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Arabidopsis thaliana is widely used as a model organism in plant biology as its genome has been sequenced
and transformation is known to be efficient. A large number of mutant lines and genomic resources are
available for Arabidopsis. All this makes Arabidopsis a useful tool for studies of photosynthetic reactions in
higher plants. In this study, photosystem II (PSII) enriched membranes were successfully isolated from
thylakoids of Arabidopsis plants and for the first time the electron transfer cofactors in PSII were systematically
studied using electron paramagnetic resonance (EPR) spectroscopy. EPR signals from both of the donor and
acceptor sides of PSII, as well as from auxiliary electron donors were recorded. From the acceptor side of PSII,
EPR signals from Q4 Fe?" and Phe- Q4 Fe? " as well as from the free Phe- radical were observed. The multiline
EPR signals from the Sp- and S,-states of CaMn4O,-cluster in the water oxidation complex were characterized.
Moreover, split EPR signals, the interaction signals from Yz* and CaMn4O,-cluster in the Sp-, S1-, S-, and the
S3-state were induced by illumination of the PSIl membranes at 5 K and characterized. In addition, EPR signals
from auxiliary donors Ype, Chl™ and cytochrome bsso were observed. In total, we were able to detect about 20
different EPR signals covering all electron transfer components in PSIL. Use of this spectroscopic platform
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opens a possibility to study PSII reactions in the library of mutants available in Arabidopsis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Higher plants are widely spread over terrestrial ecosystems and
exhibit a high degree of diversity, which enables them to grow
under very different environmental conditions. One of the reasons
for such plasticity is that plants possess the most efficient and
dynamic photosynthetic apparatus. Their photosynthetic machinery
is situated in chloroplasts and the light harvesting and energy
transduction systems are embedded into highly organized mem-
brane structures.

Arabidopsis thaliana (hereafter Arabidopsis) is a small flowering
plant with a modest genome size which has been sequenced in the
year 2000 [1]. Since then Arabidopsis has been widely used as a model

Abbreviations: Car, carotenoid; Chl, chlorophyll; Cyt bssg, cytochrome bsso; DCIP,
2,6-dichlorophenolindophenol; DPC, 2,2'-diphenylcarbonic dihydrazide; EPR, electron
paramagnetic resonance; HP and LP, high and low potential forms of oxidized Cyt bsso;
MA, modulation amplitude; NIR, near infrared; RT, room temperature; P680, primary
electron donor chlorophylls in PSII; PpBQ, phenyl-p-benzoquinone; PSII, photosystem
II; Phe, pheophytin, acceptor of PSIl; Qs and Qg, primary and secondary quinine
acceptors of PSII; S states, intermediates in the cyclic turnover of the WOC; WOC, water
oxidation complex; WT, wild type; Yp and Ype, tyrosine 161 of the D2 polypeptide of
PSII and its radical; Yz and Yz, tyrosine 161 of the D1 polypeptide of PSII and its radical
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organism in plant biology for the following reasons: (i) it has a rapid
life cycle (about 6 weeks from germination to mature seed); (ii)
extensive genetic and physical maps of all 5 chromosomes of
Arabidopsis are available; (iii) efficient transformation methods have
been developed and (iv) a large number of mutant lines and genomic
resources are available from Stock Centers [2-4]. All this makes
Arabidopsis an important object also for studies of the primary
photosynthetic reactions in higher plants.

In recent years, the use Arabidopsis mutants for detailed analysis
of the photosynthetic apparatus in the thylakoid membrane has
increased. This approach has been pivotal for studies focusing on
regulation of light harvesting [5-7], linear and cyclic electron flow [8-
12], the structure and function of photosystem I (PSI)!, Cyt bgf and
NDH-complexes [8,10-14], oxidative, temperature stress and photo-
inhibition [15-18], chloroplast development and biogenesis of the
photosynthetic complexes [19,20], the redox signaling in chloroplasts
[19], etc.

This also holds for studies of structure and function of PSIL. PSII is a
large multiprotein-pigment complex which in its active form in
higher plants is mostly found in the stacked granal membranes of
chloroplasts [21-23]. It initiates the photosynthetic electron flow by
using light energy to extract electrons from water and to reduce the
pool of the plastoquinone molecules [24,25]. About ten redox active
cofactors, mostly bound to the D1/D2 protein heterodimer participate
in this reaction. The CaMn4O,-cluster and the redox active tyrosine
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residue, Yz, constitute the catalytic site — WOC, where the water
oxidation takes place [26-30]. Pggo is the primary electron donor in
PSII and is composed of a tetramer of Chls. After excitation from
antenna Chls, Pggg transfers an electron to the acceptor side of PSII.
Pdgo is strongly oxidizing and extracts electrons from the WOC which
circulates through the five intermediate states, denoted So— S4
[26,27,30,31]. After excitation, electrons from Pggg first reduce the
Phe and subsequently Q4 and Qg, the primary and secondary quinone
acceptors in PSIL After accepting two electrons and two protons, Qg
leaves PSII in the plastoquinol form.

The many redox components in PSII can be studied by a
diversity of spectroscopic methods. One of the few techniques that
give access to nearly all of the redox components, including the
WOC in all S states, is EPR spectroscopy. With EPR spectroscopy
both the structure and the function of the redox center can be
studied, often in molecular details. In PSII research EPR has been
applied also to studies of the effects of many site-directed mutants
on for example the CaMn4O,-cluster. Most EPR work applied to
mutants has been performed in cyanobacteria and algae but there
also valuable EPR studies in naturally occurring mutants in plants.
This does not hold for Arabidopsis and there are very few EPR
studies in this plant despite its huge genetic importance.

