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ABSTRACT: We report electron paramagnetic resonance (EPR) studies on photosystem II (PSII) from higher
plants in five different domains of the thylakoid membrane prepared by sonication and two-phase partitioning.
The domains studied were the grana core, the entire grana stack, the grana margins, the stroma lamellae and
the purified stromal fraction, Y100. The electron transport properties of both donor and acceptor sides of PSII
such as oxygen evolution, cofactors YD, QA, the CaMn4-cluster, and Cytb559 were investigated. The PSII content
was estimated on the basis of oxidized YD and QA

- Fe2+ signal from the acceptor side vs Chl content (100%
in the grana core fraction). It was found to be about 82% in the grana, 59% in the margins, 35% in the stroma
and 15% in the Y100 fraction. The most active PSII centers were found in the granal fractions as was estimated
from the rates of electron transfer and the S2 state multiline EPR signal. In the margin and stroma fractions
the multiline signal was smaller (40 and 33%, respectively). The S2 state multiline could not be induced
in the Y100 fraction. In addition, the oxidized LP Cytb559 prevailed in the stromal fractions while the HP
form dominated in the grana core. The margins and entire grana fractions have Cytb559 in both potential
forms. These data together with previous analyses indicate that the sequence of activation of the PSII
properties can be represented as: PSII content > oxygen evolution > reduced Cytb559 > dimerization of
PSII centers in all fractions of the thylakoid membrane with the gradual increase from stromal fractions
via margin to the grana core fraction. The results further support the existence of a PSII activity gradient
which reflects lateral movement and photoactivation of PSII centers in the thylakoid membrane. The
possible role of the PSII redox components in this process is discussed.

Photosystem II (PSII)1 is one of the four protein complexes
embedded in the thylakoid membrane of the chloroplast (1). It
uses light energy to extract electrons from water and to reduce
the plastoquinone pool (2–4). PSII is a large Chl-protein
complex with more than 25 subunits, although most of its
electron transfer cofactors are bound to the D1/D2 protein
heterodimer (5). Its crystal structure has been revealed at
medium 3.0–3.8 Å resolution (6–9). The catalytic center of PSII,
which includes YZ, a redox active tyrosine residue, and the
CaMn4-cluster, is the site where water oxidation occurs (10–13).

To oxidize water, PSII must work at high redox potentials
(>1.12 V (3)). Because of such oxidative photochemistry
PSII is vulnerable to environmental stress, and, for example,
an excess of light can inhibit oxygen evolution and electron
transport in PSII. These photoinhibition events further lead
to degradation of the D1 protein and disassembly of PSII
centers. Thereafter, these centers are reassembled using newly
synthesized copies of the D1 protein (14, 15) leading to
coordinated activation of oxygen evolution and electron
transport (16–20). All these events are part of the photoin-
hibition/repair cycle of PSII, which takes place in all green
plants on an everyday basis (14, 15, 20) and is the major
reason why PSII can always be found in different functional
and structural forms in the thylakoid membrane (for reviews
see refs 20 and 21). Different events of this cycle occur in
different parts of the thylakoid membrane (20, 24–26). In
higher plants, this membrane has a complex organization and
can be differentiated into four domains (22): the stroma
lamellae, which are single paired and exposed to the
chloroplast stroma, the grana margins, which are also
exposed to the stroma and form an annulus around the third
domain, the stacked membranes of the grana core. The end
membranes of a grana stack may constitute a fourth domain
of the thylakoid membrane (23).
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The most active PSII centers are found in the grana core
where dimeric forms of PSII dominate (25). These PSII
centers have large antennae (26), are active in oxygen
evolution, and are efficient in QA

- to QB electron transfer
(24). The majority of the PSII centers in the thylakoid
membrane are found here. In contrast, the PSII centers in
the stroma lamellae are mostly in the monomeric form (25)
with a small antenna (26), a varying oxygen evolving activity
and slow or inefficient electron transfer from QA

- to QB (20).
In the margins of the grana core, the PSII population is
heterogeneous, and both dimeric and monomeric PSII are
frequently found. In addition, the antenna and electron
transfer properties are mixed, and this part of the membrane
contains centers both active and inactive in oxygen evolution
or electron transfer on the acceptor side (24, 26).

