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ABSTRACT. The photogeneration of hydroxyl radicals (§Hh photosystem Il (PSIl) 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 .5 min)

and the second phasg/{ = 30 min). The generation of Ohlvas 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 @tting the first kinetic phase was sensitive to the
presence of SOD, whereas catalase and EDTA diminished the productiort diiéhdy 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 thé"Hg = 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 O intact and Mn-deleted PSIl membranes. Upon illumination of PSII
membranes, both superoxide, as measured by EPR signal from the spin trap-superoxide (EMPO-OOH)
adduct, and bD,, measured colormetrically, were generated. These results indicated that @bduced

on the electron acceptor side of PSII by two different routes, (&J,Qvhich 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 toc @®Han electron from PSII, presumably via

Qa~, and (2) @~ dismutates to form free #D, that is then reduced to Ohlia the Fenton reaction in the
presence of metal ions, the most likely beingand Fé* released from photodamaged PSII. The two
different routes of OMgeneration are discussed in the context of photoinhibition.

Photosystem Il (PSI) a pigment-protein complex em-  radical (Q*~), hydrogen peroxide (#D,), and hydroxyl
bedded in the thylakoid membrane of higher plants, algae, radical (OH) (Scheme 1A). While @ and HO, are
and cyanobacteria, catalyzes the light-driven oxidation of relatively unreactive, OHis highly reactive and therefore
water and reduction of plastoquinorie-(5). As a byproduct potentially dangerous for PSIl componen®. (
of the photosynthetic oxidation of water, molecular oxygen  The light-induced formation of £ produced by PSIl was
is evolved. Molecular oxygen acts in two different ways in demonstrated either indirectly by an assay involving cyto-
the photosynthetic processes: (1) ® used as a sink for  chromec reduction in the presence of xanthine/xanthine
electrons (e.g., in the absence of £{), and (2) Qis a oxidase 10) or directly by voltametric methodd ). EPR
source of reactive oxygen species (ROS), which are known evidence for the production of £ in PSIl membranes was
to attack proteins, lipids, or nucleic acidg 8). Oxygen is provided by using the spin trap compound DEPMPQ, (
reduced in successive univalent reactions to form superoxidel3). It was proposed that£ is formed by the reduction of
molecular oxygen on the electron acceptor side of PSII, and
T This work was supported by the Marie Curie individual fellowship  either Pheo or Qa~ were suggested to be the reductant for

(HPMF-CT-2001-01123). i
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1 Abbreviations: Cybsss, Cytochromebsss; DPC, diphenylcarbazide; ~ matter of debate. ¥D, was shown to be produced in PSII
DCPIP, 2,6-dichlorophenolindophenol; DEPMPO, 5-diethoxyphospho- depleted of the 17, 23, and/or 33 kDa extrinsic proteirs(
ryl-5-methyl-1-pyrrolineN-oxide; DMPO, 5,5-dimethyl-1-pyrrolind- 18) and also Ct-depleted PSII19—21). The production of

oxide; EDTA, ethylenediaminetetraacetic acid; EMPO, 5-(ethoxycar- - . -
bonyl)-5-methyl-1-pyrroline N-oxide; EPR, electron paramagnetic H,O, was suggested to originate from the dismutation f O

spectroscopy; Mes, 2morpholino) ethanesulfonic acid; NEH, generated on the PSII electron acceptor sz {7). The
hydroxylamine; PSII, photosystem II; Pheo, pheophytinprimary cyt bssg or the non-heme iron were suggested as the most
electron acceptor of PSII; POBN, 4-pyridyl-1-oxitietert-butylnitrone; feasible candidates for SOD activity in PSI0( 12, 23, 24).

P680, primary electron donor of PSII;aQprimary plastoquinone
electron acceptor of PSII; SOD, superoxide dismutase; SOR, superoxideON the other hand, several au_thors suggested @4 Was
reductase; DTPA, diethylenetriamine penta-acetic acid. produced on the PSII donor sid&7-19, 21, 25). A short-
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Scheme 1 membranes. Evidence is given that indicates that @H
¢ ¢, 2H" ¢ produced by two reaction pathways: (1) the reduction of
0, ;1, 0, +. H,0, %, OH' +OH" A) 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 J, mediated by free metal

Fe* + Hy0, —» Fe*' + OH' + OH" ®) ions, the most likely being Mt and Fé&* (i.e., via the Fenton
reaction).