The wild type and mutants in PSII subunits of Arabidopsis have
been widely used in studies of the protein composition of PSII [32-
38], electron transfer reactions and the mechanism of water
oxidation [33,35,38]. However, these experiments were mostly
performed in intact leaves or isolated thylakoid membranes. In
this study, we have used highly active PSII enriched membranes
isolated from thylakoids of Arabidopsis plants [38] to perform a
systematic characterization with EPR spectroscopy of the electron
transfer cofactors in PSII and intermediates in the water oxidation
process. Our study describes nearly 20 different EPR signals
representing all redox components in PSIL. Thus, presented results
provide the first strong spectroscopic platform for PSII studies in
Arabidopsis and extend the molecular studies of PSII to another
higher plant species.

2. Materials and methods
2.1. Plant material and isolation of PSII-enriched membranes

Arabidopsis plants (ecotype Columbia) were grown on soil
under standard growth chamber conditions (23 °C, 120 umol
photonsm~2s™ !, a light/dark cycle 8/16h) for 7 weeks. PSII-
enriched membranes (BBY-type) were isolated from mature plant
leaves according to the procedure of Berthold et al. [39] with some
modifications. Leaves were ground in ice-cold buffer containing
20 mM Tricine/NaOH (pH 8.4), 0.45 M sorbitol, 10 mM Na-EDTA,
5mM NaCl, 5 mM MgCl, and freshly added 0.2% BSA and 0.2% Na-
ascorbate. The homogenate was filtered through Miracloth and
centrifuged at 4200xg for 10 min at 4 °C. The pellet was washed
with 20 mM Tricine/NaOH (pH 7.6), 0.33 M sorbitol, 5 mM MgCl,
and re-suspended in a buffer containing 20 mM Tricine/NaOH (pH
7.6) and 5 mM MgCl,. After centrifugation at 4200xg, the pellet
was re-suspended in 20 mM MES/NaOH (pH 6.3), 5 mM MgCl, and
15 mM NaCl. After the Chl concentration was adjusted to 2.67 mg/
ml, 1/3 volume of 20% Triton X-100 was added slowly to the sample
suspension and stirred for 30 min on ice in darkness. The sample
was then centrifuged at 9300xg for 3 min and the supernatant
again at 42000x g for 30 min. The pellet was re-suspended in the
same buffer without Triton and again centrifuged at 42000xg for
30 min. Finally, the pellet was suspended in buffer containing
20 mM Mes/NaOH (pH 6.3), 0.4 M sorbitol, 15 mM NaCl, 10 mM
CaCl, and 5mM MgCl,. The Chl concentration was measured
according to Porra et al. [40].

2.2. Analysis of the protein composition and general characterization

Polypeptides were separated with SDS-PAGE (15% polyacrilamide,
6 M urea) [41]. After electrophoresis polypeptides were stained with
Coomassie Blue or electroblotted to a polyvinylidenefluoride mem-
brane and immunodetected with specific antibodies. Oxygen evolu-
tion and variable fluorescence were measured as in [34]. The number
of active PSII centers was determined by measuring DCIP reduction in
the absence and presence exogenous electron donor DPC as described
in [21]. The PSI/PSII ratio was determined by EPR measurements at
room temperature as in [42].

2.2.1. EPR samples preparation

PSII enriched membranes were diluted to 2 mg Chl/ml and filled into
calibrated EPR tubes. For quantification of Ype, the sample was exposed
to room light for 3 min to fully oxidize Yp and thereafter dark incubated
for 15 min at room temperature before freezing or application of the
pre-flash protocol [43]. All spectra obtained at this point are considered
as EPR spectra of dark-adapted samples.

2.2.2. Synchronization of the WOC in the S;-state

PSII in the samples with fully oxidized Yp were synchronized to
contain an absolute majority of the dark stable S;-state by the
application of two saturating pre-flashes from a Nd:YAG laser from
Spectra Physics, Newport, USA (532 nm, 450 mJ, 6 ns, 1.25 Hz) followed
by dark adaptation for 20 min at room temperature [43-46].

2.2.3. Flash-induced turnover of the WOC

To study EPR signals from PSII in the different S states, the
synchronized samples were advanced to the other S states by giving a
corresponding number of saturating laser flashes [44]. Before the
flashes, PpBQ was added as an external electron acceptor to a final
concentration of 0.5 mM (from a stock solution in DMSO or methanol,
final solvent concentration 3% v/v) in darkness at room temperature.
30 s after the addition of PpBQ, the samples were transferred to an
ethanol bath at 1 °C and allowed to equilibrate for 1 min. After the
equilibration, the samples were transferred to the flash cell and were
immediately given one, two or three turnover flashes (532 nm,
450 m], 6 ns, 1.25 Hz). After flashes, the EPR samples were immedi-
ately frozen in an ethanol-dry ice bath (198 K) within 1-2s and
flushed with argon gas before being transferred to liquid nitrogen for
EPR measurements.

2.2.4. Induction of EPR signals from the acceptor side of PSII

To chemically induce the Q4~ Fe?™ interaction signal, EPR samples
were incubated for 15 min after the addition of 50 mM Na-formate
followed by addition with 50 mM Na-dithionite and a second
incubation for 10 min in the darkness at room temperature [47-50].
To induce the split Phe~ signal (the Phe- Q- Fe?* interaction signal)
the formate and dithionite treated samples were illuminated at 198 K
for 10 min [48,51]. The Phe- radical signal was photo-accumulated in
the formate and dithionite treated samples by illumination at room
temperature for 10 min [47,52].