We apply a non-invasive, two-phase partitioning method
without any detergent treatment to isolate five different
subfractions of the thylakoid membrane (Figure 1): the grana
core, the grana margins, the entire grana (grana core plus
margins), the stroma lamellae, and the stroma lamellae
Y100 (22, 24–28). This method preserves the native orga-
nization of membrane domains and allows the study of PSII
in different parts of the thylakoid membrane. Previously we
used steady-state electron transport and flash-induced fluo-
rescence decay measurements to investigate the general
electron transport properties of PSII. We found that these
properties were different in these fractions (24). However,
the molecular basis for these differences was not accessible,
and it was clear that a more informative spectroscopical
approach is required to address this problem. Moreover,
specific monitoring of cofactors, involved in the water
oxidation and electron transport in PSII from different
fractions of the thylakoid membrane, was needed.

In this study, we have applied such an informative
approach, EPR spectroscopy, to thylakoid fractions. Almost
every single electron carrier in PSII can be followed
independently by EPR spectroscopy. Thereby, we have been
able to characterize most of the electron transport cofactors
in PSII from different fractions of the thylakoid membrane.
More importantly, we were able to compare our new data
to our previous studies on functional and structural differ-
ences and to derive a comprehensive picture of PSII in the
thylakoid membrane.

MATERIALS AND METHODS

Preparation of Thylakoid Membrane Fractions. Spinach
(Spinacia oleracia L.) was grown hydroponically at 20 °C

with a light/dark period of 12 h and a light intensity of 300
µE m-2 s-1. The spinach leaves were dark adapted 24 h prior
to isolation procedure. The light source (dysprosium lamps,
Osram HQI-E400W/DV) has spectral characteristics close
to daylight, and comparison with a greenhouse grown spinach
showed no significant difference in the properties of isolated
thylakoid fractions (22–28 and references therein). The
thylakoid membranes and five different thylakoid membrane
fractions, the grana core, the grana margins, the entire grana
(the grana core and grana margins), the stroma lamellae, and
the Y100 fraction were prepared as described previously (see
ref 28 and references therein). All fractions were resuspended
in 300 mM sucrose, 15 mM NaCl, and 15 mM MES-NaOH
(pH 6.5) and stored at 77 K at 3–4 mg of Chl mL-1.

The oxygen evolution was measured with a Hansatech
Clark-type electrode using saturating light in the resuspension
buffer with a mix of 0.5 mM PpBQ and 2 mM ferricyanide
as external electron acceptors.

EPR Spectroscopy. EPR measurements were performed
at liquid He temperatures with a Bruker ELEXYS E500
spectrometer equipped with the SuperX ER049X microwave
bridge and an ER4122SHQ cavity. The temperature was
regulated with an Oxford-900 cryostat and ITC-4 temperature
controller.

Samples from the different fractions, in calibrated EPR
tubes, were preilluminated by room light at 293 K for 2 min
to fully oxidize YD (which forms a stable radical in all PSII
centers after this treatment (29)). After 5 min of dark
adaptation the samples were frozen for EPR measurements.
The S2 state multiline and g ) 4.1 signals were induced by
saturating illumination at 200 K in an ethanol/dry ice
bath (30–32). Oxidation of Cytb559 was achieved by il-
lumination at 77 K (32–34). The fraction of the HP form of
Cytb559 (gz ) 3.06, “frozen state”, 35, 36) was determined
by subtraction of the adjusted spectrum of the LP Cytb559

(dark adapted BBY sample, gz ) 2.96) from the spectrum
of total Cytb559 (recorded after illumination at 77 K). The
rest of the spectrum was attributed to the LP form. The time
for the illumination procedures was controlled independently
for each of the samples originating from the different parts
of the thylakoid membrane to achieve maximal induction of
the EPR signals. Different illumination times were applied
for each fraction since the antennae size of PSII varies
substantially. The QA

- Fe2+ signal was induced in the
presence of 50 mM of formate after reduction with 50 mM
dithionite in the dark at 293 K (34, 37). Analysis of the
spectra was performed using the Bruker Xepr 2.1 software.

RESULTS

Estimation of the PSII Content in the Different Fractions on
the Basis of YD

•. YD
• is stable for tens of minutes in thyla-

koid membranes and PSII membrane preparations (29, 38–40).
When fully induced, this stable radical represents 1 spin per
PSII reaction center and is, therefore, an accurate probe for
the PSII content (41). As shown before by us in measure-
ments at room temperature, (28) the amount of YD

• varied
in the different fractions (on the basis of the Chl content,
Figure 2, Table 1). The largest signal was observed in the
grana core fraction and YD

• here was taken as 100% to allow
comparison to the EPR signals from the other fractions. This
approach was also used for the other EPR signals analyzed