Fe¥—O0H —» Fe&’'—0 +OH' — Fe** +OH + OH  (C)

a(A) Successive univalent reduction of molecular oxygen to.OH MATERIALS AND METHODS
The reaction pathway involves (1) one-electron reduction of molecular
oxygen to @7, (2) dismutation of @ to H,O,, and (3) one-electron
reduction of HO, to OH. (B) Iron-driven reduction of kD to OH Sample PreparatiorPSIl membranes from spinach were
via.ant_on reactipn. © I_ron-driven reduction of bound peroxide to prepared using the method of Berthold et dB)(with the
OHF via iron-oxo intermediate. modifications described in Ford and Evad$)(and stored
at —80 °C until use in 0.4 M sucrose, 15 mM NaCl, 5 mM
MgCl,, and 40 mM Mes (pH 6.5). Mn-depleted PSII
membranes were prepared by incubation of PSIl membranes
: . in a buffer containing 5 mM NKDH, 0.4 M sucrose, 15
production on the PSIi donor side. mM NaCl, 5 mM MgCh and 40 mM Mes (pH 6.5) for 1 h

In addition to Q™ and RO, illumination of PSII 4 4oc After treatment, PSI membranes were washed twice
membranes was shown to result in the formation of (). in the same buffer without NyéOH

The authors demonstrated by using the DMPO spin trap that
y g P P Photoinhibitory Treatmen®hotoinhibition was performed

production of OH is enhanced in the presence of copper i S o
and suppressed in the absence of oxygen. Navari-lzzo et alPY illuminating the PSIl membranes (1@ of Chl mL™)

(12) showed by using the DEPMPO spin trap that production N & glass tube with a diameter of 1.5 anzaim with a

of OH is accompanied by the generation ofO Other gontmuous white Ilght, intensity 30Qdmol m—2s .Avyater
authors suggested that in addition to the catalase-mediatedi!t€" and Calflex IR filter were used for heat protection, and
disproportionation of KD,, free metal ions or the non-heme thg samples were stirred QUnng t_hg treatment. At given time
iron in PSII cause disproportionation of®, probably by ~ PInts, the oxygen evolution activity and:®, were mea-

its reduction to OM(28). The production of both @ and sured.

OH-* has been recently demonstrated in the presence of either Measurements of Light-Induced Production of &nd
pheonolic or urea-type herbicide29j. The authors demon-  H»O.. Photosynthetic oxygen evolution was measured in PSII
strated by using the EMPO spin trap, which can be used to membranes (3@g of Chl mL™1) with a Clark-type electrode
trap both @~ and OH, that in the presence of DCMU the (Hansatech) using 1 mMp-phenylbenzoquinone as an
production of @~ is eliminated by SOD, whereas the electron acceptor. Production o0&, was measured in PSII
production of OH is diminished by catalase. Using the membranes (5tg of Chl mL™1) by oxidation of 1 mM
DMPO spin trap, Hideg et al.30) showed that in Mn- thiobenzamide with 0.1 mM lactoperoxidag®). Thiobenz-
depleted thylakoid membranes Olis produced by an  amide sulfoxide was quantified by its absorbance at 370 nm
oxidizing reaction on the PSII donor side. The production (extinction coefficient 2.92 0M~* cm™3).

of OH* has also been recently demonstrated in the isolated Room-Temperature Spin-Trapping EPR Measurements.
light-harvesting proteins (LHCII)31). This seems to be @  The spin-trapping was accomplished by either POBN,
singlet oxygen mediated phenomenon associated with the-pyridyl-1-oxideN-tert-butylnitrone (Sigma-Aldrich) or
detergent-isolated qomplexes and so is probably unrelatedempO, 5-(ethoxycarbonyl)-5-methyl-1-pyrrolini-oxide
to the effects seen in the present work. (Alexis Biochemicals). PSIl membranes (1@ of Chl