To photo-induce the spin-polarized triplet 3Pggo EPR signal, PSII
samples were incubated at anaerobic conditions with 50 mM Na-
dithionite and 30 uM benzyl viologen at room temperature for 1h
[53]. The signal was generated by direct illumination into the EPR
cavity.

2.2.5. lllumination conditions

The S,-state multiline EPR signal was in some cases also induced
by illumination for 6 min at 198 K in an ethanol-dry ice bath.
Complete oxidation of Cyt bss9 was achieved by illumination for
6 min at 77 K. White light from a halogen lamp (800 W) filtered with
a 5 cm thick CuSOy4 solution was used in both cases.
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2.2.6. Induction of split EPR signals from the WOC

The split EPR signals from the Si, S,, S3 and the Sp-states were
induced by direct illumination of samples in the EPR cavity as
described in [54]. The Split Sy, Split S, (in the presence of methanol)
and Split Sq signals were induced with illumination by visible light for
30 s at 5 K. The light was filtered through a 5 cm thick CuSO, solution
and directed into the EPR cavity using a transparent Plexiglas light
guide. The intensity measured at the position of the resonator window
was 450 W/m?. The Split S; EPR signal was induced by either visible or
by NIR illumination at 830 nm for 20 min at 5 K (LQC830-135E laser
diode, Newport, USA), with a beam-spreader lens placed in front of
the EPR cavity window. The NIR light intensity at the EPR resonator
window was 280 W/m?. The Split S, EPR signal in the absence of
methanol was induced according to [55] in the following way. First,
the temperature in the resonator with the sample was raised to about
200 K and illumination with visible light was applied. Subsequently,
the temperature was decreased to 5 K during illumination and the
spectrum of the Split S, signal was recorded.

2.3. EPR measurements

Continuous-wave X-band EPR measurements were performed with
a Bruker ELEXYS E500 spectrometer using a SuperX EPR049 microwave
bridge and a SHQ4122 resonator. The system was fitted with an ESR 900
liquid helium cryostat and ITC 503 temperature controller (Oxford
Instruments Ltd., UK). EPR settings are given in the corresponding figure
legends. Signal processing and analysis were carried out with the Bruker
Xepr software. EPR signals were corrected for variations in the sample
volume and Chl concentration using the non-saturated EPR signal from
Ype as described in [43,56], when it was necessary for comparison.

3. Results and discussion

3.1. Preparation and characterization of the PSIl membranes
from Arabidopsis

Thylakoid membrane preparations from Arabidopsis have been
described and used for characterization of the PSII properties [38]. In
the preparation of the PSII enriched membranes the well-known
protocol from Bethold, Babcock and Yocum, developed for spinach,
was used as a basis [39]. However, some modifications, like a higher
pH and a high amount of Na-Asc and BSA in the grinding buffer to
inhibit myrosinase and to neutralize proteases, were necessary for
obtaining active PSIl membrane preparations from Arabidopsis.

Protein composition of the obtained PSIl membranes is shown in
Fig. 1. SDS-PAGE in the presence of 6 M urea revealed the presence of
the major PSII protein subunits visible after Coomassie staining: CP47,
CP43, LHCII and three extrinsic subunits PsbO, PsbP and PsbQ. It also
shows that proteins associated with other complexes such as ATP-
synthase are absent in our preparation (Fig. 1A). Furthermore, the
absence of PSI proteins was confirmed by immunoblot analysis —
PsaB, the core subunit of PSI, was not detected in our preparation of
PSIl membranes (Fig. 1B).

Some characterization of the PSIl membranes from Arabidopsis is
shown in Table 1. The quality of the PSIl membrane preparation is
affirmed by the low Chl a/b ratio which is similar to ratio in for
example preparations from spinach or pea. Increased oxygen
evolution rates and variable fluorescence (Fy/Fy ratio, [57]) were
observed in the PSII membranes if compared to thylakoid prepara-
tions. The increases are not very large. This could reflect a partially
damaged WOC in the PSIl membrane preparation. This was tested by
measurements of DCIP reduction in the presence and absence of the
electron donor DPC which showed that <5% of PSII centers in our
preparation were inactive in oxygen evolution (not shown). Instead
we attribute unexpectedly low oxygen evolution to a modified Qg site,
which is common to PSII in purified preparations. Importantly, the
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Fig. 1. Protein profiles of the thylakoid membrane and the PSII enriched membranes
isolated from Arabidopsis. A — Coomassie Blue-stained gel demonstrating markers (M),
the thylakoid membrane (TM) and the PSII enriched membrane (PSII). B — analysis of
the PSII and PSI content of the thylakoid membrane (TM), PSII enriched membranes
(PSII) and supernatant obtained after Triton-treatment (S). Samples were subjected to
SDS-PAGE electrophoresis in the presence of 6 M urea, followed by immunoblotting
with antibodies against D1 protein of PSII complex and PsaB protein of PSI complex.
Gels were loaded on the Chl basis.

contamination from the remaining PSI centers on the basis of EPR
measurements (much more sensitive if compared to the protein
analysis, [42]) was found to be <10%, which is important for the
spectroscopic characterization of PSIL

3.1.1. EPR signals originating from the acceptor side of PSII

The EPR signals associated with the acceptor side of PSII from
Arabidopsis are shown in Fig. 2 (see also Table 2 for a compilation of all
EPR signals). It is known that the reduced primary acceptor, Q4" is a
semiquinone anion radical which magnetically interacts with a
nearby Fe?™ ion. PSIl membranes from other organisms (cyanobac-
teria, green algae and spinach) show two types of EPR signals at
£=1.90 and 1.64, or at g=1.82 and 1.67, depending on the signal
induction conditions [47,58,59]. These signals are usually not easily
observed in the EPR spectra. Addition of Na-formate to the PSII
membranes isolated from spinach (and some other species) has been
found to greatly increase the amplitude of the g=1.82 form with
concomitant decrease in g=1.90 form [48]. The EPR signal from Q"
Fe?™ complex obtained in the presence of formate and dithionite from
PSII enriched membranes of Arabidopsis is depicted in Fig. 2A. It shows
a peak at g=1.84 and a broad minimum at g = 1.73 with full width of
230 G (Table 2) and is similar to the spectra reported from spinach
[23,47] and cyanobacterial preparations [58,60].