FIGURE 1: Terminology and schematic representation of the different
fractions of the thylakoid membrane studied in this work. *The
exact origin of the Y100 fraction within the stroma-exposed region
is unknown.
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in this work (see Table 1). In the entire grana fraction, YD
•

was slightly higher than 80% as compared to the grana core
fraction. The YD

• signal from the margin and stroma lamellae
fractions was found to be about 60 and 35%, respectively.
The Y100 fraction showed about 15% of YD

• (Figure 2, Table
1). Thus, there is a gradual increase of the amount of PSII
centers, from the Y100 fraction through the stroma lamellae
and margins to the grana core fraction. This reflects that there
is more PSI in the stroma lamellae and margins, and our
low temperature EPR measurements here confirm our earlier
study performed at room temperature (28).

In the margins, the stroma lamellae and the Y100 fractions
a small radical was observed on top of the YD

• spectrum
(clearly visible in Figure 2, spectrum e). This signal has been
described by us earlier and was 8.0–8.5 G wide, had a g-value
of 2.0026, and most probably originated from P700+ (28).
The amount of this radical varied with preparation and is
likely to reflect the redox conditions in the particular
membrane fraction. This remaining P700+ was less than 5%
in the margin fraction, less than 15% for the stroma lamellae,
and about 50% in the Y100 fraction as compared to the

corresponding YD
• spectrum (Figure 2). In the Y100 fraction

it involved ca. 5% of the PSI centers present here as there is
more than 10 PSI centers per one PSII (28). Consequently,
this radical represents a minor fraction of PSI present.

The QA
- Fe2+ Acceptor Side Complex in the Different

Fractions of the Thylakoid Membrane. A valuable alternative
spectroscopic probe for both the PSII content and the
integrity of the acceptor side is the EPR signal that arises
from magnetic interaction between QA

- and the nearby Fe2+

atom. The EPR signal, denoted the QA
- Fe2+ signal, is greatly

enhanced in the presence of formate (32, 37) and can be
used for quantification and analysis of PSII centers (34, 42).
In the presence of dithionite and formate, the QA

- Fe2+ signal
is characterized by a peak at g ) 1.82 and a trough at g )
1.69 (37, 43). The signal was observable in all fractions
studied (Figure 3). Our estimation of the amplitude of the
QA

- Fe2+ signal is shown in Table 1.

On a Chl basis, the biggest QA
- Fe2+ signal (set to 100%)

was observed in the grana core fraction. In the grana fraction,
it was found to be 94% as compared to the grana core fraction.
The signal from the margin and stroma lamellae fractions was
about 40 and 30%, respectively. In the Y100 fraction the signal
was small and was about 13% of that in the grana core (Figure
3, Table 1). It is worth mentioning that no free radical EPR
signal (44–46) was observed from the magnetically uncoupled
semiquinone radical in any of the fractions. This shows that
there were no PSII centers where QA

- could be formed in the
absence of the nearby Fe2+.

Induction of the S2 State Multiline and g ) 4.1 Signals in
the Different Fractions of the Thylakoid Membrane. In most
membrane preparations containing PSII, not all of the PSII
centers contribute to the oxygen evolution. The main reason
is that some PSII centers have been inhibited by, for example,
photoinhibition, or that photoactivation of the CaMn4-cluster
is not yet complete in newly assembled centers. Our
estimation of the fraction of oxygen-evolving PSII centers
on the basis of steady-state electron transport measurements
is presented in Table 1. This measurement does not allow
distinction of the site at which inhibition occurs. Therefore,
we have measured the S2 state multiline and g ) 4.1 EPR
signals, which both originate from the oxygen-evolving
complex and are other useful probes to PSII centers with an
active CaMn4-cluster (32, 47–49). In addition, both EPR
signals are spectroscopic probes that are known to be

FIGURE 2: EPR spectra of YD
• from PSII in different fractions of

the thylakoid membrane: (a) the grana core, (b) the grana, (c) the
margins, (d) the stroma lamellae, (e) the Y100 fraction, and (f) the
intact thylakoid membrane. The spectra were normalized to the same
Chl concentration. The full induction of YD

• was achieved as
described in Materials and Methods. Experimental conditions:
microwave frequency 9.41 GHz, microwave power 1.3 µW,
modulation amplitude 3.5 G, temperature 15 K.