For a long time, the production of OHn biological mL™1) in glass capillary tubes (internal diameter of 1 mm)
systems was believed to occur by the Fenton reaction, well-were put into quartz EPR tubes (internal diameter of 3 mm)
known in inorganic chemistry, i.e., the reduction of fregdl and illuminated directly in the cavity of the EPR spectrometer
mediated by free metal ions such asFeMn?*, or Cu with continuous white light (300@mol m~2 ™1 at the cavity
(Scheme 1B) 7, 8, 32, 33). Several lines of evidence have window, light was filtered through 4 cm of water and Calflex
been given supporting the suggestion that in addition to free IR filter). For detection of OB illumination was done in
H20,, OH" might be produced by the reduction of peroxide the presence of 10 mM POBN, 170 mM ethanol, and 25
bound to a metal center (Scheme 183<38). Whereasthe  mM Mes (pH 6.5). For detection of £, 25 mM EMPO,
Fenton reaction involves outer-sphere electron transfer with 100 uM DTPA, and 25 mM Mes (pH 6.5) was used. At a
no direct binding of peroxide to iron, the reduction of bound given time, the light was turned off and the appropriate spin
peroxide proceeds as an inner-sphere electron transfer procesgap-radical adduct EPR spectrum was collected. For mea-
that strictly requires direct binding of peroxide to iron. surements of the time dependence of the POBN-OH adduct
Several iron-peroxide complexes have been proposed to beEPR signal, the center-field line of the POBN-OH adduct
intermediates in the enzymatic reaction pathway of cyto- EPR spectrum (indicated by the arrow in Figure 1A) was
chrome P45039), bleomycin @0), heme oxygenaset{), measured as a function of time during sample illumination.
or superoxide reductaséZ—44). In some measurements, bovine liver catalase (EC 1.11.1.6)

In the present study, EPR spin-trapping spectroscopy was(5000 units mL?), horseradish SOD (EC 1.15.1.1) (400 units
used to investigate light-induced Oldroduction in PSII mL~1), 1 mM DPC, 1 mM NHOH, 30uM DCPIP, and 1

