom). The spectra were
recorded in samples exposed to room light illumination at room
temperature for 90 s and thereafter dark adapted for 5 min at room
temperature before freezing. The spectra are normalized to the Chl
concentration of the samples. EPR conditions:T ) 15 K;
microwave power, 1.3µW; modulation amplitude, 3.5 G; micro-
wave frequency, 9.46 GHz.

FIGURE 3: (A) The QA
--Fe2+ EPR signal from [PS II monomers/-

Psb27] (top) and [PS II monomers/+Psb27] (bottom). The samples
were treated with formate and chemically reduced with dithionite
for 10 min (see Materials and Methods). The figure shows
difference spectra of reduced minus oxidized samples. (B) Light
minus dark difference spectra showing the QA

--Fe2+-QB
- EPR

spectrum from the [PS II monomers/-Psb27] (top) and [PS II
monomers/+Psb27] (bottom). The signal was induced by 6 min of
illumination at 200 K of a dark-adapted sample. All spectra are
normalized to the size of YD• in the respective sample. EPR
conditions for panels A and B:T ) 4 K; microwave power, 20
mW; modulation amplitude, 20 G; microwave frequency, 9.46 GHz.
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identical spectra in the two preparations clearly show that
Psb27 does not alter the structure in the vicinity of the QA

-

binding site or the acceptor side Fe2+. It is thus unlikely that
Psb27 binds anywhere close to these components in PS II,
which further substantiates the conclusion that Psb27 is
located to the donor side of PS II (3) (Scheme 1).

Both the relative size of the YD• signal and the relative
amplitude of the formate-treated QA

--Fe2+ signal can also
be used for quantification of PS II in different preparations
(24, 25, 28, 46). The YD

• spectra in Figure 2 are normalized
to the Chl concentration in the samples, and double integra-
tion of the spectra (Table 1) shows that the YD

• signal in the
[PS II monomers/-Psb27] is about 50% larger than in the
[PS II monomers/+Psb27]. The relative size of the QA

--
Fe2+ signal (peak to trough) normalized to the Chl concen-
tration is also given in Table 1, and it can be observed that
QA

- is formed in direct proportion to YD• in the two samples.
These results should be compared with the PS II reaction
center content (on a Chl basis) that was obtained by
measuring the P680+QA

--P680QA absorbance difference
spectra at 77 K in similar preparations (3). Table 1 shows
that this estimation of QA- in the two fractions is exactly
coherent with our measurements of both the YD

• and the QA
--

Fe2+ EPR signals. Consequently, we conclude that there is
about 50% more chlorophylls per PS II reaction center which
are able to reduce QA in the [PS II monomers/+Psb27] (ca.
65 Chls per reaction center) than in the [PS II monomers/-
Psb27] (ca. 42 Chls per reaction center) (Table 1) (3). This
could have at least two causes: either there is a larger antenna
per PS II center for the [PS II monomers/+Psb27] due to a
different stoichiometry in the assembly of the PS II subunits
in vivo or there is a loss or incomplete incorporation of QA

into the D2 subunit in the [PS II monomers/+Psb27] leading
also to an incomplete oxidation of YD in this fraction.

It can be concluded from these investigations that the
Psb27 subunit does not interfere with the D2 protein either
in the donor side close to YD or on the acceptor side close
to QA. Furthermore, there seems to be ca. 50% more Chl
per QA

- or YD
• in the [PS II monomers/+Psb27] compared

to the [PS II monomers/-Psb27].
Function of the Acceptor Side in PS II.The QA

--Fe2+ EPR
signal in PS II preparations fromT. elongatusobtained after
reduction by dithionite in the presence of formate has not
been reported earlier. The spectra in Figure 3A are dominated
by a peak withg ) 1.85, a shoulder withg ) 1.83, and
trough atg ) 1.74. In nontreated PS II fromT. elongatus
the QA

--Fe2+ EPR signal has a peak atg ) 1.95 (9). The
observation of two forms of the QA--Fe2+ EPR signal is thus
similar to the situation in PS II preparations from spinach
where ag ) 1.90 signal is observed in nontreated samples
and ag ) 1.82 form in formate/dithionite-treated samples
(29, 51). Theg values for the formate-treated QA

--Fe2+ signal
are slightly higher than reported from spinach (1.82 and 1.69
for the peak and trough, respectively). The shoulder on the
low-field peak is not observed in spinach, which could
indicate different binding of formate to the acceptor side Fe2+

in PS II from T. elongatus.
The effect of the Psb27 protein on the electron transfer

between QA and QB has been studied by two methods, EPR
spectroscopy and flash-induced variable fluorescence.