Table 1: Relative Amplitudes of EPR Signals (Determined on a Chl Basis) from YD
•, the QA

- Fe2+ Signal, the S2-State Multiline EPR Signal from the
CaMn4-Cluster, and the gz Region of Oxidized Cytb559, Combined with General Characteristics of PSII in Different Fractions of the Thylakoid
Membrane

fraction of
thylakoid membrane

YD
•a

(%)
QA

- Fe2+ b

(%)
FV/F0

c

(%)

DPC f DCIPd

mediated
electron transfer (%)

S2 state
multilinee (%)

O2 evolution
(%)

Cytb559

dark/illumf
LP Cytb559

(%)
HP Cytb559

(%)

grana core 100 100 100 100 100 100 0.21 30 70
grana 82 94 87 86 92 87 0.35 21 79
margins 59 39 44 58 40 38 0.54 38 62
stroma 35 31 25 34 33 29 0.75 40 60
Y100 15 13 18 11 0 0 0.87 58 42

a Induced by illumination and subsequent dark adaptation at 293 K (see Materials and Methods). The remaining fraction of P700+ radical was
subtracted from the EPR spectra recorded for the margins, stroma lamellae and Y100 fractions prior to estimation of YD

• as in ref 28. b Induced by
chemical reduction using 50 mM dithionite in presence of 50 mM formate. c Estimated from the fluorescence measurements (24). d Estimated from the
DCIP reduction in the presence of the exogenous electron donor DPC (24). e Induced by saturating illumination at 200 K. f Ratio between the fraction of
initially present oxidized Cytb559 (in the dark adapted samples) and total Cytb559 (after oxidation by illumination at 77 K). Oxidized Cytb559 was
estimated from integration of the gz peak; see Materials and Methods (Figure 5).
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extremely sensitive to small structural changes in the vicinity
of the CaMn4-cluster (32, 50, 51).

Figure 4 shows light minus dark difference EPR spectra
that have been obtained from the different fractions of the
thylakoid membrane after illumination at 200 K. Estimation
of the S2 state multiline signal size is shown in Table 1. The
largest signal (on a Chl basis) was observed in the grana
core fraction (set to 100%, Table 1). The entire grana fraction
showed 92% of the multiline signal. In the margin and stroma
lamellae fractions, the amount of inducible S2 state multiline
signal was about 40 and 30%, respectively. No multiline
signal was visible in the Y100 fraction after 200 K illumina-
tion (Figure 4, Table 1) where the illumination resulted in
reduction of the FA and FB iron-sulfur clusters in PSI, which
totally dominated this fraction of the thylakoid membrane
(28). Consequently, the EPR spectrum (Figure 4, spectrum
e) was dominated by superposition of spectra from both
clusters with features at g ) 2.5, 1.94, 1.88, and 1.85 (52–54).

Table 1 shows that the oxygen-evolving centers in the
membrane fractions determined on the basis of the S2 state
multiline signal correlated well to the oxygen evolution. In
addition, the g ) 4.1 signal (32, 48, 49), another signal from
the S2 state, originating from the excited-state of the CaMn4-
cluster, was only observable in the grana core and entire
grana fractions (Figure 4, spectra a and b).

Measurements of Cytb559 in the Different Fractions of the
Thylakoid Membrane. Cytb559 exists in several potential
forms, with the HP form dominating active PSII centers and
the LP forms dominating PSII which is non-functional or
damaged (55, 56). Therefore, we characterized the redox state
of Cytb559 in the different fractions of the thylakoid mem-

FIGURE 3: The EPR signal from the reduced QA
- Fe2+ complex in

PSII from different fractions of the thylakoid membrane: (a) the grana
core, (b) the grana, (c) the margins, (d) the stroma lamellae, (e) the
Y100 fraction, and (f) the intact thylakoid membrane. The spectra were
normalized to the same Chl concentration (spectrum e was multiplied
two times). The signal was induced by chemical reduction with 50
mM dithionite in the presence of 50 mM formate. The bars indicate
the spectral features at g ) 1.82 and g ) 1.69, which are typical for
the QA

- Fe2+ signal in presence of formate. Experimental conditions:
microwave frequency 9.41 GHz, microwave power 20 mW, modula-
tion amplitude 15 G, temperature 4 K.

