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ABSTRACT: The photogeneration of hydroxyl radicals (OH•) in photosystem II (PSII) membranes was
studied using EPR spin-trapping spectroscopy. Two kinetically distinguishable phases in the formation of
the spin trap-hydroxyl (POBN-OH) adduct EPR signal were observed: the first phase (t1/2 ) 7.5 min)
and the second phase (t1/2 ) 30 min). The generation of OH• was found to be suppressed in the absence
of the Mn-complex, but it was restored after readdition of an artificial electron donor (DPC). Hydroxyl
radical generation was also lost in the absence of oxygen, whereas it was stimulated when the oxygen
concentration was increased. The production of OH• during the first kinetic phase was sensitive to the
presence of SOD, whereas catalase and EDTA diminished the production of OH• during the second kinetic
phase. The POBN-OH adduct EPR signal during the first phase exhibits a similar pH-dependence as the
ability to oxidize the non-heme iron, as monitored by the Fe3+ (g ) 8) EPR signal: both EPR signals
gradually decreased as the pH value was lowered below pH 6.5 and were absent at pH 5. Sodium formate
decreases the production of OH• in intact and Mn-deleted PSII membranes. Upon illumination of PSII
membranes, both superoxide, as measured by EPR signal from the spin trap-superoxide (EMPO-OOH)
adduct, and H2O2, measured colormetrically, were generated. These results indicated that OH• is produced
on the electron acceptor side of PSII by two different routes, (1) O2

•-, which is generated by oxygen
reduction on the acceptor side of PSII, interacts with a PSII metal center, probably the non-heme iron, to
form an iron-peroxide species that is further reduced to OH• by an electron from PSII, presumably via
QA

-, and (2) O2
•- dismutates to form free H2O2 that is then reduced to OH• via the Fenton reaction in the

presence of metal ions, the most likely being Mn2+ and Fe2+ released from photodamaged PSII. The two
different routes of OH• generation are discussed in the context of photoinhibition.

Photosystem II (PSII)1, a pigment-protein complex em-
bedded in the thylakoid membrane of higher plants, algae,
and cyanobacteria, catalyzes the light-driven oxidation of
water and reduction of plastoquinone (1-5). As a byproduct
of the photosynthetic oxidation of water, molecular oxygen
is evolved. Molecular oxygen acts in two different ways in
the photosynthetic processes: (1) O2 is used as a sink for
electrons (e.g., in the absence of CO2) (6), and (2) O2 is a
source of reactive oxygen species (ROS), which are known
to attack proteins, lipids, or nucleic acids (7, 8). Oxygen is
reduced in successive univalent reactions to form superoxide

radical (O2
•-), hydrogen peroxide (H2O2), and hydroxyl

radical (OH•) (Scheme 1A). While O2•- and H2O2 are
relatively unreactive, OH• is highly reactive and therefore
potentially dangerous for PSII components (9).

The light-induced formation of O2•- produced by PSII was
demonstrated either indirectly by an assay involving cyto-
chromec reduction in the presence of xanthine/xanthine
oxidase (10) or directly by voltametric methods (11). EPR
evidence for the production of O2•- in PSII membranes was
provided by using the spin trap compound DEPMPO (12,
13). It was proposed that O2•- is formed by the reduction of
molecular oxygen on the electron acceptor side of PSII, and
either Pheo- or QA

- were suggested to be the reductant for
O2 (10, 11). Superoxide was also proposed to be formed by
the one-electron oxidation of H2O2 by a strong oxidant on
the electron donor side of PSII (14, 15).

Whereas the production of O2•- is rather uncontroversial,
the site and mechanism by which H2O2 is produced are a
matter of debate. H2O2 was shown to be produced in PSII
depleted of the 17, 23, and/or 33 kDa extrinsic proteins (16-
18) and also Cl--depleted PSII (19-21). The production of
H2O2 was suggested to originate from the dismutation of O2

•-

generated on the PSII electron acceptor side (22, 17). The
cyt b559 or the non-heme iron were suggested as the most
feasible candidates for SOD activity in PSII (10, 12, 23, 24).
On the other hand, several authors suggested that H2O2 was
produced on the PSII donor side (17-19, 21, 25). A short-
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circuiting of the S-state cycle (19) or nucleophilic attack of
a hydroxo ligand by a terminal oxo group of the Mn-complex
(26) were proposed as potential mechanisms for H2O2

production on the PSII donor side.
In addition to O2

•- and H2O2, illumination of PSII
membranes was shown to result in the formation of OH• (27).
The authors demonstrated by using the DMPO spin trap that
production of OH• is enhanced in the presence of copper
and suppressed in the absence of oxygen. Navari-Izzo et al.
(12) showed by using the DEPMPO spin trap that production
of OH• is accompanied by the generation of O2

•-. Other
authors suggested that in addition to the catalase-mediated
disproportionation of H2O2, free metal ions or the non-heme
iron in PSII cause disproportionation of H2O2 probably by
its reduction to OH• (28). The production of both O2•- and
OH• has been recently demonstrated in the presence of either
pheonolic or urea-type herbicides (29). The authors demon-
strated by using the EMPO spin trap, which can be used to
trap both O2

•- and OH•, that in the presence of DCMU the
production of O2

•- is eliminated by SOD, whereas the
production of OH• is diminished by catalase. Using the
DMPO spin trap, Hideg et al. (30) showed that in Mn-
depleted thylakoid membranes OH• is produced by an
oxidizing reaction on the PSII donor side. The production
of OH• has also been recently demonstrated in the isolated
light-harvesting proteins (LHCII) (31). This seems to be a
singlet oxygen mediated phenomenon associated with the
detergent-isolated complexes and so is probably unrelated
to the effects seen in the present work.

