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Abstract

High-intensity illumination of thylakoids results in the well-characterized impairment of Photosystem II electron transport
(photoinhibition), followed by the degradation of the D1 reaction centre protein. The time-course and features of photodamage
are different in fully functional thylakoid membranes, when photoinhibition is invoked by impairment of Photosystem II acceptor
side electron transport, and in thylakoids which are unable to oxidize water, when the damage is a consequence of inactivation of
Photosystem II donor side (reviewed by Aro, E.-M., Virgin, 1. and Andersson, B. (1993) Biochim. Biophys. Acta 1134, 113-134).
In the present study we followed the production of singlet oxygen and free radicals during both types of photoinhibition by EPR
spectroscopy. Singlet oxygen was detected by following the formation of 2,2,6,6-tetramethylpiperidine-1-oxyl, a stable nitroxide
radical yielded in the reaction of singlet oxygen with the sterically hindered amine 2,2,6,6-tetramethylpiperidine. Free radicals
were detected as spin adducts of the spin trap 5,5-dimethyl-1-pyrroline N-oxide, and identified on the basis of hyperfine splitting
constants of the EPR spectra. We found the following. (i) Singlet oxygen, a non-radical form of active oxygen, was detectable
only in samples undergoing acceptor-side-induced photodamage. (ii) The acceptor-side-induced process was accompanied by the
oxygen dependent production of carbon centred (alkyl or hydroxyalkyl) radicals, probably from the reaction of singlet oxygen
with histidine residues. (iii) Donor-side-induced photoinhibition was dominated by hydroxyl radicals, which were produced in
anaerobic samples, too. The production rate of these radicals, as well as D1 protein degradation, was dependent on the
possibility of electron donation from manganese ions to Photosystem II. The marked distinction between the active oxygen forms
produced in acceptor- and donor-side-induced photoinhibition are in agreement with earlier reports on the different mechanism
of these processes.
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1. Introduction

Light, the driving force of life for photosynthetic
organisms, also may promote their damage. High-in-
tensity illumination of plants, their thylakoid mem-
branes or sub-thylakoid fragments causes a complex set
of stress reactions, known as photoinhibition [1]. While

Abbreviations: DMPO, 5,5-dimethyl-1-pyrroline N-oxide;
DMPO-OH, hydroxyl radical adduct of DMPO; DMPO-R, carbon-
centred radical adduct of DMPO; Hepes, 4-(2-hydroxyethyl)-1-
piperazine ethanesulphonic acid; MDA, malondialdehyde; PS, Pho-
tosystem; TEMP, 2,2,6,6-tetramethylpiperidine; TEMPO, 2,2,6,6-te-
tramethylpiperidine-1-oxyl.
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the time-course of the damage or the chance for a
subsequent repair depends on the type of preparation
as well as on the experimental conditions, the main
target of photoinhibition is the reaction centre of Pho-
tosystem (PS) II in all preparations [1-4]. In higher
plants, photoinhibition involves the functional impair-
ment of photosynthesis in PS II electron transport
followed by the structural damage of one of the PS II
reaction centre proteins, D1, as reviewed in Refs. [3]
and [4].

The reaction centre of PS II is a heterodimer of the
D1 and D2 proteins in close association with cy-
tochrome b-559 [S]. The D1 and D2 proteins bind or
contain the molecules necessary for the primary pro-
cesses of photosynthesis. Light energy is absorbed in or
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transferred to the reaction centre chlorophyll (P680),
which then conveys one electron to the primary elec-
tron acceptor, pheophytin (Pheo). After this primary
separation, the charge pair on P680" Pheo~ is stabi-
lized in a series of redox reactions involving the first
(Q,) and second (Qg) quinone acceptors on the accep-
tor side and a tyrozine residue of D1 (Tyr,) on the
donor side. The lumenal side of the D1/D2 het-
erodimer provides the binding site for the catalytic Mn
cluster of water oxidation (for review see Ref. [6]).

Depending on the physiological state of the sample,
photoinhibition can be invoked by the photodamage of
either the acceptor or the donor side of PS II ([2,4,7]
and references therein). If photosynthetically active
thylakoid membranes are illuminated with high-inten-
sity light, photoinhibition is promoted by reactions
occurring at the inhibited acceptor side. It was con-
cluded that a light-induced over-reduction of the ac-
ceptor side results in an unusual, double reduction of
Q, [8-10]. This state, which is not present during
normal photosynthesis, is inactive in mediating the
photosynthetic electron transfer but promotes the for-
mation of triplet chlorophyll (3P680) in the reaction
centre with a high yield [10-13). Triplet chlorophyll is
known to react with the triplet ground state of oxygen,
producing the highly reactive singlet oxygen, as re-
viewed in Refs. [14] and [15]. Therefore, singlet oxygen
was suggested to play an important role in damaging
the D1 protein [10,16-18]. The presence of singlet
oxygen during photoinhibition was further demon-
strated by detecting its infrared chemiluminescence in
isolated PS II reaction centre complexes [17] and its
EPR active spin adduct in thylakoids [19).

There is a consensus that the damage of the D1
protein is a consequence of the light induced impair-
ment of the PS II electron transport. D1 degradation is
generally described in two main steps: First, the pro-
tein is triggered (i.e., marked for degradation in a yet
unidentified way) by a photophysical process, which is
followed by the light independent, probably prote-
olytic, degradation of the triggered protein [4,20-22}.
The fragmentation of the triggered protein is well
characterized. However, the details of the triggering
step itself are not well understood. Recently, we found
that in spinach thylakoids, during the time-course of
acceptor-side-induced photoinhibition, the production
rate of singlet oxygen was maximal when the degrada-
tion of D1 began and suggested to regard this as an
evidence for the participation -of singlet oxygen in
marking D1 for degradation [19].