FIGURE 4: The light minus dark difference wide scan spectra showing
the S2 state multiline and g ) 4.1 (*) signals from the oxygen-evolving
complex in PSII from the different fractions of the thylakoid membrane:
(a) the grana core, (b) the grana, (c) the margins, (d) the stroma
lamellae, (e) the Y100 fraction, and (f) the intact thylakoid membrane.
Spectra a-d were reproduced with permission from ref 25 (Copyright
2007 by CCC, Inc.). The spectra were normalized to the same Chl
concentration. The S2 state EPR signals were induced in the absence
of an electron acceptor by illumination at 200 K. Illumination time
was 6 min for spectra a, b, and f, 8 min for spectra c and d, and 12
min for spectrum e to ensure the maximal yield of the signals. The
bars in spectrum a indicate peaks chosen for the signal quantifica-
tion. The bars in spectrum e show g values at 2.05, 1.94, 1.88, and
1.85, characteristic for EPR spectra from the reduced FA and FB
iron-sulfur clusters in PSI. Experimental conditions: microwave
frequency 9.41 GHz, microwave power 10 mW, modulation
amplitude 15 G, temperature 7 K.

FIGURE 5: The EPR spectra from the gz region of oxidized Cytb559
in the dark (dotted line) and after illumination at 77 K (solid line)
in PSII from different fractions of the thylakoid membrane: (a) the
grana core, (b) the grana, (c) the margins, (d) the stroma lamellae,
(e) the Y100 fraction, and (f) the entire thylakoid membrane. Spectra
a, c-e (dotted line) were reproduced with permission from ref 25
(Copyright 2007 by CCC, Inc.). Illumination time was 8 min for
spectra a-d, 12 min for spectrum e, and 6 min for spectrum f to
ensure the maximal oxidation of Cytb559. The spectra were
normalized to the same Chl concentration (spectrum e was
multiplied 2 times). The bars indicate the spectral features at g )
3.06 (left) and g ) 2.96 (right), which are typical for the HP and
the LP forms of Cytb559, respectively. Experimental conditions:
microwave frequency 9.41 GHz, microwave power 5 mW, modula-
tion amplitude 15 G, temperature 15 K.
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brane. It is difficult to perform optical titrations of Cytb559

in our preparations due to large spectral overlap from the
Cytb6f complex in some fractions (57, 58). Instead, we used
EPR spectroscopy where the gz peak of the oxidized Cytb559

is free of spectral contributions from other components. In
PSII enriched membranes from higher plants (BBY-type),
EPR spectra from dark adapted samples exhibit peak at g )
2.96, which is representative of the oxidized form of LP
Cytb559 (35, 36, 42). It usually constitutes about 25–30% of
total Cytb559. The HP form of Cytb559 can be oxidized by
illumination at 77 K and then gives rise to an EPR spectrum
with a peak at g ) 3.06. After illumination, the spectrum,
representing the total amount of Cytb559, consequently
contains both oxidized forms of Cytb559 (LP and HP
forms 35, 36, 59).

In our membrane fractions, the picture was more compli-
cated since the amount of the LP and HP forms did not
correspond to the amount of oxidized Cytb559 in the dark
and during illumination at 77 K, respectively. Therefore, we
have used the pure LP form (spectrum from the dark adapted
BBY preparation) to separate the LP and HP forms in Cytb559

spectra from thylakoid fractions as described in Materials
and Methods.

The results of our EPR measurements of Cytb559 are
presented in Figure 5 and Table 1. We compare the amounts
of the oxidized and reduced forms of Cytb559 in the dark
adapted samples, and we report the fraction of the LP form
vs the HP form after the deconvolution. In the dark adapted
samples from the grana core fraction, 21% of Cytb559 was
in the oxidized form. The LP form involved ca. 30% of
Cytb559 (Table 1, columns 8 and 9), which indicates that
about 10% of the LP form was reduced in the dark in this
fraction. In the entire grana fraction 35% of Cytb559 was
oxidized in the dark and represented both the LP and HP
forms as judged from Figure 5, spectrum b). Illumination at
77 K revealed that about 20% of Cytb559 was in the LP form,
while the rest was in the HP form in this fraction (Table 1).
Some of the HP form (15%) was already oxidized, and some
of the LP form (5%) was reduced in the dark adapted samples
from this fraction (Figure 5, spectra b). In the margin fraction
more than half of Cytb559 was oxidized in the dark (54%),
and about 40% was in the LP form (Table 1). Low
temperature illumination mostly induced the HP form (about
60% of total Cytb559), although slight oxidation of the LP
form was also observable (Figure 5, spectra c).

In the stroma lamellae 75% of the total Cytb559 was
oxidized in the dark. About 40% was in the LP form, and

∼60% was in the HP form. Illumination at 77 K resulted in
oxidation of mainly HP Cytb559 (Figure 5, spectra d). In the
Y100 fraction almost 90% of Cytb559 was already oxidized
in the dark with ∼60% being in the LP form (Figure 5,
spectra e, Table 1). Thus, both the fraction of oxidized
Cytb559 in the dark adapted samples and the fraction of the
LP form were found to increase from the apressed regions
of the grana core to the nonapressed regions of the stroma
lamellae.