For a long time, the production of OH• in biological
systems was believed to occur by the Fenton reaction, well-
known in inorganic chemistry, i.e., the reduction of free H2O2

mediated by free metal ions such as Fe2+, Mn2+, or Cu+

(Scheme 1B) (7, 8, 32, 33). Several lines of evidence have
been given supporting the suggestion that in addition to free
H2O2, OH• might be produced by the reduction of peroxide
bound to a metal center (Scheme 1C) (33-38). Whereas the
Fenton reaction involves outer-sphere electron transfer with
no direct binding of peroxide to iron, the reduction of bound
peroxide proceeds as an inner-sphere electron transfer process
that strictly requires direct binding of peroxide to iron.
Several iron-peroxide complexes have been proposed to be
intermediates in the enzymatic reaction pathway of cyto-
chrome P450 (39), bleomycin (40), heme oxygenase (41),
or superoxide reductase (42-44).

In the present study, EPR spin-trapping spectroscopy was
used to investigate light-induced OH• production in PSII

membranes. Evidence is given that indicates that OH• is
produced by two reaction pathways: (1) the reduction of
peroxide bound to PSII metal center (probably the non-heme
iron, although the cytochrome b559 heme is not ruled out),
and (2) the reduction of free H2O2 mediated by free metal
ions, the most likely being Mn2+ and Fe2+ (i.e., via the Fenton
reaction).

MATERIALS AND METHODS

Sample Preparation.PSII membranes from spinach were
prepared using the method of Berthold et al. (45) with the
modifications described in Ford and Evans (46) and stored
at -80 °C until use in 0.4 M sucrose, 15 mM NaCl, 5 mM
MgCl2, and 40 mM Mes (pH 6.5). Mn-depleted PSII
membranes were prepared by incubation of PSII membranes
in a buffer containing 5 mM NH2OH, 0.4 M sucrose, 15
mM NaCl, 5 mM MgCl2 and 40 mM Mes (pH 6.5) for 1 h
at 4°C. After treatment, PSII membranes were washed twice
in the same buffer without NH2OH.

Photoinhibitory Treatment.Photoinhibition was performed
by illuminating the PSII membranes (150µg of Chl mL-1)
in a glass tube with a diameter of 1.5 cm at 20°C with a
continuous white light, intensity 3000µmol m-2 s-1. A water
filter and Calflex IR filter were used for heat protection, and
the samples were stirred during the treatment. At given time
points, the oxygen evolution activity and H2O2 were mea-
sured.

Measurements of Light-Induced Production of O2 and
H2O2. Photosynthetic oxygen evolution was measured in PSII
membranes (30µg of Chl mL-1) with a Clark-type electrode
(Hansatech) using 1 mMp-phenylbenzoquinone as an
electron acceptor. Production of H2O2 was measured in PSII
membranes (5µg of Chl mL-1) by oxidation of 1 mM
thiobenzamide with 0.1 mM lactoperoxidase (22). Thiobenz-
amide sulfoxide was quantified by its absorbance at 370 nm
(extinction coefficient 2.92 103 M-1 cm-1).

Room-Temperature Spin-Trapping EPR Measurements.
The spin-trapping was accomplished by either POBN,
4-pyridyl-1-oxide-N-tert-butylnitrone (Sigma-Aldrich) or
EMPO, 5-(ethoxycarbonyl)-5-methyl-1-pyrrolineN-oxide
(Alexis Biochemicals). PSII membranes (150µg of Chl
mL-1) in glass capillary tubes (internal diameter of 1 mm)
were put into quartz EPR tubes (internal diameter of 3 mm)
and illuminated directly in the cavity of the EPR spectrometer
with continuous white light (3000µmol m-2 s-1 at the cavity
window, light was filtered through 4 cm of water and Calflex
IR filter). For detection of OH•, illumination was done in
the presence of 10 mM POBN, 170 mM ethanol, and 25
mM Mes (pH 6.5). For detection of O2•-, 25 mM EMPO,
100 µM DTPA, and 25 mM Mes (pH 6.5) was used. At a
given time, the light was turned off and the appropriate spin
trap-radical adduct EPR spectrum was collected. For mea-
surements of the time dependence of the POBN-OH adduct
EPR signal, the center-field line of the POBN-OH adduct
EPR spectrum (indicated by the arrow in Figure 1A) was
measured as a function of time during sample illumination.
In some measurements, bovine liver catalase (EC 1.11.1.6)
(5000 units mL-1), horseradish SOD (EC 1.15.1.1) (400 units
mL-1), 1 mM DPC, 1 mM NH2OH, 30 µM DCPIP, and 1

Scheme 1a

a (A) Successive univalent reduction of molecular oxygen to OH•.
The reaction pathway involves (1) one-electron reduction of molecular
oxygen to O2

•-, (2) dismutation of O2•- to H2O2, and (3) one-electron
reduction of H2O2 to OH•. (B) Iron-driven reduction of H2O2 to OH•

via Fenton reaction. (C) Iron-driven reduction of bound peroxide to
OH• via iron-oxo intermediate.
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mM EDTA were added before illumination, as indicated in
the text.