Singlet oxygen may directly attack important amino
acids, such as histidines, of the D1 protein or may
induce a conformational change of the reaction centre
complex by damaging its chlorophyll or carotenoid
components and thus expose the D1 protein to the
proteolytic activity [21]. Singlet oxygen, which is a pow-

erful active oxygen form but not a free radical, may
also induce the formation of oxygen free radicals {14,15]
whose involvement in photoinhibition has also been
suggested on the basis of experiments in which exter-
nally added radical scavengers or protective enzymes
partially prevented photodamage [22-24]. One aim of
the present study is to use spin trapping EPR spec-
troscopy for searching direct evidence whether free
radicals are formed in thylakoids during acceptor-side
photoinhibition.

An other pathway, different from the above de-
scribed mechanism, is the photoinhibition invoked by
the photodamage in PS II donor side. This occurs if
the electron transport from the water splitting enzyme
to P680* is significantly slower than the rate of elec-
tron withdrawal from the reaction centre. In this case
the damage is attributed to the generation of abnor-
mally long lived states of cation radicals P680* and
Tyry; [25-30] which could attack chlorophylls,
carotenoids or amino acids [2,28,30]. The generation of
superoxide radicals has also been proposed [31].
Donor-side-induced photoinhibition has been exten-
sively studied in vitro, in isolated reaction centre com-
plexes or in PS II preparations in which the water
oxidizing enzyme has been deactivated before photo-
inhibition [25-32], but it is also considered as a signifi-
cant contributor to the photoinhibition of intact sys-
tems in vivo [4]. Contrary to the photodamage induced
by acceptor side inactivation, donor-side-induced
photoinhibition can partly proceed under anaerobic
conditions [32,33] or under low light intensity [25].
Regarding the above differences, the second aim of the
present study was to compare the active oxygen forms
(singlet oxygen and radicals) produced in the thylakoid
membrane during acceptor-side-induced and donor-
side-induced photoinhibition.

Here, we report data on the detection of singlet
oxygen and free radicals via their reactions with a
sterically hindered secondary amine (TEMP) and a
spin trap (DMPO), respectively, vielding long lived
nitroxide radicals detectable by EPR spectroscopy. This
sensitive technique enabled us to determine the kinet-
ics of nitroxide production at various stages of photo-
inhibition in untreated and Tris-washed spinach thy-
lakoids (model systems for acceptor- and donor-side-
induced photoinhibition, respectively) and discuss the
possible role of the trapped species in the photodam-
age.

2. Materials and methods

Thylakoid membranes were isolated from market
spinach as described by Takahashi and Asada [34] and
suspended in a Hepes buffer (40 mM, pH 7.5) contain-
ing 0.4 M sucrose, 15 mM NaCl and 5 mM MgCl,.
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Tris-washing, which removes Mn and the water solu-
ble subunits of the water splitting enzyme [35] was
performed as described in Ref. [36]. Tris-treated thy-
lakoids were pelleted by centrifugation (5000 X g, 10
min), re-suspended under dim light in the above Hepes
buffer containing 20 mM NaHCO, and stored on ice in
the dark until use. As a result of this treatment, the

oxygen evolving ability of the samples was decreased by
more than 85%. When indicated, 20 mM Na-EDTA or
5 mM MnCl, was added to the Tris-washed thylakoids
before photoinhibition. This extra manganese was re-
moved from the MnCl, treated samples before EPR
measurements by adding 20 mM Na-EDTA.
Untreated or Tris-treated samples, diluted with the
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Fig. 1. EPR detection of free radicals trapped by DMPO in untreated (A) and Tris-washed (B) spinach thylakoids exposed to photoinhibition for
the time indicated in the figures. Asterisks mark EPR spectra of the carbon centred radical adduct of DMPO (hyperfine splitting constants
ay = 1.47 mT and af, = 2.26 mT), circles indicate spectra of DMPO-OH (ay = af; = 1.47 mT). Traces labeled as anaerobic represent samples
exposed to photoinhibition while bubbled with argon. Downward arrows in (B) mark the triplet EPR spectrum from damaged DMPO. (C): EPR
spectra simulated on the basis of the hyperfine splitting constants estimated from the spectra in Figs. A and B.
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Hepes buffer to 100 g chlorophyll /ml, were exposed
to high-intensity (1000 wE /m? per s) illumination from
a Tungsten lamp while being stirred in a temperature-
controlled glass cuvette at 22°C.

Degradation of the D1 protein was followed by
immunoblotting as described by Barbato et al. [37].
SDS-PAGE was performed on a 12-17% linear acryl-
amide gradient gel containing 6 M urea. The resolved
proteins were electroblotted and identified by using an
antibody raised against the D1 protein (kindly provided
by Dr. R. Barbato). Densitometric analysis of the im-
munodecorated blots was performed using a Bio-Rad
densitometer (Bio-Rad 1650) in reflectance mode, at-
tached to a Hewlett Packard integrator (HP 33941).

Singlet oxygen was determined according to the
method of Lion et al. [38,39], in samples containing 10
mM TEMP, by measuring the EPR absorption of the
stable nitroxide radical (TEMPO) which is produced
from the reaction between 'O, and TEMP. In order to
avoid artifacts due to the production of N-hydroxyl-
amine from the nitroxide, samples were extracted into
ethylacetate and aired in the presence of catalytic
amount of PbO, before EPR spectroscopy, as de-
scribed earlier [19]. Spin trapping EPR spectroscopy
was performed in the presence of 67 mM DMPO
(5,5-dimethyl-1-pyrroline N-oxide) [40,41]. Neither
TEMP nor DMPO affected the photosynthetic activity
of thylakoids at the applied concentrations (data not
shown). Illumination of the spin traps only (i.e., in the
absence of thylakoids but under the same conditions as
in the experiments with thylakoids) did not result in an
EPR signal.