circuiting of the S-state cyclel@) or nucleophilic attack of
a hydroxo ligand by a terminal oxo group of the Mn-complex
(26) were proposed as potential mechanisms foOH
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Ficure 1: (A) Light-induced POBN-OH adduct EPR spectra
measured in PSII membranes after illumination for (a) 0, (b) 5, (¢)
15, and (d) 45 min. The spectra were recorded in the presence of
10 mM POBN, 170 mM ethanol, 150y of Chl mL™* and 25 mM
MES (pH 6.5). The spectrum (e) was obtained by addition of 100
uM Fe;SO, to 50uM H,0; 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 milxanthine
oxidase in the presence of 10 mM POBN and 170 mM ethanol. y y
(B) Light-induced EMPO-OOH adduct EPR spectra measured in 0 15 30 45
PSIl membranes after illumination for (a) 0, (b) 5, (c) 15, (d) 30, Time [min]
and (e) 45 min. The spectra were recorded in the presence of 25FIGURE 2: (A) Light-induced production of kD, in PSII mem-
mM EMPO, 100uM DTPA, 150 ug of Chl mL™! and 25 mM branes measured (a) in the presence and (b) in the absencge of O
MES (pH 6.5). In traces b and ¢, EMPO was present during the PSIl membranes were illuminated in the presence of 1 mM
whole period of illumination. In traces d and e, PSIl membranes thiobenzamide with 0.1 mM lactoperoxidase under the same
were first preilluminated in the absence of EMPO for 25 and 40 conditions as in Figure 1. In (b) Qvas removed by bubbling of
min, respectively, and then illuminated for 5 min in the presence the sample with a gentle stream of argon for 30 s. (B) Photoinhi-
of EMPO to complete the illumination period. The spectrum (f) bition of PSIl membranes measured as oxygen evolution activity
was generated by incubation of mixtures contained 1 mM xanthine in the presence of 1 mig-phenylbenzoquinone. In the control PSII
and 0.05 U mL?! xanthine oxidase in the presence of 14001 membranes the oxygen evolving activity was @&8ol of O, (mg
DTPA and 25 mM EMPO. The spectrum (g) was obtained by of Chl)™* h™L To clearly see a biphasic loss of oxygen evolution
addition of 100uM Fe;SO, to 50uM H;0, in the presence of 25 a logarithmic scale is used. (C) Release of manganese from PSII
mM EMPO. In both (A) and (B), the sample was illuminated membranes measured by six-line hexaquc*MEBPR signal. The
directly in the EPR cavity with continuous white light of 3.000 height of signal was calculated as the sum of the amplitudes of
wmol m2 s~ prior to the measurements. EPR conditions: micro- three low-field lines. Total concentration of Minwas determined
wave power, 1 mW (A) and 3 mW (B); modulation amplitude, 1 in the presence of 0.5 M HCBB). Inset shows six-line hexaquo-
G; modulation frequency, 100 kHz; conversion time, 81.92 ms; Mn?" EPR signal measured after illumination for (a) 0 and (b) 45
and time constant, 1.280 ms. min. EPR conditions: temperature, 20 K; microwave power, 32
mW; modulation amplitude, 22 G; modulation frequency, 100 kHz.
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mM EDTA were added before illumination, as indicated in
the text. RESULTS
Low-Temperature EPR Measuremer®SIl membranes
(5 mg of Chl mLY) were illuminated in calibrated quartz OH’ Production in PSII The light-induced production of
EPR tubes in the EPR cavity under the same conditions asOH* in PSIl membranes was measured using EPR spin-
the sample for the spin-trapping EPR measurements. Aftertrapping spectroscopy. The spin-trapping was accomplished
illumination, the sample was dark-adapted for 10 min on in the presence of the spin trap compound POBN, which
ice and then subjected to further treatment to generate thereacts with Ok to form the POBN-OH adduciNo EPR
appropriate EPR signals. For measurements of td=€" signal was observed in nonilluminated PSII membranes
EPR signal, the sample was illuminated at 200 K for 10 min (Figure 1A, trace a), whereas illumination with continuous
in the presence of 100 mM sodium format#7,(48). For white light results in the generation of the POBN-OH adduct
measurements of the Fesignal, PSII membranes were EPR signal (Figure 1A, tracesul). The six-line spectra
incubated in the presence of 5 mM potassium ferricyanide show all the characteristics of the POBN-OH adduct EPR
for 30 min on ice in the dark4@). spectra as reported in the literatubs®,(51). Figure 1A (trace
EPR Spectrometef=PR spectra were recorded with a e) shows POBN-OH adduct EPR spectrum formed by
X-band EPR spectrometer (9.1 GHz, Bruker ESP 300, addition of FeSO, to H,O,. The gradual increase in the
Karlsruhe, Germany) equipped with an Oxford cryostat and POBN-OH adduct EPR signal with illumination time indi-
temperature controller (Oxford/UK). The microwave fre- cates that exposure of PSII membranes to light results in
quency and magnetic field were measured with a microwave the gradual production of OH
frequency counter HP 5350B and a Bruker ERO35M NMR  To monitor the real-time production of OHinder il-
gaussmeter, respectively. The data acquisition and dataumination, the time dependence of light-induced formation
handling were performed with the ESP300 software. The of the POBN-OH adduct EPR signal was measured. As is
EPR settings were as indicated in the figure legend. evident from Figure 3A (trace a), the POBN-OH adduct EPR
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oxygen evolving activity was biphastaluring the first phase
of illumination (ty> = 7.5 min) the loss of activity was faster
than during the second phasg,(= 30 min). A similar time-
c course of photoinhibition was also reported previousK) (
To investigate whether illumination led to a loss of
manganese, the six-line hexaquoAInEPR signal was
measuredq5, 56). Whereas almost no hexaquo-MrEPR
signal was observed during the initial period of illumination,

B d a significant increase in the hexaquo-MrEPR signal was
observed after prolonged illumination (Figure 2C).
a OH" Production in Mn-Depleted PSIT.o test the involve-

POBN-OH adduct EPR signal [r.u.]

ment of the Mn-complex in the production of Qkhe time
dependence of the formation of the POBN-OH adduct EPR
signal was measured in hydroxylamine-treated PSII mem-

g branes. Mn-depletion results in a significant suppression of
0 15 30 45 OH- production (Figure 3A, trace b) compared to active PSI|
Time [min] membranes (Figure 3A, trace a). The residual production of

FicUre 3: (A) Time dependence of the POBN-OH adduct EPR OH" observed in Mn-depleted PSII membranes could be due
signal measured in (a) active PSIl membranes, (b) Mn-depletedto oxidizing reactions on the PSII donor side as proposed