Low-Temperature EPR Measurements.PSII membranes
(5 mg of Chl mL-1) were illuminated in calibrated quartz
EPR tubes in the EPR cavity under the same conditions as
the sample for the spin-trapping EPR measurements. After
illumination, the sample was dark-adapted for 10 min on
ice and then subjected to further treatment to generate the
appropriate EPR signals. For measurements of the QA

-Fe2+

EPR signal, the sample was illuminated at 200 K for 10 min
in the presence of 100 mM sodium formate (47, 48). For
measurements of the Fe3+ signal, PSII membranes were
incubated in the presence of 5 mM potassium ferricyanide
for 30 min on ice in the dark (49).

EPR Spectrometer.EPR spectra were recorded with a
X-band EPR spectrometer (9.1 GHz, Bruker ESP 300,
Karlsruhe, Germany) equipped with an Oxford cryostat and
temperature controller (Oxford/UK). The microwave fre-
quency and magnetic field were measured with a microwave
frequency counter HP 5350B and a Bruker ER035M NMR
gaussmeter, respectively. The data acquisition and data
handling were performed with the ESP300 software. The
EPR settings were as indicated in the figure legend.

RESULTS

OH• Production in PSII. The light-induced production of
OH• in PSII membranes was measured using EPR spin-
trapping spectroscopy. The spin-trapping was accomplished
in the presence of the spin trap compound POBN, which
reacts with OH• to form the POBN-OH adduct. No EPR
signal was observed in nonilluminated PSII membranes
(Figure 1A, trace a), whereas illumination with continuous
white light results in the generation of the POBN-OH adduct
EPR signal (Figure 1A, traces b-d). The six-line spectra
show all the characteristics of the POBN-OH adduct EPR
spectra as reported in the literature (50, 51). Figure 1A (trace
e) shows POBN-OH adduct EPR spectrum formed by
addition of Fe2SO4 to H2O2. The gradual increase in the
POBN-OH adduct EPR signal with illumination time indi-
cates that exposure of PSII membranes to light results in
the gradual production of OH•.

To monitor the real-time production of OH• under il-
lumination, the time dependence of light-induced formation
of the POBN-OH adduct EPR signal was measured. As is
evident from Figure 3A (trace a), the POBN-OH adduct EPR

FIGURE 1: (A) Light-induced POBN-OH adduct EPR spectra
measured in PSII membranes after illumination for (a) 0, (b) 5, (c)
15, and (d) 45 min. The spectra were recorded in the presence of
10 mM POBN, 170 mM ethanol, 150µg of Chl mL-1 and 25 mM
MES (pH 6.5). The spectrum (e) was obtained by addition of 100
µM Fe2SO4 to 50µM H2O2 in the presence of 10 mM POBN and
170 mM ethanol. The spectrum (f) was generated by incubation of
mixtures contained 1 mM xanthine and 0.05 U mL-1 xanthine
oxidase in the presence of 10 mM POBN and 170 mM ethanol.
(B) Light-induced EMPO-OOH adduct EPR spectra measured in
PSII membranes after illumination for (a) 0, (b) 5, (c) 15, (d) 30,
and (e) 45 min. The spectra were recorded in the presence of 25
mM EMPO, 100µM DTPA, 150 µg of Chl mL-1 and 25 mM
MES (pH 6.5). In traces b and c, EMPO was present during the
whole period of illumination. In traces d and e, PSII membranes
were first preilluminated in the absence of EMPO for 25 and 40
min, respectively, and then illuminated for 5 min in the presence
of EMPO to complete the illumination period. The spectrum (f)
was generated by incubation of mixtures contained 1 mM xanthine
and 0.05 U mL-1 xanthine oxidase in the presence of 100µM
DTPA and 25 mM EMPO. The spectrum (g) was obtained by
addition of 100µM Fe2SO4 to 50 µM H2O2 in the presence of 25
mM EMPO. In both (A) and (B), the sample was illuminated
directly in the EPR cavity with continuous white light of 3.000
µmol m-2 s-1 prior to the measurements. EPR conditions: micro-
wave power, 1 mW (A) and 3 mW (B); modulation amplitude, 1
G; modulation frequency, 100 kHz; conversion time, 81.92 ms;
and time constant, 1.280 ms.

FIGURE 2: (A) Light-induced production of H2O2 in PSII mem-
branes measured (a) in the presence and (b) in the absence of O2.
PSII membranes were illuminated in the presence of 1 mM
thiobenzamide with 0.1 mM lactoperoxidase under the same
conditions as in Figure 1. In (b) O2 was removed by bubbling of
the sample with a gentle stream of argon for 30 s. (B) Photoinhi-
bition of PSII membranes measured as oxygen evolution activity
in the presence of 1 mMp-phenylbenzoquinone. In the control PSII
membranes the oxygen evolving activity was 668µmol of O2 (mg
of Chl)-1 h-1. To clearly see a biphasic loss of oxygen evolution
a logarithmic scale is used. (C) Release of manganese from PSII
membranes measured by six-line hexaquo-Mn2+ EPR signal. The
height of signal was calculated as the sum of the amplitudes of
three low-field lines. Total concentration of Mn2+ was determined
in the presence of 0.5 M HCl (55). Inset shows six-line hexaquo-
Mn2+ EPR signal measured after illumination for (a) 0 and (b) 45
min. EPR conditions: temperature, 20 K; microwave power, 32
mW; modulation amplitude, 22 G; modulation frequency, 100 kHz.
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signal increases in two phases: the first phase (t1/2 ) 7.5
min) and the second phase (t1/2 ) 30 min).