Figure 3B shows the light minus dark difference EPR
spectra from the two fractions recorded after 6 min illumina-

tion at 200 K and normalized to the size of YD
• in the

respective sample. Both in the [PS II monomers/-Psb27]
and the [PS II monomers/+Psb27] the illumination at 200
K resulted in formation of a species with a positive EPR
signal at g ) 1.67. This signal has been assigned to a
magnetic interaction signal involving the redox state QA

--
Fe2+-QB

- (9, 55-58) and has been observed earlier, using a
different illumination protocol, in oxygen evolving prepara-
tions from T. elongatus. The observation of this signal
indicates either that the [PS II monomers/-Psb27] fraction
contains a substantial part of PS II with reduced QB in the
dark-adapted sample or that electron transfer to the second
electron acceptor QB is possible by photoaccumulation also
at temperatures as low as 200 K. Our results here indicate
that the same situation applies also in the presence of Psb27
(Figure 3B, lower). In addition, the relative amplitude of the
QA

--Fe2+-QB
- signal is similar between the two fractions

to the EPR signals of YD• and QA
--Fe2+.

The electron transfer between QA and QB in the two
preparations was also investigated by flash-induced variable
fluorescence at room temperature (Figure 4). Figure 4A
shows the flash-induced fluorescence decay kinetics mea-
sured without any additional DCMU. The decay kinetics
was very different between the [PS II monomers/-Psb27]
and the [PS II monomers/+Psb27]. In the [PS II monomers/-
Psb27] the fluorescence is characterized by a quite normal
F0 level. The flash resulted in a significant rise of the
fluorescence, which decayed back to its original level with
three kinetic phases (Table 2). The fluorescence decay was
dominated by two phases withτ ) 3.6 and 46 ms, both
typical for electron transfer from QA- to QB. The fast phase
(τ ) 3.6 ms) reflects electron transfer in centers where QB

is present in its site while the intermediate phase (τ ) 46
ms) reflects electron transfer in PS II centers where the
second quinone acceptor has to bind properly before electron
transfer can occur. A significant part of the variable
fluorescence decays much slower (τ ) 13 s), which reflects
recombination between QA- and the S2 state in centers where
forward electron transfer was not possible, presumably due
to lack of QB. Taken together, these measurements show
fast and efficient electron transfer from QA to QB in the
[PS II monomers/-Psb27] that has an intact donor side
(Scheme 1).

FIGURE 4: Flash-induced variable fluorescence decay kinetics
measured from dark-adapted [PS II monomers/-Psb27] (b) and
[PS II monomers/+Psb27] (O) in the absence (A) and presence
(B) of 10µM DCMU. The arrows indicate the position of the actinic
flash. Each trace is an average of five measurements. Note the
different time and fluorescence scales in (A) and (B).
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In the [PS II monomers/+Psb27] the situation is different.
First, we observe that theF0 level was much enhanced,
resulting in a lowerFV/F0 ratio (Figure 4A, Table 2). We
interpret the abnormally highF0 level to reflect the lower
PS II reaction center content on a Chl basis, and it seems
likely that some of these extra Chls (ca. 20 per PS II unit)
are not well connected to the PS II reaction center in the
energy transfer.