The interaction of 'O, with histidine was studied in
a reaction mixture containing 1 mM Toluidine blue,
100 mM histidine and 50 mM DMPO.

Free radical production during anaerobic photo-
inhibition was studied in argon atmosphere. Samples
were bubbled with argon for 10 min under dim light
before starting photoinhibition and the gas flow was
maintained above the sample during the whole course
of the experiment. The argon treatment, which re-
moved more than 95% of the oxygen from the sample
(as measured with an oxygen electrode, data not
shown), was applied instead the glucose - glucose-
oxidase - catalase system, because these enzymes may
modify the course of nitroxide formation.

The rate of the nitroxide formation, both the spin
adduct of DMPO and TEMPO, was measured in short
intervals. In order to achieve this, untreated samples
were pre-illuminated with high-intensity light, then
TEMP or DMPO was added to the illuminated suspen-
sion and photoinhibition was continued for 15~-20 min.
Samples were collected regularly during this period of
time and the rate of nitroxide production was calcu-
lated from the increase of EPR absorption (double
integral of the detected EPR signal). This way, the

decay of the nitroxide radicals into EPR-silent forms,
which occurs in the hours time-scale, did not distort
the data.

EPR spectra were measured with a Brucker ECS-106
spectrometer. X-band spectra were recorded at room
temperature with 9.45 GHz microwave frequency, 16
mW microwave power and 100 kHz modulation fre-
quency, as described earlier [42]. In order to insure
comparative EPR quantitation, all spectra of spin traps
in thylakoid membranes were measured under identi-
cal experimental conditions regarding both the samples
(volume, concentration, uniform sample holders and
the same central position in the cavity) and the EPR
parameters (constant gain and modulation). Data col-
lection and all calculations were performed utilizing
the spectrometer’s ECS-106 data acquisition software.

The general structural destruction of the photo-
synthetic membrane was estimated by measuring the
production of malondialdehyde (MDA) from 1 ml
alliquotes of samples photoinhibited for the time inter-
vals shown in the figures. MDA was detected on the
basis of its reaction with tiobarbituric acid yielding a
pink chromogen, which was measured spectrophoto-
metrically as AAs;, .., according to Ref. [43]. The
assay was calibrated using samples containing known
concentrations of 1,1,3,3-tetraecthoxypropane and un-
treated thylakoids.

3. Results

Extending our earlier study in which singlet oxygen
was trapped by a sterically hindered amine [19] we
have performed spin trapping EPR spectroscopy in
photoinhibited thylakoids with DMPO. The spin trap
itself is diamagnetic (has no EPR signal), but upon
reacting with a free radical its radical adduct is para-
magnetic (well detectable with EPR). The shape of the
EPR spectrum, determined by the hyperfine splitting
constants, is characteristic of the radical trapped by
DMPO [40,41,44].

Fig. 1A and B show EPR spectra of nitroxide radi-
cals produced in reactions between the free radicals
formed during acceptor-side- and donor-side-induced
photoinhibition in thylakoids, respectively, and the spin
trap DMPO. There was no detectable radical forma-
tion in untreated samples. (This also demonstrates the
purity of the spin trap, i.e., that the applied DMPO
was not contaminated or damaged during handling and
storage, the major source of artifacts in spin trapping
experiments [41].)

As shown in Fig. 1A, there is free radical production
during acceptor-side-induced photoinhibition. The free
radical dominant after 50 min and DMPO vyield a
nitroxide radical which gives a six line EPR spectrum
(marked with asterisks in Fig. 1). The hyperfine split-
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ting constants obtained from this spectrum (ay = 1.47
mT, af; =2.26 mT) are characteristic to a carbon cen-
tred, probably alkyl or hydroxyalkyl, adduct of DMPO
(DMPO-R) [44). The EPR spectrum calculated with
these hyperfine splitting constants is shown as the
upper trace of Fig. 1C. In thylakoids photoinhibited for
more than 50 min, an other type of nitroxide radical
(marked with circles in Fig. 1A) appears besides
DMPO-R. Its hyperfine splitting constants (ay = a¥ =
1.47 mT, see simulated spectrum in Fig. 1C) are the
same as the ones reported for DMPO-OH [41,44],
demonstrating that a small amount of hydroxyl radicals
are produced in the latter phase of photoinhibition.
Free radical production is markedly smaller in samples
undergoing anaerobic photoinhibition (compare the last
two traces in Fig. 1A). This indicates that the radicals
trapped during the acceptor-side-induced process, both
oxygen and carbon centred ones, are produced in a
reaction requiring oxygen.

Free radicals are also produced during the donor-
side-induced photoinhibition occurring in Tris-washed
thylakoids. However, contrary to the acceptor-side-in-
duced reactions, the hydroxyl radicals dominate this
process (Fig. 1B). More prolonged photoinhibition re-
sults in the appearance of other free radicals, too. The
EPR spectra in Fig. 1B illustrate that besides DMPO-
OH (circles), some DMPO-R (asterisks) is also present.
The last spectrum in Fig. 1B shows that, contrary to
the acceptor-side-induced process, these radicals are
produced at a high yield even in anaerobic samples.