O2
•- Production in PSII.A recently developed spin trap

compound EMPO (52, 53) was used to monitor the produc-
tion of O2

•- in PSII membranes (21). No EPR signal was
observed in nonilluminated PSII membranes showing that
no O2

•- is produced in the dark (Figure 1B, trace a). After
illumination of PSII membranes, a spectrum was detected
that exhibits the peaks and hyperfine splitting characteristics
of spin trap-superoxide adduct (EMPO-OOH) (Figure 1B,
traces b-e). A characteristic EMPO-OOH adduct EPR
spectrum formed by incubation of xanthine with xanthine
oxidase is shown in Figure 1B (trace f). Because of instability
of the EMPO-OOH adduct (the lifetime∼ 15 min) (53),
illumination of PSII membranes for a longer period results
in a decrease in the EMPO-OOH adduct EPR signal (data
not shown). To prevent this, PSII membranes were first
preilluminated in the absence of EMPO and then illuminated
for additional 5 min in the presence of EMPO (Figure 1B,
traces d-e). These observations indicate that the illumination
of PSII membranes results in the generation of O2

•-.
H2O2 Production, O2 EVolution, and Manganese Release.

The production of H2O2 was measured by oxidation of
thiobenzamide with lactoperoxidase (22). As is evident from
Figure 2A, illumination of PSII membranes in the presence
of oxygen results in the production of H2O2 (Figure 2A, trace
a), whereas removal of oxygen by flushing of the PSII
membranes with argon greatly reduced H2O2 production
(Figure 2A, trace b).

Figure 2B shows the effect of illumination on oxygen
evolving activity. The oxygen evolving activity was gradually
lost during the time-course of illumination. The loss of

oxygen evolving activity was biphasicsduring the first phase
of illumination (t1/2 ) 7.5 min) the loss of activity was faster
than during the second phase (t1/2 ) 30 min). A similar time-
course of photoinhibition was also reported previously (54).

To investigate whether illumination led to a loss of
manganese, the six-line hexaquo-Mn2+ EPR signal was
measured (55, 56). Whereas almost no hexaquo-Mn2+ EPR
signal was observed during the initial period of illumination,
a significant increase in the hexaquo-Mn2+ EPR signal was
observed after prolonged illumination (Figure 2C).

OH• Production in Mn-Depleted PSII.To test the involve-
ment of the Mn-complex in the production of OH•, the time
dependence of the formation of the POBN-OH adduct EPR
signal was measured in hydroxylamine-treated PSII mem-
branes. Mn-depletion results in a significant suppression of
OH• production (Figure 3A, trace b) compared to active PSII
membranes (Figure 3A, trace a). The residual production of
OH• observed in Mn-depleted PSII membranes could be due
to oxidizing reactions on the PSII donor side as proposed
by Hideg et al. (30). The decrease in the production of OH•

might be a consequence of either the loss of the Mn-complex
itself or the loss of electron donation from the Mn-complex
to PSII. To test this, the time dependence of the POBN-OH
adduct EPR signal was measured in Mn-depleted PSII
membranes in the presence of an artificial donor, DPC, which
donates electrons to Tyrz

•. In the presence of DPC, the light-
induced production of OH• was restored (Figure 3A, trace
c). The same effect was observed when electron donation
was supported by 1 mM NH2OH (data not shown). Further-
more, the addition of 30µM DCPIP to Mn-depleted PSII
membranes in the presence of DPC completely diminish OH•

production (Figure 3A, trace d). Thus, it is evident that PSII
electron-transfer reactions inside the PSII are essential for
the production of OH•, whereas the Mn-complex itself is not
required.

OH• Production under Anaerobic Conditions.To study
the effect of oxygen on the production of OH•, the time
dependence of the light-induced production of OH• was
measured under anaerobic conditions (Figure 3B). The
removal of oxygen by gentle flushing of PSII membranes
with argon before illumination results in a significant
inhibition of OH• production (Figure 3B, trace b) compared
to OH• production measured in air (Figure 3B, trace a). To
prevent the involvement of oxygen produced by PSII itself,
OH• production was measured in PSII membranes that were
flushed with a gentle stream of argon during the illumination
(Figure 3B, trace c). Under such conditions, only a residual
production of OH• was observed. On the other hand,
increasing the oxygen concentration by flushing PSII mem-
branes with oxygen results in an increase in OH• production
(Figure 3B, trace d). These observations indicate that oxygen
is involved in the production of OH•.