PSII membranes, (c) Mn-depleted PSIl membranes in the presenc i i ;
of DPC, and (d) Mn-depleted PSIl membranes in the presence ofeoy Hideg et al. §0). The decrease in the production of OH

DPC and DCPIP. (B) Time dependence of the POBN-OH adduct might be a consequence of either the loss of the Mn-complex

EPR signal in PSIl membranes measured (a) in air, (b) after removalitself or the loss of electron donation from the Mn-complex
of O, before illumination, (c) removal of £during illumination, to PSII. To test this, the time dependence of the POBN-OH
and (d) at enhancedz@oncentration. To removeOthe sample  gdduct EPR signal was measured in Mn-depleted PSII
was bubbled with a gentle stream of argon (b) before the ompranes in the presence of an artificial donor, DPC, which
illumination for 30 s and (c) during illumination. The enhanced O !
concentration was maintained by bubbling of the sample with donates electrons to Tyrin the presence of DPC, the light-
oxygen for 30 s prior to the illumination. EPR conditions: induced production of OHwas restored (Figure 3A, trace

conversion time, 2.62 s; time constant, 0.327 s; other conditions asc). The same effect was observed when electron donation

in Figure 1. was supported by 1 mM NyDH (data not shown). Further-

) ) ) i more, the addition of 3@M DCPIP to Mn-depleted PSII
signal increases in two phases: the first phage € 7.5 membranes in the presence of DPC completely diminish OH
min) and the second phasig,{= 30 min). production (Figure 3A, trace d). Thus, it is evident that PSII

Oz~ Production in PSIIA recently developed spin trap  electron-transfer reactions inside the PSII are essential for

compound EMPOZJ2, 53) was used to monitor the produc-  the production of OM whereas the Mn-complex itself is not
tion of O~ in PSII membranes2(l). No EPR signal was  required.

observed in nonilluminated PSII membranes showing that  OH- Production under Anaerobic Condition$o study

no Oy~ is produced in the dark (Figure 1B, trace a). After the effect of oxygen on the production of QHhe time
illumination of PSIl membranes, a spectrum was detected dependence of the light-induced production of ‘Oktas
that exhibits the peaks and hyperfine splitting characteristics measured under anaerobic conditions (Figure 3B) The
of spin trap-superoxide adduct (EMPO-OOH) (Figure 1B, removal of oxygen by gentle flushing of PSII membranes
traces b-e). A characteristic EMPO-OOH adduct EPR with argon before illumination results in a significant
Spectrum formed by incubation of xanthine with xanthine inhibition of OH* production (Figure 3B, trace b) Compared
oxidase is shown in Figure 1B (trace f). Because of instability to OH production measured in air (Figure 3B, trace a). To
of the EMPO-OOH adduct (the lifetime- 15 min) (63), prevent the involvement of oxygen produced by PSI! itself,
illumination of PSII membranes for a longer period results OH° production was measured in PSII membranes that were
in a decrease in the EMPO-OOH adduct EPR signal (dataflushed with a gentle stream of argon during the illumination
not shown). To prevent this, PSIl membranes were first (Figure 3B, trace c). Under such conditions, only a residual
preilluminated in the absence of EMPO and then illuminated production of OHM was observed. On the other hand,

for additional 5 min in the presence of EMPO (Figure 1B, increasing the oxygen concentration by flushing PSIl mem-

traces d-e). These observations indicate that the illumination pranes with oxygen results in an increase in*@tduction

of PSII membranes results in the generation gf O (Figure 3B, trace d). These observations indicate that oxygen
H.0; Production, Q Evolution, and Manganese Release. is involved in the production of OH

The production of HO, was measured by oxidation of Effect of SOD, Catalase and a Chelating Agent on"OH

thiobenzamide with lactoperoxidasz?]. As is evident from Production.To study the involvement of £ and HO, in

Figure 2A, illumination of PSII membranes in the presence the production of OH the time dependence of @Hroduc-

of oxygen results in the production ob€; (Figure 2A, trace  tion was measured in the presence of exogenous SOD and

a), whereas removal of oxygen by flushing of the PSIl catalase (Figure 4A). Removal of,O by SOD results in

membranes with argon greatly reducedOd production the complete loss of Otproduction during the first phase,