The three-line EPR spectrum (marked with arrows
in Fig. 1B) is probably from DMPO molecules dam-
aged by some product of donor-side-induced photo-
inhibition. One possibility is that a strong oxidizing
agent replaces the B-hydrogen on a spin adduct of
DMPO. However, the direct oxidation of DMPO, simi-
lar to the reaction described by Floyd and Soong in the
study of free radical production in hematin [45], can
not be excluded, ecither. In both cases, the hyperfine
splitting in the oxidized DMPO product is provided by
the nitrogen atom only, which results in a three line
EPR spectrum, independently from the nature of the
trapped radical(s).

In a previous work we have demonstrated 'O, for-
mation during acceptor-side-induced photoinhibition.
It is very important to understand how 1O2 and free
radical formation are related to each other and to
protein and membrane damage. To this end we mea-
sured the rate of active oxygen production during
photoinhibition and compared these to the time-course
of photodegradation of the D1 protein and the mem-
brane structure. The production rate of free radicals
and singlet oxygen was measured in several, relatively
short time intervals, as the production rate of DMPO
spin adducts and TEMPO, respectively. The precursors
of these nitroxides (DMPO and TEMP, respectively)
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Fig. 2. (A) Production rates of TEMPO (0), DMPO-OH (®) and a
carbon centred free radical adduct of DMPO (M, DMPO-R) in
spinach thylakoids exposed to photoinhibition. Horizontal bars mark
the time interval in which the trapping rate represented by the
corresponding symbol was determined. (B) The kinetics of D1 pro-
tein degradation (M) and MDA production ( A ) during photoinhibi-
tion. The insets show immunoblots serving as the basis of D1
degradation data. For the immunoblot thylakoids were kept in the
dark for 180 min (a), photoinhibited for 30 (b), 90 (c), 120 (d) or 180
(e) min.

were only added to the sample at the beginning of
these intervals (see Materials and Methods for details).
Horizontal bars in Figs. 2A and 4A correspond to
these intervals in which the production rate repre-
sented by the matching symbol is valid. Besides the loss
of D1 protein, photodegradation was also charac-
terized by the production of malondialdehyde (MDA),
an indicator of lipid peroxidation and other breakdown
products of general membrane destruction [43,46].
During acceptor-side-induced photoinhibition active
oxygen formation is dominated by 1O2 (Fig. 2A). The
production rate of carbon centred radicals is increasing
during the first 40-50 min, although not as fast as the
rate of 'O, production (observed as TEMPO). After
this initial rise, DMPO-R is produced at an approxi-
mately constant rate, indicating that the carbon cen-
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Fig. 3. EPR spectra of the radical adduct trapped by DMPO in the
reaction mixture containing Toluidine blue and histidine in the dark
(upper trace) and during illumination in the presence of oxygen
(middle trace) or under anaerobic conditions {(lowest trace).

tred radicals are continuously yielded and trapped
(Fig. 2A). D1 protein degradation starts later than the
formation of 1O2 and DMPO-R. However, the time
range of intense D1 protein degradation agrees with
the range of constant ' 0O, and DMPO-R production,
while the late appearance of DMPO-OH corresponds
to the more general membrane damage featuring MDA
production after 90-100 min (compare Figs. 2A and
2B).

In order the examine the possibility of a connection
between 'O, and carbon centred radical production
during acceptor-side-induced photoinhibition we stud-
ied the free radicals generated from the interaction of
'0, and histidine. This amino acid was chosen because
histidine reportedly quenches 1O2 with a high rate [47]
and in PS II histidines provide the binding site for the
reaction centre chlorophyll [48,49], the proposed site of
1O2 production [10,16,19]. In this experiment 'O, was
generated photodinamically, from the interaction of a
triplet dye (illuminated Toluidine biue) and oxygen [50]
in the presence of the amino acid. The free radicals
yielded from this reaction were trapped with DMPO.
As it is shown in Fig. 3, the interaction of 'O, and
histidine resulted in the production of the same
DMPO-R radical adducts as the ones detected in thy-
lakoids during acceptor-side-induced photoinhibition.
The appearance of the characteristic six line EPR
spectrum required both illumination and the presence
of oxygen (Fig. 3), indicating that the amino acid re-
acted with the 'O, molecules which were produced
from oxygen in the photodynamic process. Similar EPR
spectra were observed when repeating the above exper-
iment with imidazole, but not with tyrosine (data not
shown).

Singlet oxygen and free radical production, D1 pro-
tein and membrane damage are shown during the
progress of donor-side-induced photoinhibition in Fig.
4. A striking distinction between acceptor and donor-
side-induced photoinhibition is the almost complete
absence of singlet oxygen production during the latter
process. Singlet oxygen is produced at a high rate from
the beginning of acceptor-side-induced photoinhibi-
tion, but we have failed to observe TEMPO production
in Tris-washed thylakoids exposed to high-intensity il-
lumination (compare hollow circles in Figs. 2A and
4A). The other, marked difference is that contrary to
acceptor-side photoinhibition, the dominant free radi-
cal species of donor-side-induced photodamage are
hydroxyl radicals, produced at a high rate from the
beginning of the process (full circles in Fig. 4A). The
production rate of DMPO-OH was increasing rapidly,
practically from the beginning of illumination. It
reached a constant level after about 30-40 min and
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Fig. 4. (A) Production rates of TEMPO (0), DMPO-OH (®) and a
carbon centred free radical adduct of DMPO (#, DMPO-R) in Tris
pre-treated spinach thylakoids exposed to photoinhibition. (B) The
kinetics of D1 protein degradation (W and MDA production (4) in
these samples. Data in (B) were obtained from samples which were
kept in the dark for 60 min (a), photoinhibited for 10 (b), 20 (c), 40
(d) or 60 (e) min. Other details are the same as for Fig. 2.
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this constant rate was maintained for the rest of the
process (Fig. 4A). Some carbon centred radicals appear
later (full squares in Fig. 4A), 50-60 min after the
onset of illumination, when MDA formation also be-
comes detectable (Fig. 4B). D1 degradation starts after
10-20 min of illumination, when hydroxyl radical pro-
duction has already reached an intense rate, and con-
tinues under the conditions of the high, constant level
of OH radical formation.