The non-heme iron is located between the electron acceptors, Qa
and Qg, in PSII [61]. The high spin Fe?" can be oxidized to Fe>* by
some external oxidants such as PpBQ, giving rise to broad EPR
features in the g=5-8 region [62-64]. The corresponding signals

Table 1
General characteristics of the PSII membrane preparation from Arabidopsis.
0, evolution Fyv/Fum PSI/PSII ratio Chl a/b ratio
Thylakoids 333+18 0.73 0.91 32
PSII membranes 399+17 0.78 0.09 2.1

The oxygen evolution is given in umol of O, per mg of Chl per h and was measured in 50 mM
HEPES/KOH (pH 7.5), 0.1 M sorbitol, 10 mM MgCl, and 2.5 mM CaCl, (thylakoids) or 20 mM
MES/NaOH (pH6.3), 0.4 M sorbitol, 5 mM MgCl,, 15 mM NacCl, and 2.5 mM CaCl, (PSII
membranes). The PSI/PSII ratio was determined as described in [42].
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Fig. 2. EPR characterization of the acceptor side of PSII in Arabidopsis. (A) EPR spectrum from the primary semiquinone-iron (Qa~ Fe?*) complex after incubation of PSII enriched
membranes in the presence of 50 mM Na-formate and 50 mM Na-dithionite. EPR conditions: microwave power 25 mW, microwave frequency 9.275 GHz, modulation amplitude
20 G, temperature, 4.4 K. (B) Light minus dark difference EPR spectra obtained after a saturating laser flash in the presence of 0.5 mM PpBQ (spectrum a) or continuous illumination
at 200 K for 8 min (spectrum b). Spectrum a shows two signals from the oxidized non-heme iron in PSII. EPR settings: microwave power 10 mW, microwave frequency 9.275 GHz,
modulation amplitude 20 G, temperature 7 K. (C) EPR spectrum from Phe radical after chemical reduction as in A followed by illumination at 295 K for 10 min. EPR conditions:
microwave power 1.3 uW, microwave frequency 9.275 GHz, modulation amplitude 3.5 G, temperature 15 K. (D) Photoinduction of the Phe- Q4~ Fe?™ interaction EPR signal after
chemical reduction as in (A). The spectra shown are taken before illumination (dotted line), after illumination at 200 K for 10 min (dashed line) and as light minus dark difference
(solid line). EPR conditions: microwave power 25 mW, microwave frequency 9.275 GHz, modulation amplitude 10 G, temperature, 4.4 K.

from Arabidopsis are presented in Fig. 2B and show two peaks at
g=>5.6 and g=7.8 in the presence of PpBQ (Fig. 2B, spectrum a,
Table 2). The two peaks were suggested to originate from the ground
state and the first excited state of high spin non-heme Fe3™
respectively [65]. Apparently, these peaks are not detectable in the
absence of artificial electron acceptor (spectrum b). Our observation
here implies that the oxidation of the non-heme iron by the semi-
reduced external acceptor PpBQ- [62,66] also occurs in PSII enriched
membranes of Arabidopsis.

If the primary quinone acceptor, Qa, can be overreduced to the
abnormal double reduced diamagnetic Q,H, state, continued illumi-
nation can allow the observation of the reduced intermediate electron
acceptor in PSII, Phe-. In PSII samples reduced with dithionite, further
illumination at room temperature forces the double reduction of Q4"
and enables accumulation of the Phe™ radical [51,52,67,68]. The EPR
spectrum from Phe~ obtained after reduction of the samples with Na-
dithionate and illumination for 10 min (photoaccumulation) at room
temperature is depicted in Fig. 2C. The EPR signal obtained from the
PSII enriched membranes of Arabidopsis is centered at g=2.0036 and
exhibits a symmetrical single line with a AH=13.7 G from peak to
trough (Table 2). It was noted that Yp is completely reduced by the

addition of 50 mM Na-dithionite as no Yp* was detected in the spectra
before illumination (not shown). [llumination of samples for 10 min
induced 80 % of Phe- (on the basis of the Ype signal present before
dithionite addition) which is comparable to the maximal induction
level in similar preparations from other species [49,68].

When illumination in the presence of formate and dithionite was
done at 200K instead of room temperature, the primary quinone
acceptor stayed single reduced and accumulation of the Phe radical
leads to a complex interaction signal involving Qa-, Fe** and Phe
[51,59]. This so called split Phe- EPR signal, originating from the Phe-
radical and being broadened by the presence of the nearby Q4" Fe?™ in
PSII from Arabidopsis, is shown in Fig. 1D. Before illumination, no split
Phe" signal was detected around the g=2 region (dotted line). 200 K
illumination induced a signal (Fig. 2D, dashed line) which is also
shown as a light minus dark difference spectrum (Fig. 2D, solid line).
The EPR spectrum obtained from PSII enriched membranes of
Arabidopsis is different from, but resembles, the split Phe- signal
reported from spinach [49,51,59]. It is known that the splitting
depends on the type of the Q4 Fe?™ signal that is present [59]. The
presence of formate in our samples, and therefore the dominance of
the g = 1.84 form of the Q4 Fe?* signal (Fig. 2A), lead to the 40 G wide
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Summary of EPR signals recorded in PSIl membranes from Arabidopsis. Only the EPR signals induction conditions used in this study are listed. All signals are recorded with X-band

perpendicular mode EPR®.