DISCUSSION

Comparison of Data Obtained by Different Assays. Our
goal in this study is to obtain a deeper, molecular under-
standing of the functional differences in PSII from different
parts of the thylakoid membrane. To do this we combined
and correlated different sets of data including our previously
published results (24–26, 28). First, we compare the mea-
surements that define the PSII content in the different
fractions. These measurements include (i) overall steady-
state electron transfer measured as reduction of DCIP and
include both active, oxygen evolving PSII centers and PSII
centers without the CaMn4-cluster able to perform YZ to QA

electron transport (with DPC as electron donor); (ii) variable
fluorescence measurements that represent overall PSII activ-
ity. Two other assays are EPR measurements on PSII redox
components which are integral parts of the assembled
reaction center. These include (iii) the YD

• radical and (iv)
the QA

- Fe2+ signal. The data are presented in Table 1, and
their correlation is summarized in Table 2 and Figure 6.

The overall electron transfer (Table 1, column 5) is almost
identical to the YD

• content (column 2), and very similar to
the FV/F0 ratio (column 4). Estimation, based on the QA

-

Fe2+ signal measurements, was also quite similar (Table 1,
column 3). This correlation is shown in Table 2 and indicates
the gradual decrease of PSII content in the thylakoid fractions
from grana core via margins to the stroma lamellae. One
exception was measurements related to the QA

- content, FV/
F0 ratio and especially the QA

- Fe2+ signal, in the margin
fraction which were found to be somehow lower if compared
to the DCIP reduction and YD

• measurements (Table 1) and
will be discussed below.

The second comparison we made was estimation of the
oxygen evolution (Table 1, column 7) and the S2 state
multiline measurements (column 6). These two measure-
ments also followed each other in every fraction of the
thylakoid membrane we studied (Table 2). Interesting

Table 2: Correlation between Different Measurements on Content, Oxygen Evolving Activity, and Structural Properties of PSII from Different Fractions
of the Thylakoid Membrane

fraction of thylakoid membrane

PSII contenta

YD
•/QA

- Fe2+

/Fv/DPC f DCIP
O2 evolving centersb

H2O f PpBQ/S2 multiline
g ) 4.1 signal/

PSII supercomplexesc

dark oxidized
Cytb559/PSII
monomersd

grana core 1.0 1.0 present 0.7
grana 0.9 ( 0.1 0.9 present 0.9
margins 1.2 ( 0.2 0.9 absent 1.0
stroma 1.1 ( 0.2 0.9 absent 0.9
Y100 1.2 ( 0.3 0 absent 1.1

a Correlation between the PSII content was made by comparison of data from Table 1 (calculated as average sum of comparisons of YD
• content

(column 2) to QA
- Fe2+ signal (column 3), FV/F0 ratio (column 4) and overall PSII electron transfer measurements (column 5)). b Correlation between

the oxygen evolution capability was made by comparison of data from Table 1 (S2 state multiline EPR signal (column 6) and oxygen evolution (column
7)). c Correlation between induction of the g ) 4.1 signal (Figure 4) and the presence of PSII supercomplexes in respective fractions (25). d Correlation
between the fraction of oxidized in the dark Cytb559 (Table 1, column 8) and the amount of PSII monomers in respective fractions (25).
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observations could also be made if we compare the induction
of the g ) 4.1 signal (Figure 4) with supramolecular
composition of PSII in the different fractions of the thylakoid
membrane (25) (Table 2). The induction of this signal was
only possible in the granal fractions with a substantial amount
of PSII supercomplexes (PSII dimer associated with several
light harvesting complexes II, 25, 60). It is known that the
induction of the g ) 4.1 signal is sensitive to treatments
that can affect the overall structure of PSII (61). It is therefore
likely that the special arrangement of PSII in the large
supercomplexes somehow affects the magnetic properties of
the CaMn4-cluster, inducing the conditions where the g )
4.1 signal can be observed. This is unlikely to involve the
direct interaction between the two CaMn4-clusters present
in the dimeric PSII complex. Instead, minor changes in the
close environment of the oxygen evolving complex must be
induced by supercomplex formation. It is also indicative that
only the fully active PSII centers in the supercomplexes are
able to induce the g ) 4.1 signal by our illumination protocol.