The degradation of D1 protein was about four times
faster in Tris-washed thylakoids than in untreated ones
(compare Figs. 2B and 4B). This ratio is smaller than
the one reported by Jegerschold et al. [26], which could
be explained by the lower light intensity applied in our
experiments. In agreement with the results of Hundal
[51], we also found that photoinhibition was accompa-
nied by MDA formation in its later phase. Examining
both acceptor- and donor-side-induced photodamage,
we found that MDA production was smaller in the
latter case (compare Figs. 2B and 4B).

D1 protein degradation during donor-side-induced
photoinhibition is probably initiated by the presence of
long lived, oxidizing radicals (Tyr; and P6807) at the
donor side of PS II [25-30]. In order to investigate the
possible connection between the presence of long lived
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Fig. 5. Comparison of (A) D1 protein degradation and (B) hydroxyl
radical production rate in Tris pre-treated thylakoids during photo-
inhibition in the presence of no additional chemicals (m), 20 mM
EDTA (a) or 5 mM MnCl, (e).

Tyr; (P680*) and hydroxyl radical production as well
as D1 protein degradation we modified the extent of
electron donation to the donor side of Tris-washed
thylakoids. In one experiment we used Mn?*, which
acts as an electron donor to PS II, most likely via
Tyr,, whose lifetime is therefore decreased [25]. Man-
ganese ions (added as MnCl,), delayed both D1 degra-
dation and hydroxyl radical formation (Fig. 5). The
opposite effect was observed when the manganese ions
which are loosened and inactive in oxygen evolution
but not completely removed from their binding site
during the Tris-washing were extracted with EDTA.
The addition of EDTA increases the lifetime of Tyry
in Tris-treated samples (Vass, I. and Ghanotakis, D.,
unpublished) and in our experiment it accelerated the
damage of D1 protein as well as the increase of OH*
production rate (Fig. 5). The above results indicate that
D1 degradation and OH* production are both influ-
enced by the rate of electron donation to Tyr; and
P680*.

4, Discussion

In addition to our earlier results demonstrating the
production of singlet oxygen in photodamaged thy-
lakoids [19,52] we show that 'O, is only produced if
photoinhibition is initiated by the impairment of PS 11
acceptor side: there is no detectable 'O, production in
Tris-washed thylakoids undergoing donor-side-induced
photoinhibition (Figs. 2A and 4A). This is consistent
with the model deriving singlet oxygen in thylakoids
from the reaction between ground state oxygen (302)
and the triplet reaction centre chlorophyll (*P680)
formed as a result of acceptor-side damage [10-13]. In
donor-side-photoinhibited samples the dominant light-
induced state of P680 is not the triplet but the radical
cation state (P680*) [25-30]; hence, the above singlet
oxygen yielding reaction is not likely to occur. This
difference between the two types of photodamage has
been supported by the observation that donor-side-in-
duced photoinhibition does not require the presence of
oxygen [32,33] and it is now further confirmed by our
data demonstrating that the anaerobic condition sup-
presses radical formation during acceptor-side-induced
photoinhibition but it has little effect on the donor-
side-induced process (Fig. 1).

Our experiments with the spin trap DMPO prove
that both acceptor-side- and donor-side-induced photo-
inhibition are accompanied by free radical production
(Fig. 1). This is in agreement with earlier suggestions
that free radicals may be involved in the photodamage
of D1 [22-24]. Various oxygen radicals (hydroxyl, per-
oxide, superoxide) form nitroxides with DMPO which
have characteristic, well-distinguishable EPR spectra
[40,41,44]. This way, the use of this spin trap enabled
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us to identify the radicals trapped during the process.
The hyperfine splitting constants from EPR spectra of
the spin trapped DMPO adducts demonstrate that
while donor-side-induced photoinhibition was domi-
nated by hydroxyl radical formation, acceptor side in-
duced photoinhibition initiated the production of car-
bon centred, probably alkyl or hydroxyalkyl, radicals
(Fig. 1). These were among the ones found earlier in
chloroplasts exposed to an other type of stress: methyl-
viologen poisoning {53,54).

The superoxide radicals suggested to damage hy-
droxylamine pre-treated, photoinhibited PS II mem-
branes in a study by Chen et al. [31] were not detected
in our experiment. Because various spin adducts of
DMPO may be converted to DMPO-OH by chemical
or enzymatic processes [55], it can not be excluded that
some other oxygen radicals, e.g., superoxide, are also
present but they are detected as DMPO-OH. However,
this process can not appear as a major artifact, because
DMPO is reportedly applicable for the detection of
superoxide in thylakoids, if these radicals dominate the
process [53]. This way, while our spectra demonstrate
that donor-side-induced photoinhibition is dominated
by hydroxyl radicals, the contribution of other free
radicals (of which carbon centred ones are directly
detected) can not be excluded either. Our observation
of DMPO-OH during donor-side-induced photoinhibi-
tion suggests that the failure of its detection in the
acceptor-side-induced process is not due to a limited
access of DMPO to the production site, as suggested in
a forthcoming publication of Shiraishi et al. [56], but
rather to the much lower production rate of OH*
during acceptor-side-induced photodamage, as com-
pared to other radicals.