Signal identity Spectral features Measuring conditions Induction conditions Refs.”
Acceptor side of PSII
Phe- primary acceptor £=2.0036, 13.7 G wide 15K, 1.3 uw, Light at RT, chemical reduction Fig. 2C,
3.5GMA (50 mM dithionite) [52]
Qa” Fe?™ Phe- interaction signal g~2, ~40 G wide 4-5K, 25 mW, Light at 200 K, chemical reduction Fig. 2D,
10G MA (50 mM dithionite and 50 mM formate) [51]
Qa” Fe™ interaction signal g£=1.84 peak, 4-5K, 25 mW, RT, chemical reduction Fig. 2A,
g=1.73 trough 10G MA (50 mM dithionite and 50 mM formate) [58,59]
230 G wide
Fe>* signal 2=>5.6 and 7.8 peaks 7 K, 10 mW, Light at RT, 0.5 mM PpBQ Fig. 2B,
20G MA [62]
Donor side of PSII — primary and auxiliary donors
3Pggo, triplet state of the primary donor g~2 4-5K, 63 uw, Light at 4-5 K, chemical reduction Fig. 3,
>600 G wide 20 G MA (50 mM dithionite and 30 pM [69,71]
benzyl viologen)
Yp* tyrosine radical, auxiliary donor £=2.0046, 19 G wide 15K, 1.3 uyw, Light at RT, very stable Fig. 4A,
35GMA [79,80]
Chly, Car™ auxiliary donors £=2.0026, 9-10 G wide 15K, 1.3 uw, Light at <200 K Fig. 4A,
3.5GMA [81]
Cyt bssg auxiliary donor/acceptor g,=29-3.1,g,=22-21, 15K, 5mW, Light at <77 K Fig. 4B,
g,=1.43 (hardly observable) 15G MA [75]
Donor side of PSII — water oxidizing complex
S, state multiline signal g~2, >18 lines, 80-90 G spacing, 7K, 10 mW, S, state, light at RT or 200 K, Fig. 5,
>1800 G wide 20 G MA 0.5 mM PpBQ (optional) [87,90]
S, state g=4.1 signal g=4.1, 240 G wide 7 K, 10 mW, S, state, light at 200 K, -MeOH Fig. 5,
20G MA [89]
So state multiline signal g~2,>24 lines, 80-90 G spacing, 7K, 20 mW, So state, light at RT, 0.5 mM PpBQ and MeOH Fig. 5,
>2200 G wide 20G MA [45,97]
S, state Yye interaction signal, Split Sy g£=12.035 peak, 5K, 20 mW S, state, light at 5 K, 0.5 mM PpBQ, -MeOH Fig. 6A,
g~2.0 derivative, asymmetrical 15G MA [101]
S, state Yz+ interaction signal, Split S, g=2.055 peak, g~2.0 derivative, 5K, 50 mW S, state, light at 200 K and cooling under Fig. 6B,
asymmetrical 15G MA illumination to 5 K, 0.5 mM PpBQ, -MeOH [55]
S, state Y+ interaction signal, Split S, g£~2.0 derivative, symmetrical, 5K, 50 mW S, state, light at 5 K, 0.5 mM PpBQ, +MeOH Fig. 6B,
140 G wide 15G MA [55]
Ss state Y+ interaction signal, Split S3 £=12.06 peak, g=1.95 and 5K, 20 mW Ss state, visible or NIR light at 5 K, Fig. 6C,
1.93 trough, asymmetrical 15G MA 0.5 mM PpBQ, -MeOH [107,113]
Sp state Yz* interaction signal, split So g£~2.0 derivative, symmetrical, 5K, 20 mW Sp state, light at 5K, 0.5 mM PpBQ, - MeOH Fig. 6D,
165 G wide 15G MA [101]

2 So far we have not been able to record successfully EPR signals from Arabidopsis in the parallel mode EPR or with higher frequency EPR. This partly reflects lack of suitable
biological material, partly the small size of the signals.
2 Figure number refers to figure in this work. Reference number refers to EPR spectra obtained in other organisms, plant or cyanobacteria.

splitting of the Phe- Q4 Fe?" split signal in Arabidopsis (Fig. 1D,
Table 2).

3.1.2. Induction of the spin-polarized triplet >Pgg, state

The triplet state of the primary electron donor in PSII is formed
when samples, in which the quinone-iron acceptor complex is fully
reduced or absent, are illuminated at cryogenic temperatures [69,70].
Under these conditions charge separation occurs with the formation of
the radical pair, Pdgo Phe™ [71]. The short-lived radical pair decays via a
spin-polarized triplet state of Pggo which is relatively long lived and
exhibits a characteristic doublet EPR signal [53,71-73]. Fig. 3 shows the
light minus dark difference spectrum of the spin-polarized >Pggo EPR