The last correlation we observed in our analysis of
properties of PSII from different domains of the thylakoid
membrane was that the oxidation state of Cytb559 also reflects
the composition of PSII in the different fractions. Analysis
of the data in Table 1 reveals that the fraction of oxidized
Cytb559 closely follows the total amount of PSII monomers
in each fraction (25). This indicates that, most probably,
preoxidized in the dark Cytb559 can only be found in
monomeric PSII complexes (Table 2). Interestingly, this
oxidized fraction contains both the low and the high potential
forms of Cytb559, as revealed from analysis of the g-values
in the EPR spectra (Figure 5) (35). Oxidation of Cytb559,
which is not a part of linear electron transfer events leading
to water splitting, indicates necessity for electron donation
in PSII (20, 62). Since PSII monomers are functionally
heterogeneous, this implies that even oxygen evolving
monomers may require alternative electron donation, espe-
cially in the nonappressed parts of membrane. Consequently,
the total amount of the dimeric form of PSII in each fraction

is correlated to the amount of reduced Cytb559, which mostly
contained the HP form (Tables 1 and 2, Figure 6).

Our comparison between different functional and structural
properties of PSII from different domains of the thylakoid
membrane is summarized in Figure 6. PSII content gradually
decreased from the grana core to the stroma lamellae and
Y100 fraction. This phenomenon is also ascribable to the
fraction of the oxygen evolving centers in each part of the
membrane. It is noticeable that the “gap” between PSII
content and fraction of the fully active centers increasing
from the appressed to the nonappressed regions of membrane
(Figure 6). There seems to be a “breaking point” between
these two types of membrane with respect to PSII properties,
probably indicating that the margin fraction is an important
place for PSII repair/activation cycle (Figure 6).

Functional Properties of PSII from Different Domains of
the Thylakoid Membrane. By collecting our previous data
on the PSII activity and composition (20, 24–26, 28) and
data presented in this study we can define PSII in the different
domains of the thylakoid membrane. We start our description
with the analysis of the Y100 fraction which contains the
smallest amount of PSII centers (PSI/PSII ratio is more than
10, (28)). This is corroborated by a clearly visible EPR
signals from iron-sulfur clusters from PSI (Figure 4, spectrum
e). We found that there was about 15% of PSII on the basis
of YD

• and QA
- Fe2+ measurements as compared to the grana

core fraction (Table 1, Figure 6). Most of these PSII centers
(∼80%) are in the monomeric form (Figure 6) and 12% are
found in the form of PSII reaction centers which consist of
D1, D2, and Cytb559 subunits (25). No oxygen-evolving
centers were found in this region of the thylakoid membrane,
which is reflected by the lack of the EPR signals from the
CaMn4-cluster (Figure 5). This is in agreement with our
earlier flash-induced fluorescence measurements (24) that
indicated that no Mn oxidation could occur. However, our
measurements suggest that all centers showing YD

• had an
active QA acceptor. From the similar shape of the QA

- Fe2+

EPR signal in Y100 and all other fractions it also seems that
QA and Fe2+ are bound to their correct environment despite
lacking oxygen evolution. In our earlier fluorescence study
(24) we found that no forward electron transfer from QA

-

could take place. We conclude that this reflects a nonfunc-
tional QB-site rather than damage to QA. Thus, we can
conclude that PSII centers in the Y100 fraction are able to
perform charge stabilization between YZ

• and QA
-.

Almost 90% of the available Cytb559 was oxidized already
before illumination in the Y100 fraction, and more than half
of this was present in the LP forms. In the absence of the
CaMn4-cluster PSII is particularly vulnerable to photoinhi-
bition (donor side-induced photoinhibition is a high quantum
yield process (63)). This substantial amount of oxidized
Cytb559 indicates that it is crucial for such undeveloped PSII
centers to have available an alternative donor in order to
avoid photoinhibition (20, 62, 64).

In the stroma lamellae fraction, the amount of PSII centers
is larger than in the Y100 fraction, but there are still more
than three PSI centers per one PSII (28). We found 30–35%
of YD

• and QA
- Fe2+ signals as compared to the grana core

fraction. The amount of monomeric PSII centers was
essentially the same as in the Y100 fraction, although the
number of reaction centers was smaller (25). These centers
were able to perform the electron transfer from YZ to QA.