In addition, the decay kinetics of the flash-induced
fluorescence was significantly altered in the [PS II monomers/
+Psb27]. The fluorescence decay was dominated by inter-
mediate decay kinetics (τ ) 23 ms, 51%) and very slow,
almost nondecaying, kinetics in the remaining centers. The
lack of a decay phase in the seconds time range, that would
reflect QA

--S2 recombination, is coherent with the lack of
functional oxygen evolution. Even if we observe an inter-
mediate decay kinetics (τ ) 23 ms, that could reflect forward
electron transfer from QA- to QB bound in a nonoptimal
position), we have no indication of a fast phase reflecting
forward electron transfer to QB in its normal site (compare
τ ) 3.6 ms in the [PS II monomers/-Psb27], Table 2).
Instead, a very similar intermediate phase (τ ) 25 ms; see
below) dominates in our measurements with added DCMU
where forward electron transfer is inhibited. Taken together,
these observations indicate that recombination between QA

-

and most probable YZ• on the donor side is the origin for
the intermediate (τ ) 23 ms) decay kinetics. Consequently,
we conclude that forward electron transfer in the [PS II
monomers/+Psb27] monomer is severely inhibited or blocked
in the flash-induced fluorescence experiment. An additional
conclusion is that YZ• is functional in the [PS II monomers/
+Psb27] although the OEC is absent.

At first sight it seems that our observations in the [PS II
monomers/+Psb27] of a QA--Fe2+-QB

- EPR signal after
illumination at 200 K and lack of forward electron transfer
from QA

- after a single flash at room temperature are
contradictory. However, this needs not be the case as the
two measurements report on very different conditions. The
applied illumination regime at 200 K is a phototrapping
experiment where strong light is applied for a long time to
the system. Under these circumstances, also intermediates
which are formed in very low yield might be accumulated
to an appreciable extent. An alternative option is that some
reduced QB- remains present in the fractions after the dark
incubation so that reduction of only QA is enough to produce
the QA

--Fe2+-QB
- redox state necessary for the formation

of the corresponding EPR signal. In contrast, the variable
fluorescence measurement allows only one single charge
separation to occur. If recombination reactions dominate in
the system, there will be no observable or very small decay
kinetics indicative of forward electron transfer although this
might occur. We have represented this situation in Scheme
1 with a dotted arrow connecting QA and QB (indicating slow

forward electron transfer) and a dashed arrow between QA

and YZ (indicating an efficient recombination channel).

To conclude, our investigation of the function of the
acceptor side in PS II indicates large differences between
the two fractions. Although Psb27 does not bind in the close
vicinity of QA or the acceptor side Fe2+, we observed
inhibited, or almost eliminated, forward electron transfer to
QB in single flash experiments at room temperature in [PS
II monomers/+Psb27]. Instead, recombination reactions with
donor side components become dominating (see below). In
addition, the fluorescence measurements suggest that the
extra chlorophylls (ca. 20 per PS II center) in the [PS II
monomers/+Psb27] are inefficiently connected to the P680.

Function of the Donor Side of PS II.Table 1 shows that
the [PS II monomers/-Psb27] have a high O2 evolution while
almost no O2 evolution was detected in [PS II monomers/
+Psb27]. Steady-state oxygen evolution measurements are
not informative of where the molecular lesion in the electron
transfer chain occurs, and there might be several reasons for
the lack of oxygen evolution. The functional integrity of the
CaMn4 cluster can be investigated by EPR spectroscopy, and
a much studied spectroscopic probe is the multiline EPR
signal from the CaMn4 cluster in the S2 state (24, 59). Figure
5A (top) shows the S2 multiline signal achieved by illumina-
tion at 200 K, obtained in the sample of [PS II monomers/-
Psb27]. In this case illumination resulted in a large S2

multiline signal [similar to what has been observed before
in T. elongatus(8, 60)], indicative of a structurally and
functionally normal CaMn4 cluster. In contrast our illumina-
tion of PS II monomers that contain Psb27 resulted in a
spectrum completely devoid of the S2 multiline signal (Figure
5A, lower).

Another spectral probe to the integrity of the PS II donor
side is the so-called split EPR signals from YZ

• in magnetic
interaction with the nearby CaMn4 cluster (23, 26, 58, 61,
62) that can be induced by illuminating the sample at ultralow
temperature while accumulating the EPR spectrum. In dark-
adapted [PS II monomers/-Psb27] illumination at 6 K
resulted in formation of a split EPR signal (Figure 5A, inset,
top) as observed earlier in plants andT. elongatus(23, 26,
58, 61, 62). The signal induced in our preparation is slightly
broader on the low-field side ofg ) 2 and has significant
amplitude on the high-field side. This reflects that the
spectrum is a mixture of the split S1 signal and an analogous
signal from the OEC in the S0 state, the split S0 signal (23,
26, 62). In the [PS II monomers/+Psb27] the same illumina-
tion regime did not result in the formation of any split EPR
signal (Figure 5A, inset, bottom).