signal induced by continuous illumination at 4 K. The dithionite and
benzyl viologen reduced PSII enriched membranes from Arabidopsis
displayed no signal from Q4 Fe?" indicating that Q4 was double
reduced by dithionite at room temperature forming a protonated Q,H,
state which is EPR silent (not shown). This reaction was accelerated by
the presence of benzyl viologen [71]. The light spectrum was taken
during illumination at 4 K and shows the 3Psso signal formation. The
signal decays within our time resolution after termination of light. The
decay has been reported to occur with a half-time of several
microseconds at 4 K in other plant materials [71]. The light minus
dark difference spectrum exhibited symmetrical splitting feature of
the polarized triplet Pggo EPR signal centered around g=2 and
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Fig. 3. The light minus dark difference EPR spectrum from the spin-polarized triplet
state of >P680 obtained in the presence of Na-dithionite and benzyl viologen (more
details in the Materials and methods section). The light spectrum was acquired under
continuous illumination at 4.1 K. EPR conditions: microwave power 63 pW, microwave
frequency 9.275 GHz, modulation amplitude 20 G, temperature, 4.1 K.

extended over 600G (Table 2), similar to those from spinach
[53,71,73] and pea preparations [70].

3.2. Auxiliary electron donors in PSII

The primary electron donor source to Pdgo in PSII is the WOC
complex and will be analyzed (with respect to PSII from Arabidopsis)
in the next section. However, in some cases, when the water splitting
activity of PSII is impaired or diminished, other auxiliary, secondary
electron donors in PSII come into play. This is a typical situation under
stress conditions, when PSII is photoinhibited or during the recovery
and photoactivation processes [74]. [llumination of PSII at low and
cryogenic temperatures, when the S state transitions in WOC are
blocked, also lead to oxidation of auxiliary, secondary donors in PSII
[75-78]. These electron donors include Yp, Chl, Car and Cyt bsso. Here
we characterized these electron transfer cofactors involved in side-
pathways in PSII from Arabidopsis.

The Yp* EPR signal from dark adapted PSII membranes from
Arabidopsis is shown in Fig. 3A (spectra a, solid line). The signal is
centered at g=2.0046, and shows essentially no difference from the
Ype signal from other species (Table 2) as judged by the line shape and
the g value, indicating that Ype exists in a very similar protein
environment. The Ype radical is very stable and corresponds to one
spin per PSII center when it is fully induced [76,79,80]. It is therefore
often used as an internal standard for the concentration of PSI and can
be used for relative quantification of other free radical EPR signals
from inside and outside of PSIl. When PSII enriched membranes from
Arabidopsis were illuminated at low temperatures a new radical signal
emerged. The new signal is also located in the g=2 region and is
superimposed on the Ype signal (Fig. 4A, spectra a, dotted and dashed
lines). Subtraction of Ype from the spectrum recorded after illumina-
tion revealed the formation of a symmetrical radical signal centered at
g£=2.0026 with a line width of ~9 G (spectrum b, Table 2). This
originates from oxidation of the accessory Chl; in PSII [78,81].
[llumination at 200 K or at 77 K induced the ChlJ radical in 27% or
30% of the PSII centers, respectively, estimated on the basis of Ype
(Fig. 4A, spectrum b). We attribute the radical signal to the Chl;
species rather than to the Car™ radical (which is difficult to
differentiate due to the similar g value and width) due to the fact
that the induction of the Car™ radical in spinach has been reported to
require illumination at much lower temperatures [78]. The induction
of the Chl7 radical (27%) after 200 K illumination is unusually high
and indicates a substantial involvement of auxiliary donors in PSII
from Arabidopsis at this temperature.

Cyt bsse, another component of the secondary electron transfer
pathway in PSII, is known to undergo both photooxidation and
photoreduction at special conditions [77]. The redox potential of Cyt
bssg is variable, ranging from —50 to +450 mV depending on the
activity status of PSII [77,82]. The redox forms and the amount of
oxidized Cyt bssg can be studied by EPR spectroscopy, in particular in
the g, region of the EPR spectrum [77,83,84]. The g, value depends on
the redox potential form of Cyt bssg, and varies from g=2.92 (the LP
form) to g=3.10 (the HP form) depending on species, preparation
type, and the condition of PSII (Table 2) [23,77,84-86].

In Fig. 4B, the g, peak of Cyt bss¢ from Arabidopsis is shown. Spectra
were acquired from dark adapted PSIl membranes (solid line) and
after illumination at 77 K (dashed line). The spectrum from the dark
adapted PSII showed an EPR signal with a peak at g=2.94 which is
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Fig. 4. (A) The effect of low temperature illumination on the radical EPR signals in the g=2 region in PSII enriched membranes from Arabidopsis. Spectrum a was obtained from the
dark-adapted membranes (solid line), after illumination at 200 K (dotted line) or 77 K (dashed line). Spectrum b shows the light minus dark difference spectrum after illumination at
200 K and 77 K. The bar in spectra a indicates g = 2.0046 and the bar in spectrum b indicates g = 2.0024. EPR conditions: microwave power 1.3 pW, microwave frequency 9.275 GHz,
modulation amplitude 3.5 G, temperature 15 K. (B) EPR spectra from the g, region of Cyt bssg recorded in dark adapted PSII membranes (solid line) and after 6 min illumination at
77 K (dashed line). The lower spectrum is the light minus dark difference spectrum (dotted line). EPR conditions: microwave power 5 mW, microwave frequency 9.275 GHz,