Effect of SOD, Catalase and a Chelating Agent on OH•

Production.To study the involvement of O2•- and H2O2 in
the production of OH•, the time dependence of OH• produc-
tion was measured in the presence of exogenous SOD and
catalase (Figure 4A). Removal of O2

•- by SOD results in
the complete loss of OH• production during the first phase,
whereas it had no effect on the second phase (Figure 4A,
trace b). On the other hand, the removal of H2O2 by the
addition of catalase had no effect on the first phase; however,
it did suppress the production of OH• during the second phase

FIGURE 3: (A) Time dependence of the POBN-OH adduct EPR
signal measured in (a) active PSII membranes, (b) Mn-depleted
PSII membranes, (c) Mn-depleted PSII membranes in the presence
of DPC, and (d) Mn-depleted PSII membranes in the presence of
DPC and DCPIP. (B) Time dependence of the POBN-OH adduct
EPR signal in PSII membranes measured (a) in air, (b) after removal
of O2 before illumination, (c) removal of O2 during illumination,
and (d) at enhanced O2 concentration. To remove O2, the sample
was bubbled with a gentle stream of argon (b) before the
illumination for 30 s and (c) during illumination. The enhanced O2
concentration was maintained by bubbling of the sample with
oxygen for 30 s prior to the illumination. EPR conditions:
conversion time, 2.62 s; time constant, 0.327 s; other conditions as
in Figure 1.
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(Figure 4A, trace c). In the presence of both SOD and
catalase (i.e., removal of both O2

•- and H2O2), the production
of OH• was almost completely abolished (Figure 4A, trace
d).

To test the involvement of divalent metal ions in the
production of OH•, the time dependence of OH• production
was measured in the presence of a chelating agent, EDTA.
The production of OH• during the first phase was insensitive
to EDTA, whereas no OH• was observed during the second
phase in the presence of EDTA (Figure 4B, trace b). In the
presence of both SOD and EDTA, the production of OH•

was almost completely prevented (Figure 4B, trace c). This
observation shows that the presence of free divalent metal
ions is essential for OH• production during the second phase,
but not during the first phase.

Effect of Low pH on OH• Production.The time dependence
of OH• production was measured at low pH (Figure 5A).
When the pH decreases below 6.5, the POBN-OH adduct

EPR signal was significantly suppressed during the first
phase, while a small effect was observed during the second
phase. At pH 5, only a residual POBN-OH adduct EPR signal
was observed during the first phase (Figure 5A, trace c).
Control experiments using the Fenton reagents, Fe2+ and
H2O2, in the absence of PSII membranes showed no
difference in the POBN-OH adduct EPR signal at pH 6.5 or
at low pH, ruling out the possibility that the low pH effect
was due to a pH dependence of the adduct (data not shown).
These observations imply that OH• production is pH-
dependent during the first phase, whereas OH• production
during the second phase is rather pH insensitive.

The effect of low pH on the Fe3+ EPR signal atg ) 8
generated by oxidation of the non-heme iron with potassium
ferricyanide was measured. As is evident from Figure 5B,
the pH decrease below 6.5 significantly diminished ferri-
cyanide-induced Fe3+ EPR signal. At pH 5, almost no Fe3+

EPR signal was observed (Figure 5B, trace c). The decreased
ability to oxidize non-heme iron using ferricyanide at low
pH was previously demonstrated and assigned to an increase
in the midpoint redox potential of Fe3+/Fe2+ redox couple
(57). When the amplitude of the POBN-OH adduct EPR
signal measured after 7.5 min of illumination (i.e.,t1/2 of
the first phase) was plotted against the amplitude of Fe3+

EPR signal, a linear correlation is observed (Figure 5A,
inset). This correlation between POBN-OH adduct and Fe3+/
Fe2+ EPR signals could indicate that the Fe3+/Fe2+ redox
couple is involved in the formation of OH•.

Effect of Formate on OH• Production.Formate is known
to bind to the non-heme iron in PSII (48, 57). We have
observed that sodium formate decreases the production of
OH• in intact and Mn-deleted PSII membranes in the
presence of DPC (Figure 6). While formate can have effects
on the donor and the acceptor side of PSII, this result is
nevertheless consistent with the idea that the non-heme iron
plays a role in OH• production.

Effect of Illumination on the EPR Signal from QA
-Fe2+

and Fe3+. The effect of illumination on the QA-Fe2+ and
the Fe3+ EPR signals was measured. The QA

-Fe2+ EPR

FIGURE 4: (A) Time dependence of the POBN-OH adduct EPR
signal measured in the presence of (a) no additives, (b) SOD, (c)
catalase, and (d) SOD+ catalase. SOD (400 U mL-1) and catalase
(5000 U mL-1) were added to PSII membranes before illumination.
(B) Time dependence of POBN-OH adduct EPR signal measured
in the presence of (a) no additives, (b) EDTA, and (c) SOD+
EDTA. 1 mM EDTA was added to PSII membranes before
illumination. EPR conditions as in Figure 3.

FIGURE 5: (A) Time dependence of the POBN-OH adduct EPR
signal and (B) Fe3+ (g ) 8) EPR signal in PSII membranes
measured at (a) pH 6.5, (b) pH 5.5, and (c) pH 5. Inset shows the
correlation between the POBN-OH adduct and the Fe3+ EPR signal
at low pH. In (A) EPR conditions as in Figure 3. In (B), PSII
membranes were incubated in the presence of 5 mM potassium
ferricyanide for 30 min on ice in the dark. EPR conditions:
temperature, 4.2 K; microwave power, 8 mW; modulation ampli-
tude, 16 G; modulation frequency, 100 kHz; conversion time, 81.92
ms; time constant, 163.84 ms.

FIGURE 6: Time dependence of POBN-OH adduct EPR signal
measured in (A) intact PSII membranes and (B) Mn-depleted PSII
membranes plus DPC in the presence of (a) no additives, (b) 5
mM sodium formate, and (c) 100 mM sodium formate. Sodium
formate was added to PSII membranes before illumination. EPR
conditions as in Figure 3.