The complete absence of the S2 multiline signal and the
split S1 signal, together with the absence of any EPR signal
from Mn detectable in parallel mode EPR spectra from the
[PS II monomer/+Psb27] fraction (not shown), supports our

Table 2: Flash-Induced Fluorescence Decay Half-Times and Amplitudes with Standard Deviations for [PS II Monomers/-Psb27] and [PS II
Monomers/+Psb27] in the Absence and Presence of 10µM DCMU

no DCMU +DCMUPS II
monomers FV/F0 phase 1, ms (%) phase 2, ms (%) phase 3, s (%) FV/F0 phase 1, ms (%) phase 2, s (%)

[-Psb27] 0.80 3.6( 0.8 (34( 8) 46( 8 (33( 8) 13( 2 (33( 4) 0.30 84( 4 (21( 10) 16( 2 (79( 10)
[+Psb27] 0.14 nda 23 ( 8 (51( 10) >35 (49( 10) 0.12 25( 10 (30( 20) >58 (70( 20)

a nd, not detected.
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earlier conclusion (3) that the [PS II monomer/+Psb27]
preparation lacks the CaMn4 cluster (Scheme 1).

Illumination of PS II at low temperatures is known to result
in oxidation of alternative electron donors together with, or
instead of, the CaMn4 cluster (24). Normally these donors
involve oxidation of what is known as the Cytb559/
carotenoid/ChlZ pathway (63-65). Electron donation from
these donors can be studied by EPR spectroscopy, and the
result from our two preparations is shown in Figure 5B.

In the [PS II monomers/+Psb27], the EPR spectra after
illumination at 200 K were dominated by the formation of
the S2 multiline (see above), but it also resulted in oxidation
of a small amount of Cytb559 (Figure 1A, top) and ca. 15%
(on a YD

• basis) ChlZ (Figure 5B, top). In the [PS II
monomers/+Psb27] the effect of the illumination at 200 K
was very different. The EPR spectra were dominated by the
formation of a large radical signal, probably from a Chl
radical, corresponding to about 60% of the centers (Figure
5B, bottom), while we could observe no oxidation of Cyt
b559 [indicative of the absence of reduced Cyt (Figure 1A,
bottom)], no induction of the S2 multiline EPR signal (Figure
5A, bottom), or any buildup of stable YZ•. Consequently,
the electron donor capabilities are seriously affected in [PS
II monomers/+Psb27]. This is further corroborated by our
measurements of flash-induced variable fluorescence (Figure
4B, Table 2). In the presence of DCMU the decay of the
flash-induced variable fluorescence is normally dominated
by recombination reactions between QA

- and donor side
components in PS II. The decay kinetics consequently reports
on the integrity of the PS II donor side. This is the case for
the fluorescence decay for the [PS II monomers/-Psb27]
where the recombination reactions between QA

- and the S2
state, that occur in the seconds time range, totally dominate
(τ ) 15 s, 79%).

In contrast, in the [PS II monomers/+Psb27] and in the
presence of DCMU this seconds phase is completely lacking.
Instead, the fluorescence decays much faster with kinetics
(τ ) 25 ms, 30%) that strongly resembles recombination
between QA- and YZ

• in many studied systems from different
origins (66-70). The remaining part of the flash-induced
fluorescence is almost nondecaying in our time window (τ
> 58 s, 70%). This suggests that the flash results in the
formation of electron donors that do not recombine well with
QA

-, similar to what have been observed previously in other
systems (70-73).

Taken together, our EPR and flash fluorescence measure-
ments clearly show that the [PS II monomers/+Psb27] has
a perturbed donor side; there is almost no oxygen evolution,
no observable EPR signals from the CaMn4 cluster, and
enhanced electron donation from alternative electron donors,
all reflecting the absence of the CaMn4 cluster (Scheme 1).