(Figure 2A, trace b). whereas it had no effect on the second phase (Figure 4A,
Figure 2B shows the effect of illumination on oxygen trace b). On the other hand, the removal ofOz by the

evolving activity. The oxygen evolving activity was gradually addition of catalase had no effect on the first phase; however,

lost during the time-course of illumination. The loss of it did suppress the production of O#uring the second phase
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. . Ficure 6: Time dependence of POBN-OH adduct EPR signal
FiGURE 4 (A) Time dependence of the POBN-OH adduct EPR ,0.q e in (A) intact PSII membranes and (B) Mn-depleted PSII
sighal measured in the presence of (a) no additives, (b) SOD, (C)membranes plus DPC in the presence of (a) no additives, (b) 5
catalase, and (d) SOB catalase. SOD (400 U mt) and catalase mM sodium formate, and (c) 100 mM sodium formate. Sodium

(5000 U mL~%) were added to PSIl membranes before illumination. formate was added to PSIl membrane : L
. . s before illumination. EPR
(B) Time dependence of POBN-OH adduct EPR signal measured conditions as in Figure 3.

in the presence of (a) no additives, (b) EDTA, and (c) S®&D
EDTA. 1 mM EDTA was added to PSII membranes before

illumination. EPR conditions as in Figure 3. EPR signal was significantly suppressed during the first
phase, while a small effect was observed during the second
A all g phase. At pH 5, only a residual POBN-OH adduct EPR signal
E 2 a E was observed during the first phase (Figure 5A, trace c).
5 =2k b o Control experiments using the Fenton reagentg; lad
i b2 H.0O,, in the absence of PSIl membranes showed no
ST c \/“‘\/\/ & difference in the POBN-OH adduct EPR signal at pH 6.5 or
g 4 c §. at low pH, ruling out the possibility that the low pH effect
] E was due to a pH dependence of the adduct (data not shown).
a These observations imply that Ohproduction is pH-
0 15 30 45 700 1000 dependent during the first phase, whereas @téduction
Time [min] Magnetic Field [G] during the second phase is rather pH insensitive.

Ficure 5: (A) Time dependence of the POBN-OH adduct EPR  The effect of low pH on the Fé EPR signal ag = 8
fri]%ra‘g'u g(]jdat(?g) F%:' é95 :(b)s) E';RS ﬂ%ﬂa('c)m I—Tgulnn;g{ns%rgagsthe generated by oxidation of the non-heme iron with potassium
correlation betwerén the ’POBFI)\I-OH adduct an%l th& [EPR signal ferricyanide was measured. A.S IS _ewdent fro_m. Figure 5'.3’
at low pH. In (A) EPR conditions as in Figure 3. In (B), PSil the pH decrease below 6.5 significantly diminished ferri-
membranes were incubated in the presence of 5 mM potassiumcyanide-induced Fé EPR signal. At pH 5, almost no Fe
ferricyanide for 30 min on ice in the dark. EPR conditions: EPR signal was observed (Figure 5B, trace c). The decreased
:ﬁfj"epirgg‘fﬁga% I';t;ig:]'?:g"‘fg’e po%%ri(a mw, mod_ulattl_on a?flgly_z ability to oxidize non-heme iron using ferricyanide at low
ms: time constant 163.82 mgcy’ £, conversion fime, ©.2. pH was previously demonstrated and assigned to an increase
' ' in the midpoint redox potential of E&/Fe&*" redox couple
(Figure 4A, trace c). In the presence of both SOD and (57). When the amplitude of the POBN-OH adduct EPR
catalase (i.e., removal of bothyOand HO,), the production  signal measured after 7.5 min of illumination (i.&y. of
of OH* was almost completely abolished (Figure 4A, trace the first phase) was plotted against the amplitude &f Fe
d). EPR signal, a linear correlation is observed (Figure 5A,
To test the involvement of divalent metal ions in the inset). This correlation between POBN-OH adduct anttFe
production of OH, the time dependence of OHroduction Fet EPR signals could indicate that the3E&e redox
was measured in the presence of a chelating agent, EDTA.couple is involved in the formation of OH
The production of OMduring the first phase was insensitive Effect of Formate on OHProduction.Formate is known
to EDTA, whereas no OHwvas observed during the second to bind to the non-heme iron in PSI4g§ 57). We have
phase in the presence of EDTA (Figure 4B, trace b). In the observed that sodium formate decreases the production of
presence of both SOD and EDTA, the production of*OH OH* in intact and Mn-deleted PSII membranes in the
was almost completely prevented (Figure 4B, trace c). This presence of DPC (Figure 6). While formate can have effects
observation shows that the presence of free divalent metalon the donor and the acceptor side of PSII, this result is
ions is essential for Otproduction during the second phase, nevertheless consistent with the idea that the non-heme iron
but not during the first phase. plays a role in OMproduction.
Effect of Low pH on OHProduction.The time dependence Effect of lllumination on the EPR Signal fromy@e**
of OH* production was measured at low pH (Figure 5A). and Fé*. The effect of illumination on the ' Fe*" and
When the pH decreases below 6.5, the POBN-OH adductthe Fé" EPR signals was measured. Thg 8" EPR
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In addition to OH, illumination of PSIl membranes results
in the formation of @~ (Figure 1B). In accordance with
this observation, it has been demonstrated using the DEP-
MPO spin-trap compound, that illumination of PSIl mem-
branes gives rise to the production of boterCand OH
(12, 13). It has been proposed that;’O is formed by
reduction of molecular oxygen on the PSII acceptor sldk (
11, 21) and that dismutation of £ results in the formation
< of H0, (10, 17, 22). In the accordance with Sctder and
Akerlund @2), we demonstrated that production of®4 is