Comparing the kinetics of D1 damage and the yield
of DMPO adducts demonstrates that, during the
progress of both types of photoinhibition, the produc-
tion rate of the dominant free radical increases prior to
the loss of D1 (Figs. 2 and 4). This implies that the
radicals are formed in PS II centres damaged by photo-
inhibition and may be involved in the sequence of
events leading to D1 degradation. This is supported by
the observation that radical production during accep-
tor-side-induced photoinhibition requires oxygen (Fig.
1A), similarly to singlet oxygen formation and D1
degradation [3,10], while donor-side-induced D1 dam-
age [32,33] and free radical production (Fig. 1B) pro-
ceeds in the absence of oxygen. Participation of free
radicals in damaging the D1 protein would also be in
line with earlier reports on the partial protection of D1
against photoinhibition by free radical scavengers
[22-24].

In acceptor-side photoinhibition, singlet oxygen or
its products were suggested to initiate the D1 protein
degradation [10,19,21]. The data presented here show
that the degradation process is accompanied mainly

with carbon centred radicals, contrary to other sugges-
tions on the participation of hydroxyl radicals [57].
Since high yields of radical production were observed
earlier than the start of D1 protein degradation but
later than the onset of singlet oxygen production, it is
possible that the radicals are produced in a radical
cascade initiated by 1O2 and participate in the attack
on DI1. This is supported by our observation that the
attack of 1O2 on histidine yields carbon-centred radi-
cals in a model experiment (Fig. 3). In the histidine
molecule 1O2 is captured by the imidazole ring result-
ing in the formation of an unstable trans-annular per-
oxide which quickly decomposes [58]. These data imply
that the carbon centred radical trapped in the model
experiment (also detected from 102+ imidazole, not
shown) is a breakdown product of histidine. This way,
the observation of this radical in thylakoids during
acceptor-side-induced photoinhibition suggests the fol-
lowing model: Acceptor-side impairment of PS II re-
sults in the formation of *P680 [10-13] and conse-
quently 'O, [10,16,17]. Singlet oxygen attacks crucial
histidine residues of the reaction centre (e.g., those
which bind chlorophylls). The breakdown of histidine
yields carbon centred radicals and results in a (possibly
conformational) modification of the reaction centre
making D1 accessible to proteolytic degradation. The
carbon-centred radicals may participate in the further
fragmentation of the D1 protein, but the precise mech-
anism of this process has yet to be established.

This model provides a straightforward explanation
for the specific bleaching of P680 observed in isolated
reaction centre complexes during photoinhibition
[21,28] as a consequence of the damage in the ligating
histidine residues. On the other hand, a direct attack
of 1O2 on P680 which has been suggested as the
triggering event of D1 degradation [21,59] parallel to
the damage of histidines can not be excluded, either.
However, the similarity of this reaction (involving illu-
minated chlorophyll, oxygen and amino acids) to the
ones used in model experiments in which the photody-
namically generated singlet oxygen is always likely to
react with proteins than with its substrate dye ([58] and
references therein) favours the former possibility:
bleaching of the reaction centre chlorophyll as a conse-
quence of amino acid damage.

In Tris-washed thylakoids photoinhibition is domi-
nated by hydroxyl radicals. Because the most character-
istic feature of donor-side-induced photodamage is the
formation of the unusually long-lived, strong oxidizing
radicals (P680" and Tyrj) [25-30], it has been sug-
gested that they could initiate the damage via oxidizing
nearby amino acid residues or electron transport com-
ponents [30]. A plausible explanation of our data is
that the observed hydroxy! radicals are produced in
these oxidizing reactions. However, while there are
several reports on hydroxyl radical attack on proteins
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(for review see Ref. [60]) making them susceptible to
proteolytic hydrolysis [61,62], we have failed to find
reference to cation radical attack on amino acids yield-
ing hydroxyl radicals. Nevertheless, our data demon-
strate that hydroxyl radicals are produced and the
time-course of their production rate, as well as that of
D1 degradation, was delayed by the increase and accel-
erated by the decrease in the life-time of the oxidizing
cation radicals (Fig. 5). Further implication of the
connection between the two features is that neither
hydroxyl radical production (Fig. 1B) nor D1 protein
degradation is suppressed in the absence of oxygen
[32,33]. These similarities suggest that hydroxyl radicals
may be involved in the process targeting the protein for
degradation and perhaps also participate in the break-
down process.

The exact mechanism of free radical attack on D1 is
not yet understood. Recent experiments with free radi-
cals generated by radiolysis show that protein damage
by radicals can lead to unfolding as a result of amino
acid oxidation, decarboxylation or deamination [60-62].
This way, the free radicals generated during photo-
inhibition may promote the exposure of D1 to the
proposed protease [4]. However, it is noteworthy that
OH* production is driven at high rates even in the late
phase of photoinhibition when most of the D1 protein
is already damaged. Under these conditions no primary
charge separation and therefore neither Tyr; nor
P680* formation is expected. A possible explanation is
the onset of other hydroxyl radical yielding reactions as
a consequence of a more general membrane photo-
damage in reaction centres lacking D1. The presence
of more complex radical sources in this late phase than
in the earlier (D1 protein degrading) stage of photo-
inhibition is supported by the appearance of the
donor-side-induced carbon centred radicals (Fig. 4B)
(which, contrary to the ones dominating the acceptor-
side-induced process are also produced under anaero-
bic conditions, Fig. 1B) and by the increase in the
amount of damaged DMPO molecules (data not
shown).