CONCLUSIONS

We observe several differences in the function of redox
components in [PS II monomers/+Psb27] and [PS II
monomers/-Psb27]. The [PS II monomers/+Psb27] are
characterized by an inactive (or totally absent) CaMn4 cluster,
slow and inefficient (but still possible) forward electron
transfer from QA

- to QB, recombination between QA- and
YZ

• in a large fraction of the centers, and dominance of the
low-potential form of Cytb559. These characteristics are quite
similar to the situation in PS II lacking the CaMn4 cluster in
dark grown Chlamydomonas reinhardtii(74) and in hy-
droxylamine-washed PS II enriched membranes from spinach
(75). In dark grown C. reinhardtii, PS II is partially
functional except for the CaMn4 cluster which has not yet
been inserted via the so-called photoactivation reactions. PS
II is inactive in oxygen evolution while the forward electron
transfer from QA

- is significantly slowed down. Instead, QA
-

(when formed) has been suggested to predominantly recom-

FIGURE 5: (A) Light minus dark difference EPR spectrum of the
S2 multiline signal from [PS II monomers/-Psb27] (top) induced
by 6 min illumination at 200 K of a dark-adapted sample. The
bottom spectrum is prepared in the same manner and shows the
lack of any multiline signal in the [PS II monomers/+Psb27]. EPR
conditions: T ) 7 K; microwave power, 10 mW; modulation
amplitude, 20 G; microwave frequency, 9.46 GHz. The inset shows
the light minus dark difference spectrum of the split S1-state EPR
signal in [PS II monomers/-Psb27] (top). The arrows indicate the
g ) 2.04 andg ) 1.97 peaks. The signal is induced by illumination
at 6 K while accumulating the spectrum. The bottom spectrum is
from the [PS II monomers/+Psb27], prepared in the same way as
above, where no split signal is observed. EPR conditions for the
inset: T ) 6 K; microwave power, 25 mW; modulation amplitude,
20 G; microwave frequency, 9.46 GHz. (B) Light minus dark
difference spectra of the induced Chl+• signal in the same samples
as in panel A ([PS II monomers/-Psb27] (top) and [PS II
monomers/+Psb27] (bottom)). EPR conditions:T ) 15 K;
microwave power, 1.3µW; modulation amplitude, 3.5 G; micro-
wave frequency, 9.46 GHz. All spectra in the figure are normalized
to the size of YD• in the respective sample.
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bine with YZ
• on the donor side of PS II. Cytb559 is in the

low-potential form. When the dark grown algae are il-
luminated, the CaMn4 cluster is inserted through photoac-
tivation simultaneously to activation of the forward electron
transfer from QA

- to QB. Similar effects on forward electron
transfer from QA

- (75) and a redox potential shift of Cyt
b559 (10, 31, 43, 44, 74) have been observed when the CaMn4

cluster is removed by Tris-washing or hydroxylamine wash-
ing of PS II membranes. It is thought that the removal of
the CaMn4 cluster resulted in a rise of the redox potential of
QA

-, rendering electron transfer to QB less efficient (75).
This redox potential shift of QA/QA

- was reversible upon
rebinding of the CaMn4 cluster.

The redox potential of QA/QA
- has not been determined

in the dark grown cells ofC. reinhardtii or in the [PS II
monomers/+Psb27] fromT. elongatusstudied here. How-
ever, given the very similar chemistry observed between the
different systems, it is highly likely that the redox potential
of QA/QA

- is shifted to a higher potential also in [PS II
monomers/+Psb27]. When the CaMn4 cluster is inserted
during the transition to the [PS II monomers/-Psb27], this
results not only in activation of oxygen evolution but also
in a lowering of the redox potential of QA/QA

- making
forward electron transfer efficient. It is also likely that the
observed shift in the redox potential of Cytb559, from the
LP form in the absence of the CaMn4 cluster to the HP form,
is governed by the binding of the CaMn4 cluster. Thus, it
seems that many of the observed redox changes reflect the
activation of the CaMn4 cluster. This activation is, in turn,
correlated to the dissociation of the Psb27 protein and the
binding of the three extrinsic subunits, PsbO, PsbU, and
PsbV, which stabilize the CaMn4 cluster (3). Together, these
effects point to a crucial role of Psb27 in the repair cycle
for correct functional and structural assembly of the OEC
in T. elongatus.
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