modulation amplitude 15 G, temperature 15 K.
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Fig. 5. The multiline signals from the CaMn4O-cluster in PSII membranes from
Arabidopsis. Spectra a and b show light minus dark difference spectra from the S,-state
obtained after a single laser flash in the presence of 0.5 mM PpBQ and 3% (v/v)
methanol (a) or after 6 min continuous illumination at 200 K in the absence of the
external electron acceptor and methanol (b). The arrow in b indicates the formation of
the g=4.1 signal from the S,-state. Spectrum c shows the light minus dark difference
spectrum from the Sp-state obtained after three laser flashes in the presence of 0.5 mM
PpBQ and 3% (v/v) methanol. Spectrum c was obtained by subtraction of 10% of the S,
multiline signal (from spectra a) from the original spectrum. This subtraction was
necessary to remove the contribution from the 10% of PSII centers that remained in the
Sp-state after the 3 flashes. Bars in spectra a and c indicate peaks used for signal
quantification. Asterisks show oxidation of the non-heme iron (spectrum a) and Cyt
bsse (spectrum b). The region around g=2 is omitted for clarity. EPR conditions:
microwave power 10 mW (spectra a and b) or 20 mW (spectrum c), microwave
frequency 9.275 GHz, modulation amplitude 20 G, temperature 7 K.

attributed to the oxidized low potential (LP) form of Cyt bssg ([77,82],
and references therein). [llumination at 77 K results in formation of a
new peak at g=3.06 due to oxidation of the previously reduced high
potential (HP) form. This is also shown as the light minus dark
difference spectrum (Fig. 4B, dotted line). Integration of the spectra
revealed that 40% of the total amount of Cyt bssg exists in the LP form
and 60% in the HP form. This is similar to the results obtained from
spinach PSII membranes in our preparation [84].

It is notable that illumination at 77 K resulted in oxidation of 30%
of Chl, (Fig. 4A) and 60% of Cyt bss9 (Fig. 4B). Thus we conclude that
the absolute majority (probably all) of PSII centers (90%) in our
preparation from Arabidopsis carry out efficient charge separation and
electron transfer in the auxiliary pathway at this temperature.

3.2.1. EPR signals originating from the donor side of PSIl — S,-state and
So-state multiline signals

Fig. 5 shows the EPR spectra from the S;-state and the Sy-state
recorded in PSII enriched membranes from Arabidopsis (see also
Table 2). Spectra a and c were recorded after one flash (i.e.
predominantly from the S,-state) and three flashes (i.e. dominated
by the Sp-state) respectively in the presence of 3% methanol (v/v) and
PpBQ. Spectrum b was recorded after 6 min illumination at 200 K from
PSII samples in the absence of methanol and an artificial electron
acceptor. The S,-state multiline signal from the CaMn4O,-cluster in
PSII is centered around g=2 and exhibits at least 18 well resolved
lines spaced by 80-90 G, spread over roughly 1800 G (Fig. 5, spectra a
and b, Table 2) [87-89]. Our multiline signal obtained from
Arabidopsis is similar to multiline signals reported from spinach
[87,90,91], green algae [44] and cyanobacterial preparations
[60,92,93]. In addition to the multiline signal, illumination at 200 K
also produced the g=4.1 signal (Fig. 5, spectrum b). The signal at
g=4.1 has an isotropic appearance with a line width of 240 G and no
resolved hyperfine structure (Table 2) [88,89]. It is believed to
originate from the excited S=5/2 state of the CaMn4O-cluster
[94,95]. The g=4.1 signal from PSIl membranes of Arabidopsis
resembles the signal reported earlier from spinach PSII preparations
[88,89].

Similar to the situation in spinach, the S,-state EPR signals from
Arabidopsis are sensitive to methanol [96]. The addition of methanol
completely eliminated the g=4.1 signal and enhanced the amplitude
of the multiline signal (Fig. 5, compare spectra a and b). The S,-state
multiline signal, obtained in the presence of methanol and PpBQ, was
found to be 3-4 times higher in amplitude if compared to the
multiline signal obtained after 200 K illumination (Fig. 5, spectra a and
b). It should be noted that illumination at 200 K induced not only
multiline and the g = 4.1 signals but also about 30% of the Chl radical
and significant Cyt bssg oxidation (see spectrum b).

Another S-state dependent multiline EPR signal from the CaMn4Ox-
cluster can also be studied in the presence of methanol. This signal
originates from the Sy-state and is spread over 2200 G around g=2
(Table 2) with different peak intensity and separation than the S,-state
multiline signal. The signal has been reported from spinach and
cyanobacteria [45,97-99]. Fig. 5 (spectrum c) shows the Sp-state
multiline signal obtained after 3 flashes in Arabidopsis. The spectrum
shown was obtained by subtraction of 10% of the S,-state multiline
signal from the original EPR spectrum to eliminate contribution from the
ca 10% remaining S,-state PSII centers after the 3 flashes [99]. The
deconvoluted Sp-state multiline signal exhibited narrower splitting
between the peaks than the S, multiline signal (spectraaand b) and was
more than 2000 G wide (Fig. 5, spectrum c, Table 2). The spectrum was
quite stable in the dark and it showed no significant decay over 30 min
incubation in the dark at room temperature. These properties are similar
to those reported earlier in spinach and cyanobacteria [45,98].

3.2.2. EPR signals originating from the donor side of PSII — Y, oxidation
at cryogenic temperatures

Unlike the Ype radical, Y, which is oxidized in the nanosecond to
microsecond time range by Pdgo, normally decays in the submillisecond
time range [100] due to reduction from the CaMn4O,-cluster. Yz is not
trivial to detect by conventional EPR techniques. However, at low
temperatures, where the S state transitions are blocked, any formed Yz
can only decay by recombination with the acceptor side of PSII (with
Qa") which makes the live time of Yz* much longer and thus, possible for
measurement [101-103]. Moreover, at cryogenic temperatures, the Yz
radical interacts magnetically with the CaMn4O,-cluster. This results in S
state specific broadening of the Yz* EPR signal and formation of so-called
split EPR signals. Split EPR signals from all S states of the WOC (except
the transient S4-state), induced by illumination at liquid He tempera-
ture, have been reported from spinach or cyanobacteria [54,101,103-
107]. These split EPR signals are useful probes to both S state turnover
and the function of Yz [54,108].