It is a common characteristic of both acceptor- and
donor-side-induced photoinhibition that the first part
of the process, in which D1 is degraded to about
60-70%, features only one type of free radical: radicals
other than the dominant one are only detected in the
later phase of damage (Figs. 2 and 4). Because MDA
production (an indicator of lipid peroxide radicals and
other membrane degradation products) is also charac-
teristic to this later phase, we assume that the reactions
yielding several different types of radicals (as it is
discussed above, DMPO-OH can show some superox-
ide or peroxide, too) are associated with a more com-
plex, more general membrane damage, possibly involv-
ing lipids or other proteins, too. The observed differ-
ence in MDA production between samples undergoing

acceptor- and donor-side-induced photoinhibition may
imply that the pathway of this late damage is different
in the two types of sample. However, because the
MDA assay is easily affected by the chemistry of the
sample (e.g., the presence of strong oxidizers [46]), it
can not be excluded that the data are distorted by
artifacts more dominant in samples suffering donor-
side-induced photodamage.

The difference in the pathway of radical reactions,
featuring singlet oxygen and the carbon centred radical
in acceptor-side-induced photoinhibition in contrast to
P680" and hydroxyl radicals in donor-side-induced
photoinhibition might be correlated with the different
pattern of D1 protein fragments observed in the two
types of photodamage [63,64].

The appearance of free radicals prior to the onset of
D1 protein degradation but following singlet oxygen or
P680* formation implies that these radicals are in-
volved in the events leading to the degradation of the
D1 protein in both types of photodamage, as interme-
diates. However, the possibility that the observed free
radicals are produced in the photoinhibited centres,
independently from or as by-product of D1 protein
degradation can not be excluded either.

Acknowledgements

This work was supported by research grants from
the Hungarian Academy of Sciences (OTKA /III-888,
OTKA/6241) and UNIDO-ICGEB(GE/ GLO/ 89/
001 No. 91/54). We thank Dr. Roberto Barbato (De-
partment of Biology, University of Padova, Italy) for
his gift of the antibodies and Professor Kialman Hideg
(Central Research Laboratory of Chemistry, Medical
University of Pécs, Hungary) for providing us high
purity TEMP and DMPO.

References

[1] Powles, S.B. (1984) Annu. Rev. Plant Physiol. 35, 15-44.

[2] Barber, J. and Andersson, B. (1992) Trends Biochem. Sci. 17,
61-66.

[3] Prasil, O., Adir, N. and Ohad, 1. (1992) in Topics in Photo-
synthesis, The Photosystems: Structure, Function and Molecular
Biology (Barber, J., ed.), Vol. 11, pp. 220-250, Elsevier, Amster-
dam.

[4] Aro, E.-M., Virgin, I. and Andersson, B. (1993) Biochim. Bio-
phys. Acta 1134, 113-134.

[5] Namba, O. and Satoh, K. (1987) Proc. Natl. Acad. Sci. USA 84,
109-112.

[6] Andersson, B. and Styring, S. (1991) in Current Topics in
Bioenergetics (Lee, C.P., ed.), Vol. 16, pp. 1-81, Academic
Press, San Diego.

[7) Andersson, B., Salter, H.A., Virgin, 1., Vass, 1. and Styring, S.
(1992) J. Photochem. Photobiol. B. Biol. 15, 15-31.



152 E. Hideg et al. / Biochimica et Biophysica Acta 1186 (1994) 143152

[8] Setlik, 1., Allakhverdiev, S.I., Nedbal, L., Setlikova, E. and
Klimov, V.V. (1990) Photosynth. Res. 23, 39-48.
[9] Styring, S., Virgin, I., Ehrenberg, A. and Andersson, B. (1990)

Biochim. Biophys. Acta 1015, 269-278.

{10] Vass, 1., Styring, S., Hundall, T., Koivuniemi, A., Aro, E.-M. and
Andersson, B. (1992) Proc. Natl. Acad. Sci. USA 89, 1408-1412.

{11] Van Miegen, F.J.E., Nitschke, W., Matis, P. and Rutherford,
A.W. (1989) Biochim. Biophys. Acta 977, 207-214.

{12] Van Mieghen, F.J.E., Searle, G.F.W., Rutherford, A W. and
Schaafma, T.J. (1992) Biochim. Biophys. Acta 1100, 198-206.

[13] Vass, 1. and Styring, S. (1993) Bichemistry 32, 3334-3341.

[14) Elstner, E.F. (1987) in The Biochemistry of Plants (Davies,
D.D, ed.), Vol. 11, pp. 253-315, Academic Press, San Diego.

{15] Asada, K. and Takahashi, M. (1987) in Topics in Photosynthesis,
Photoinhibition (Kyle, D.J., Osmond, C.B. and Arntzen, Ch.J.,
eds.), Vol. 9, pp. 227-288, Elsevier, Amsterdam.

{16] Durrant, J.R., Giorgi, L.B., Barber, J., Klug, D.R. and Porter,
G. (1990) Biochim. Biophys. Acta 1017, 167-175.

{17] Macpherson, A.N., Telfer, A., Barber, J. and Truscott, T.G.
(1993) Biochim. Biophys. Acta 1143, 301-309.

[18] Vass, 1. and Styring, S. (1992) Bichemistry 31, 5957-5693.

[19] Hideg, E., Spetea, C. and Vass, 1. (1994) Photosynth. Res. 39,
191-199.

[20] Aro, E.-M., Hundal, T., Carlberg, 1. and Andersson, B. (1990)
Biochim. Biophys. Acta 1019, 269-275.

[21] De Las Rivas, J. Shipton, C.A., Ponticos, M. and Barber, J.
(1993) Biochemistry 32, 6944-6950.

[22] Richter, M., Riihle, W. and Wild, A. (1990) Photosynth. Res. 24,
237-243.

[23] Sopory, S.K., Greenberg, B.M., Mehta, R.A., Edelman, M. and
Mattoo, A.K. (1990) Z. Naturforsch. 45C, 412-417.

[24] Mishra, N.P., Mishra, R.K. and Singal, G.S. (1993) J. Pho-
tochem. Photobiol. B. Biol. 19, 19-24.