OH• Production in PSII Biochemistry, Vol. 43, No. 21, 20046787



signal atg ) 1.84 induced by illumination of PSII mem-
branes at 200 K in the presence of formate was found to
decrease with illumination time (Figure 7A). Under our
experimental conditions, the amplitude of the QA

-Fe2+ EPR
signal measured after 45 min of illumination decreases to
about 50% of nonilluminated sample. This observation is in
agreement with previous observations, which show a similar
decrease in the QA-Fe2+ EPR signal (58, 59).

The Fe3+ EPR signal atg ) 8 generated by oxidation of
non-heme iron with potassium ferricyanide was observed to
decrease with illumination time (Figure 7B). Illumination
for 45 min results in a drop in the amplitude of the Fe3+

EPR signal to 75% of that observed in nonilluminated
sample. The decrease in the Fe3+ EPR signal implies that
potassium ferricyanide is not able to oxidized non-heme Fe3+.
A light-induced decrease in the ability to oxide non-heme
iron with ferricyanide was demonstrated previously and
assigned to the redox changes of the non-heme iron (59, 60).

DISCUSSION

Production of OH•, O2
•-, and H2O2 on the PSII Acceptor

Side.The results presented in this study show that high light
intensity illumination of spinach PSII membranes results in
the generation of OH• (Figure 1A). It has been previously
proposed that OH• is produced on the PSII acceptor side via
Fenton chemistry (12, 27). Here we show that the depletion
of Mn-complex results in the suppression of OH• production,
whereas the addition of an artificial electron donor DPC to
Mn-depleted PSII membranes restores the production of OH•

(Figure 3A). This observation and our previous result that
addition of an artificial electron acceptor, DCPIP, brings
about the suppression of OH• production in both active (21)
and Mn-depleted PSII membranes (Figure 3A, trace d)
indicate that OH• is produced on the PSII acceptor side. This
proposal is in line with the observation that the production
of OH• is dependent on the presence of oxygen (Figure 3B)
and that removal of all oxygen and H2O2 by glucose/glucose
oxidase/catalase enzyme system decreases significantly the
production of OH• in PSII membranes (27). The requirement
of oxygen for the production of OH• shows that molecular
oxygen is involved in the reaction pathway of OH• production
on the PSII acceptor side.

In addition to OH•, illumination of PSII membranes results
in the formation of O2

•- (Figure 1B). In accordance with
this observation, it has been demonstrated using the DEP-
MPO spin-trap compound, that illumination of PSII mem-
branes gives rise to the production of both O2

•- and OH•

(12, 13). It has been proposed that O2
•- is formed by

reduction of molecular oxygen on the PSII acceptor side (10,
11, 21) and that dismutation of O2•- results in the formation
of H2O2 (10, 17, 22). In the accordance with Schro¨der and
A° kerlund (22), we demonstrated that production of H2O2 is
dependent on the presence of oxygen (Figure 2A, trace b),
indicating that under our experimental conditions reduction
of molecular oxygen is likely involved in the H2O2 produc-
tion.

Given the limited electron acceptor capacity of PSII
membranes, it seems likely that the limited quinone pool
(including any functional QB) will be fully reduced and that
QA will be trapped as its semiquinone form after a small
number of turnovers. Under these conditions, charge separa-
tion to form P680+Pheo- occurs only at a relatively low
quantum yield. The reduction of O2 forming superoxide is
the main forward electron-transfer reaction. It is unclear
which reduced electron acceptor is the actual donor to O2

however the most likely candidates are the QA
-, the only

quinone in the reactive semiquinone state, or the shorter lived
but more reducing Pheo-. It is possible that the dominant
reductant of O2 changes over the course of the reaction, being
QA

- in the early phase and the Pheo- at later times. Future
experiments could clarify this question.

InVolVement of the PSII Electron Donor Side in the
Generation of OH•, O2

•-, and H2O2. In this work, we have
found no indication that the electron donor side of PSII is
involved in the formation of the reactive oxygen species. In
the literature, there are several reports to the contrary.
However, we consider that there is no real contradiction since
the experimental conditions used here would be expected to
minimize any donor side involvement and as such are quite
distinct from those used in the earlier reports.

The formation of H2O2 on the PSII electron donor side is
expected only under specific inhibitory conditions such as
depletion of 17, 23, and/or 33 kDa extrinsic proteins (17,
18, 61) or chloride (19, 20). The generation of OH• and O2

•-

with donor side involvement was reported in Mn-depleted
in the absence of an efficient electron donor (14, 15, 30). It
was suggested that long-lived oxidizing species such as
P680+ or Tyrz• were involved in generating both OH• and
O2

•-. In the present work, such processes would have been
minimized since we used either intact PSII or Mn-depleted
PSII plus an efficient electron donor. We do not rule out
however that after long periods of illumination, when the
centers are damaged to different degrees, that electron donor
side reactions could potentially contribute to the formation
of activated oxygen species to a small extent.