FIGURE 6: Distribution of PSII properties in the different fractions
of the thylakoid membrane. White bars, average PSII content from
measurements of YD

• and QA
- Fe2+ EPR signals, FV/F0 ratio and

overall PSII electron transfer (DPC f DCIP) from Table 1; black
bars, number of oxygen evolving centers from ref 24; light grey
bars, reduced in the dark Cytb559 from Table 1; dark grey bars,
total amount of PSII dimers from ref 25. All values were normalized
to PSII content in the grana core fraction, which was set to 100%.
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Moreover, about 40% of these PSII centers were able to
perform fast electron transfer beyond QA

-, that is, to reduce
QB on the microsecond time scale. About the same amount
of the PSII centers contained photo-oxidizable Mn as shown
by fluorescence decay measurements (24). This is also
corroborated by oxygen evolution and S2 state multiline EPR
signal formation which was about 30% in this fraction (Table
1, Figure 4). Therefore, we can conclude that in the stroma
lamellae fraction a significant amount of PSII centers was
able to perform S state turnover. In addition, although there
was quite a high fraction of the dark oxidized Cytb559, the
HP form was more dominant than in the Y100 fraction
(60%). A small fraction of the HP form (less than 25%) was
reduced in the dark, which is also indicative of those PSII
centers where the oxygen-evolving complex was photoac-
tivated (Tables 1 and 2, (18, 24)).

The situation in the margin fraction was somehow more
complicated. The PSII/PSI ratio is close to one in this fraction
(28). With respect to the number of PSII centers, YD

•

measurements as well as overall electron transfer and
fluorescence measurements indicated presence of about 60%
of the centers, as compared to the grana core fraction (Table
1). However, our estimation of the QA content in this fraction,
on the basis of QA

- Fe2+ signal measurements, was lower
(about 40%, Table 1). This estimation is supported by
variable fluorescence measurement (44% in this fraction,
Table 1). It is known that variable fluorescence originates
from PSII centers where QA is also reduced (65). Thus, both
measurements indicate lower QA content in the margin
fraction measured by either chemical or light reduction of
QA. There could be two reasons for this: one is a different
redox configuration of QA, plastoquinone pool or the whole
acceptor side in 15–20% of PSII in the margin fraction. It is
more likely, however, that assembly of PSII centers takes
place faster than activation of the acceptor side. As we
mentioned above, the margin region is an important part of the
thylakoid membrane with respect to activation of PSII (20, 24)
and also where probably disassembly of photoinhibited centers
takes place (14, 15). This high concentration of redox events
could lead to such discrepancy (18–20, 66).

However, the substantial amount (about 40% of PSII
centers) was found in the dimeric form in the margin fraction
(Figure 6 (25)). These PSII dimers are able to evolve oxygen
and to perform S state turnover as seen from the multiline
signal induction (Table 1). In addition, more reduced HP
form of Cytb559 become available as an alternative donor in
this fraction (Figure 5, Table 1).

In the granal fractions the number of PSII centers reaches
a maximum, and most of the centers are active in water
splitting (Table 1, Figure 6). The entire grana fraction is very
similar in this sense to the grana core preparation with some
decrease in the PSII properties because this fraction also
contains the margin region (Figure 1). Therefore, we will
discuss the grana core fraction as a better representative of
the apressed regions of the thylakoid membrane. The amount
of PSII centers reaches a maximum and four PSII per one
PSI center are found here (28). Most of these PSII centers
(70%) are dimers and 45% have a fully developed antenna
system (PSII supercomplexes (25)). All PSII centers have
an active acceptor side complex with efficient electron
transfer between quinones (24). About 90% of the PSII
centers in the grana core are active in the oxygen evolution.

The g ) 4.1 signal from the S2 state of the oxygen-evolving
complex can be observed, which is indicative of the fully
assembled, functional CaMn4-cluster. It is interesting to note
that the g ) 4.1 signal was observed only in thylakoid
fractions with substantial amount of PSII supercomplexes
(the entire grana and the grana core preparations).

Thus, our EPR measurements of redox components in PSII
from different domains, in combination with our previous
data, reveal lateral PSII activity distribution. In our opinion,
it is appropriate to expect that this distribution reflects a
dynamic picture of PSII in the thylakoid membrane. The
sequence of activation of the PSII properties can be
represented as PSII content > oxygen evolution > reduced
Cytb559 > dimerization of PSII centers in all parts of the
thylakoid membrane (Figure 6), and they are changing most
probably concomitantly with lateral migration of the devel-
oping PSII centers from the stromal part (Y100) to the granal
part of the membrane (the grana core). This occurs in
combination with activation of the acceptor side and the
CaMn4-cluster. Cytb559 plays an important role in preventing
inhibition of PSII in the earlier stages of this process.
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