Fig. 6 displays (see also Table 2) split EPR signals from the S;-, So-, S3-
and Sp-states of WOC obtained from the PSII enriched membranes of
Arabidopsis by illumination at 5 K. All signals presented are illumination
minus dark subtracted spectra and exhibit a split part on the low and/or
high field side of the g=2 region and a radical part at g=2.

[llumination with visible light induced both a fast decaying
component (ty, ca 3 min) and slower decaying components of the
light induced EPR signals in agreement with earlier findings in spinach
[101,107]. The slowly decaying component was present only in the
radical part of the spectrum and has been shown to originate from
oxidized Chl™/Car™ species in a fraction of the PSII centers. The
oxidation of Chl/Car is associated with the secondary electron transfer
pathway (see above) [107] and does not interfere with our analysis of
the split EPR signals that originate from the WOC. In contrast, the fast
decaying components of the light induced spectra represent the split
signals in the different S states and the decay reflects recombination
between Q4™ and Y, (see references [107,108] for a discussion of this
phenomenon).

The Split S; EPR spectrum induced with visible light at 5K in
Arabidopsis is shown in Fig. 6A. The spectrum exhibits a characteristic
single peak at g=2.035 (Table 2) identical in position to the Split S,
signal from spinach or cyanobacteria [54,55,101,103,109-111].
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Fig. 6. Induction of the metallo-radical (Yz*) split EPR signals in different S states of the WOC in Arabidopsis by continuous white light illumination for 30 s at 5 K. The spectra shown
are the difference spectra between spectra recorded during illumination and spectra recorded before illumination from the PSIl membranes poised in the S;-state (Split S; signal, A),
in the S,-state (Split S, signal, B), in the S3-state (Split S3 signal, C) and in the So-state (Split Sp signal, D). The spectra in grey color (B) were induced in the presence of 3% (v/v)
methanol and (C) by illumination by NIR light at 830 nm for 20 min. The region around g= 2 is omitted for clarity. The insets show the entire spectra including the g=2 region. EPR
conditions: microwave power 20 mW or 50 mW (for Split S, only), microwave frequency 9.275 GHz, modulation amplitude 15 G, temperature 5 K.

The Split S, EPR signal was reported to be induced either in the
presence of methanol at 10 K (note that the presence of methanol
inhibits the Split S; and split S signals and modifies the Split Sg signal
[55,112] or by illumination at higher temperatures (77-190 K) [55].
We were able to trap both of the Split S, signals in Arabidopsis as shown
in Fig. 6B. Illumination at 200 K and continuous illumination during
lowering the temperature to 5K allowed us to trap a complicated
interaction signal, different from that reported in spinach [55]. This
signal consists of a symmetrical 130 G wide split feature and an
additional peak at g=2.055 (Fig. 6B, black line). The symmetrical part
is wider than that reported in spinach PSIl membranes (116 G) where
the additional low field peak was not reported [55]. [llumination of the
PSII samples in the presence of methanol (3% v/v) at 5K induced a
140 G wide symmetrical split signal (Table 2) also with a possible low
field peak (Fig. 6B, grey line). The symmetrical part now was found to
be narrower than spinach signal (160 G in presence of methanol, [55]).

The Split S5 signal is formed in PSII samples exposed to 2 flashes
(dominated by the Ss-state) by illumination both with visible light
[104,107] and near infrared light [104,113] at cryogenic temperatures.
In contrast to the signal induced by visible light, the near infrared
induced signal is very stable at 5 K and shows no observable decay for
at least 30 min [104]. Fig. 6C displays the Split S5 signals induced by
visible light (black line) and 830 nm light (grey line) at 5K in
Arabidopsis. Both signals are very similar to the corresponding signals

reported from spinach [107,109,113] and cyanobacteria [114]. The
signal has a double trough at g=1.95 and 1.93 position and a peak
(for the near infrared induced signal) at g=2.06 (Table 2). It is also
clear that the central part of the signal induced by the near infrared
light is smaller which reflects that it lacks any contributions from the
Chl*/Car™ radicals (Fig. 6C, inset).

The light induced Split Sy signal obtained from PSII membranes after
3 laser flashes (sample dominated by Sy-state) is shown in Fig. 6D.
Illumination at 5 K gave rise to a broad symmetrical signal separated by
165 G (Table 2). The shape and size of this signal resemble the ca 160 G
wide signal previously assigned to the SgYz* state in spinach [101] and
cyanobacteria [114].

Thus, the split EPR signals from the WOC in Arabidopsis were induced
with high yield and precision. Taken together with the multiline signals
these EPR probes provide powerful tools to study the WOC in different
mutants available in Arabidopsis.

4. Conclusions

A complete register of perpendicular mode X-band EPR signals
from the donor and acceptor sides of PSII, as well as from the auxiliary
electron donors, is reported from the PSII enriched membranes
isolated from Arabidopsis plants. The EPR signals were obtained in
high yield with precision, allowing also quantitative measurements. In
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total, about 20 different EPR signals covering almost all of the electron
transfer components in PSII were recorded. This study extends the
comparison between plant species and opens a possibility to study
PSII electron transfer reactions in the library of mutants available in
Arabidopsis.
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