O2
•- and H2O2 as Intermediates in OH• Production.The

question arises whether O2
•- and H2O2 are intermediates in

the production of OH• on the PSII acceptor side. The
observation that during the first phase the dismutation of O2

•-

with SOD inhibited production of OH• (Figure 4A, trace b)
indicates that O2•- is involved in the production of OH•, but
it is unlikely that the reaction pathway involves free H2O2.
This suggestion is supported by the observation that scav-
enging of free H2O2 with catalase brings about no effect on

FIGURE 7: Effect of illumination on (A) the QA- Fe2+ (g ) 1.84)
and (B) the Fe3+ (g ) 8) EPR signal in PSII membranes illuminated
for (a) 0, (b) 15, and (c) 45 min. After dark adaptation for 10 min,
the sample was illuminated at 200 K for 10 min in the presence of
100 mM sodium formate (A) or incubated with 5 mM potassium
ferricyanide for 30 min (B). The EPR conditions in (A) were
microwave power; 32 mW; modulation amplitude, 32 G; the other
conditions as in Figure 5B; in (B) as in Figure 5B.
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the production of OH• during the first phase (Figure 4A, trace
c). The explanation for these observations is that OH• is
produced either directly from O2•-, bypassing dismutation
to H2O2, or indirectly via reduction of O2•- forming a bound
peroxide that is insensitive to catalase. As for thermodynamic
reasons the direct reduction of O2

•- to OH• is unfavorable,
the formation of bound peroxide is the more likely explana-
tion.

On the other hand, the observation that during the second
phase the production of OH• is unaffected by the dismutation
of O2

•- (Figure 4A, trace b) implies that OH• likely originates
from O2

•- via a reaction pathway involving free H2O2. The
observation that production of OH• during the second phase
is significantly diminished by scavenging the free H2O2

(Figure 4A, trace c) confirms that OH• originates from free
H2O2. Taking these observations together, it is reasonable
to suggest that OH• detected during the first phase is
produced by the reduction of bound peroxide, which is
probably formed by the interaction of O2

•- with a metal
center in PSII, whereas OH• generated during the second
phase is produced from free H2O2 formed by dismutation of
O2

•-.
The two different origins of hydroxyl radicals might also

be related to the two phases of loss of oxygen evolving
activity shown in Figure 2B. When OH• is formed from
bound peroxide, the probability of a damaging reaction of
OH• with the acceptor side of PSII is more likely compared
with the situation of OH• formed from free peroxide. OH•

has a very short lifetime, and, due to the diffusion time and
distance necessary to react with PSII, the inhibitory potential
of OH• might be expected to be lower during the second
phase of photoinhibitory illumination.

Formation and Reduction of Peroxide at the PSII Metal
Center.Three metal centers are potential candidates for the
site of bound peroxide: the Mn-complex, cytb559, and the
non-heme iron. Because of the observation that the Mn-
complex itself is not required for the formation of OH•

(Figure 3A), the involvement of the Mn-complex in the
binding and reduction of peroxide can be excluded. Further-
more, the non-heme iron has exchangeable ligands under
normal functional conditions, while this has not been
demonstrated for the cytochrome heme. Furthermore, it is
well known that formate can bind to the non-heme iron (for
example ref48), and indeed we found here that formate
inhibits OH• formation in intact and Mn-depleted PSII. These
arguments and results then make the non-heme iron the more
likely candidate. Redox arguments support this viewpoint.

As the midpoint redox potential of the OH•/H2O2 redox
couple is 460 mV (pH 7) (62), either the heme iron of cyt
b559 (high potential form 400 mV) or the non-heme iron (400
mV) might reduce H2O2 to OH•. However, several forms of
Cyt b559 have been reported: high-potential (HP) cytb559

(400 mV), intermediate-potential (IP) cytb559 (200 ( 50
mV), and low-potential (LP) cytb559 (60 ( 50 mV) (63).
The removal of the Mn is known to shift heme to its lower
potential forms, and yet the phase of OH• attributed to the
bound peroxide route is unaffected upon Mn removal. This
might be taken as arguing against a role for the heme in the
bound peroxide route for OH• formation.

The redox potential of HP cytb559 was shown to be pH
insensitive, whereas the redox potential of LP Cytb559

increases by 60 mV per unit at low pH (64-66). The

midpoint redox potential of the non-heme iron is 400 mV
(pH 7) and increases by 60 mV per unit at low pH (57). Our
results presented in Figure 5A demonstrate that the produc-
tion of OH• during the first phase was prevented at low pH.
One possible explanation for this observation is that a pH
decrease brings about an increase in the midpoint redox
potential of the non-heme iron above 460 mV and makes
the reduction of H2O2 to OH• less favorable. This argument
however is weakened by the fact that superoxide spontane-
ously dismutates more rapidly at low pH (see below), and
this might contribute to the effects seen in Figure 5A.

Overall, based on these considerations, it is suggested that
the non-heme iron is the most likely candidate as the site
for bound peroxide formation and its reduction to OH•. In
accordance with this proposal, it has been demonstrated that
incubation of PSII membranes with glucose-glucose oxidase
in the aerobic conditions induces a significant oxidation of
the non-heme iron, probably due to formation of H2O2 (49,
57). Furthermore, H2O2 treatment of PSII core complexes,
which contain the non-heme iron, was shown to cause more
pronounced damage to the proteins than when isolated PSII
reaction centers, which lack the non-heme iron, are treated
with H2O2 (58, 67). Because of the observation that a residual
level of H2O2 disproportion was observed in catalase-free
PSII membranes, it was suggested that the non-heme iron
might reduce H2O2 via Fenton chemistry (28). However, the
involvement of heme iron of cytb559 in the reduction of
peroxide to OH• cannot be ruled out. The fraction of LP cyt
b559 was shown to be transiently oxidized by H2O2 in the
presence of excess ascorbate (69).