[25) Eckert, H.-J., Geiken, B., Bernarding, J., Napiwotzki, A., Eich-
ler, H.-J. and Renger, G. (1991) Photosynth. Res. 27, 97-108.

[26] Jegerschdld, C., Virgin, I. and Styring, S. (1990) Biochemistry
29, 6179-6186.

[27) Blubaugh, D.J. and Cheniae, G.M. (1990) Biochemistry 29,
5109-5118.

[28] Telfer, A., De Las Rivas, J. and Barber, J. (1991) Biochim.
Biophys. Acta 1060, 106-114.

[29] Blubaugh, D.J., Atamian, M., Babcock, G.T., Golbeck, J.H. and
Cheniae, G.M. (1991) Biochemistry 30, 7586-7597.

{30) Thompson, LK. and Brudwig, G.W. (1988) Biochemistry 27,
6653-6658.

{31] Chen, G.-X., Kazimir, J. and Cheniae, G.M. (1992) Biochem-
istry 31, 11072-11083.

[32] Jegerschold, C. and Styring, S. (1991) FEBS Lett. 280, 87-90.

{33] De Las Rivas, J., Andersson, B. and Barber, J. (1992) FEBS
Lett. 301, 246-252.

{34] Takahashi, M. and Asada, K. (1982) Plant Cell Physiol. 23,
1457-1461.

[35] Andersson, B. and .&kerlund, H.-E. (1987) in Topics in Photo-
synthesis, The Light Reactions (Barber, J., ed.), pp. 379-420,
Elsevier, Amsterdam.

[36] Wydrzynski, T., Huggins, B.J. and Jursinic, P.A. (1985) Biochim.
Biophys. Acta 809, 125-136.

[37) Barbato, R., Friso, G., Giardi, M.T., Rigoni, F. and Giacometti,
G.M. (1991) Biochemistry 30, 10220-10226.

{38] Lion, Y., Delmelle, M. and Van de Vorst, A. (1976) Nature 263,
442443,

[39] Lion, Y., Gandin, E. and Van de Vorst, A. (1980) Photochem.
Photobiol. 31, 305-309.

[40] Janzen, E.G. (1971) Acc. Chem. Res. 4, 31-39.

[41] Evans, C.A. (1979) Aldrichim. Acta 12, 23-29.

[42] Hideg, E. and Vass, 1. (1993) Photochem. Photobiol. 58, 280-283.

[43] Heath, R.L. and Packer, L. (1968) Arch. Biochem. Biophys. 125,
189-198.

[44] Janzen, E.G. and Liu, J., L-Ping (1973) J. Magn. Reson. 9,
510-512.

{45] Floyd, R.A. and Soong, L.M. (1977) Biochim. Biophys. Res.
Commun. 74, 79-84.

{46]) Halliwell, B. and Gutteridge, JM.C. (1989) Free Radicals in
Biology and Medicine, Clarendon, Oxford.

{47] Matheson, 1.B.C., Etheridge, R.D., Kratowich, N.R. and Lee, J.
(1975) Photochem. Photobiol. 21, 165-171.

[48] Trebst, A. (1986) Z. Naturforsch. 41C, 240-245.

{49] Michel, H. and Diesenhofer, J. (1988) Biochemistry 27, 1-7.

[50] Pottier, R., Bonneau, R. and Joussot-Dubien, J. (1975) Pho-
tochem. Photobiol. 22, 59-61.

[51] Hundal, T. (1992) Ph.D. Thesis, Stockhoim University, ISBN-91-
7153-068-1, Akademitryck AB, Edsbruk.

[52] Hideg, E., Spetea, C. and Vass, 1. (1994) in Frontiers of Reac-
tive Oxygen Species in Biology and Medicine (Asada, K. and
Yoshikawa, T., eds.), Kluwer, Dordrecht, in press.

[53) Harbour, J.R. and Boiton, J.R. (1975) Biochim. Biophys. Res.
Commun. 3, 803-807.

[54) Hirtel, H., Haseloff, R.F., Ebert, B. and Rank, B. (1992) J.
Photochem. Photobiol. 12, 375-387.

[55] Pou, S., Hassett, D.J., Britigan, B.E., Cohen, M.S. and Rosen,
G.M. (1989) Anal. Biochem. 177, 1-6.

[56] Shiraishi, T., Takahashi, M. and Asada, K. (1994) in Frontiers of
Reactive Oxygen Species in Biology and Medicine (Asada, K.
and Yoshikawa, T., eds.), Kluwer, Dordrecht, in press.

[57] Kyle, D.J. (1987) in Topics in Photosynthesis, Photoinhibition
(Kyle, D.I., Osmond, C.B. and Arntzen, Ch.J., eds.), Vol. 9, pp.
196225, Elsevier, Amsterdam.

[58] Kiraljic, 1. and El Mohsni, S. (1978) Photochem. Photobiol. 28,
577-581.

[59] Shipton, C.A. and Barber, J. (1991) Proc. Natl. Acad. Sci. USA
88, 6691-6695.

[60] Dean, T.R., Gieseg, S. and Davies, M.J. (1993) Trends Biochem.
Sci. 18, 437-441.

[61] Wolff, S.P. and Dean, R.T. (1986) Biochem. J. 234, 399-403.

[62) Davies, K.J.A. (1987) J. Biol. Chem. 262, 9895-9901.

[63] Saiter, A.H., Virgin, I., Hagman, A. and Andersson, B. (1992)
Biochemistry 31, 3990-3998.

[64] Barbato, R., Shipton, C.A., Giacometti, G.M. and Barber, J.
(1991) FEBS Lett. 290, 162-166.