Dismutation of O2
•- and Fenton Chemistry in PSII.Apart

from the interaction of O2•- with PSII metal center and the
formation of the iron-peroxide complex, it is suggested that
a fraction of O2

•- dismutates to form free H2O2 (Figure 2A).
In the presence of exogenous SOD, the dismutation of O2

•-

to free H2O2 is stimulated and thus the formation of OH•

via a bound peroxide intermediate is prevented (Figure 4A,
trace b). A similar effect was observed at low pH (Figure
5A, traces b and c). It is well established that the anionic
form of O2

•- is in pH-dependent equilibrium with its
protonated form perhydroxyl radical (HO2

•), which has a pK
of approximately 4.8 (8, 70). As HO2

• dismutates spontane-
ously to free H2O2 by several orders of magnitude faster than
does O2

•-, the spontaneous dismutation of O2
•- to free H2O2

is significantly stimulated at low pH and thus the production
of OH• via an iron-peroxide intermediate is diminished.

On the basis of the observation that the production of OH•

during the second phase requires free divalent metals (Figure
4B), it is proposed that free divalent metals mediate the
reduction of free H2O2 to OH•. Even if free H2O2 is produced
during the whole period of illumination (Figure 2A), due to
the lack of free divalent ions during the first phase, free H2O2

is not reduced to OH•. It is suggested that free H2O2 is
gradually accumulated in the medium, and this reduces the
Mn-complex causing its disassembly and release of Mn2+

(Figure 2C) (see for example ref71). It is suggested that
Mn2+ might be involved in the reduction of H2O2 to OH•.
This suggestion is supported by the observation that no
production of OH• was observed in the presence of endog-
enous SOD and EDTA (Figure 4B, trace c). Under such
conditions, all O2

•- dismutates to free H2O2; however, due
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to the chelating of divalent ions H2O2 was not reduced to
OH•.

Two-Site Model of OH• Production.On the basis of the
results presented here, a model for OH• production in PSII
membranes is proposed (Scheme 2A). Two reaction path-
ways are suggested to be involved in the production of OH•

on the PSII acceptor side: (1) the bound peroxide pathway
and (2) the free peroxide pathway. In the former reaction
pathway, the reduction of peroxide bound to the PSII metal
center is assumed to result in the formation of OH•. The
source of electrons for this reduction process is proposed to
come from photosynthetic charge separation. In the free
peroxide reaction pathway, OH• is suggested to be formed
by the reduction of free H2O2 via the Fenton reaction.

(1) Bound Peroxide Pathway.In the proposed model, the
non-heme iron is assumed to be the site of the formation of
iron-peroxo intermediates in the bound peroxide pathway for
OH• production (Scheme 2B). The interaction of O2

•- and
the non-heme iron is suggested to result in rapid oxidation
of the ferrous Fe2+ and the formation of a ferric-peroxo
species. It is postulated that the transfer of an electron from
Fe2+ to a coordinated O2•- occurs as an inner-sphere electron-
transfer reaction. The ferric-peroxo species is proposed to
be protonated to form a ferric-hydroperoxo species. The
mechanism for formation of the ferric-hydroperoxo species
is proposed based on the analogy with superoxide reductase
(SOR) (44, 72). SOR is an enzyme containing a non-heme
iron that catalyzes only one of the two reactions of SOD,
i.e., the reduction of O2•- to H2O2. The non-heme iron in
SOR is liganded by four histidines and a cystein [Fe(His)4-

(Cys)] (73, 74), similar to the four histidines and bicarbonate
that make up the ligand sphere of non-heme iron in PSII. In
SOR, the cystein can be replaced by CN- (75) or NO (76),
while these exogenous ligands can replace the bicarbonate
in PSII (77, 78). In the second part of the reaction cycle, the
reduction of the ferric-hydroperoxo species is suggested to
result in the formation of OH•. In this reaction, the ferric
iron is proposed to be reduced by an endogenous reductant,
the most likely being QA-, whereas the ferrous iron produced
is suggested to reduce the hydroperoxo ligand. The reduction
is believed to occur as an inner-sphere electron-transfer
reaction and to yield a ferric-oxo intermediate (33, 36, 37).

(2) Free Peroxide Pathway.The dismutation of O2•- is
proposed to result in the production of free H2O2 (17, 10,
22). It is suggested that O2•- dismutates either spontaneously
or is catalyzed by an intrinsic SOD. It has been suggested
that the cytb559 may play this role (10, 23). Free Mn2+ or
other metal ions are suggested to reduce free H2O2 to OH•.

ReleVance to Physiological OxidatiVe Stress in PSII.The
presented data were obtained with isolated PSII membranes
without an added electron acceptor. While these are obvi-
ously not physiological conditions, the two reaction pathways
for production of OH•, which are proposed here, may have
relevance under certain physiological conditions although
occurring at lower yields. Because of its early occurrence,
it is possible that the generation of OH• via the bound
peroxide pathway, a process that by its nature occurs within
the reaction center, contributes significantly to photodamage,
particularly the impairment of the semiquinone-iron com-
plex (Figure 7). The mechanism put forward here involving
the binding of superoxide by a PSII metal center, forming a
bound peroxide intermediate, is therefore worth considering
as a relevant reaction in photoinhibiton of PSII under
physiological conditions.
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