Magnetic Field [G] _dependent on the presence of_oxygen (FigL_Jre 2A, trace b),

FiGURe 7: Effect of illumination on (A) the @~ F&* (g = 1.84) indicating that under our experimental conditions reduction

and (B) the F&" (g = 8) EPR signal in PSIl membranes illuminated of molecular oxygen is likely involved in the &, produc-

for (@) 0, (b) 15, and (c) 45 min. After dark adaptation for 10 min, tion.
the sample was illuminated at 200 K for 10 min in the presence of ~ Given the limited electron acceptor capacity of PSII

]-}00_ mM_ZOdifumefgfmate(%) C¥hincége£ed W(Ijﬂ: 5mMm FZOAt)aSSium membranes, it seems likely that the limited quinone pool

erricyanide ftor min . e conaitions In were : H : :

microwave power; 32 mW; modulation amplitude, 32 G; the other (mclu_dlng any functlone_ll Q W'". be. fully reduced and that

conditions as in Figure 5B: in (B) as in Figure 5B. Qa Will be trapped as its semiquinone form after a small
number of turnovers. Under these conditions, charge separa-

signal atg = 1.84 induced by illumination of PSIl mem- tion to form P680Pheo occurs only at a relatively low
branes at 200 K in the presence of formate was found to quantum yield. The reduction ofGorming superoxide is
decrease with illumination time (Figure 7A). Under our the main forward electron-transfer reaction. It is unclear
experimental conditions, the amplitude of the @&t EPR which reduced electron acceptor is the actual donor 4o O
signal measured after 45 min of illumination decreases to however the most likely candidates are the Qthe only
about 50% of nonilluminated sample. This observation is in guinone in the reactive semiquinone state, or the shorter lived

agreement with previous observations, which show a similar Put more reducing Pheolt is possible that the dominant
decrease in the QFe" EPR signal §8, 59). reductant of @changes over the course of the reaction, being

Qa~ in the early phase and the Pheat later times. Future
experiments could clarify this question.

Involvement of the PSII Electron Donor Side in the
Generation of OF Oy, and HO,. In this work, we have
found no indication that the electron donor side of PSll 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.
DISCUSSION The formation of HO, on the PSII electron donor side is

expected only under specific inhibitory conditions such as

Production of OH, O,~, and HO, on the PSII Acceptor  depletion of 17, 23, and/or 33 kDa extrinsic proteiis, (
Side.The results presented in this study show that high light 18, 61) or chloride @9, 20). The generation of Otand Q*~
intensity illumination of spinach PSII membranes results in with donor side involvement was reported in Mn-depleted
the generation of OH(Figure 1A). It has been previously in the absence of an efficient electron donb4, (15, 30. It
proposed that OHs produced on the PSII acceptor side via was suggested that long-lived oxidizing species such as
Fenton chemistryl2, 27). Here we show that the depletion P680 or Tyr,;® were involved in generating both Oldnd
of Mn-complex results in the suppression of Qifoduction, Oz ". In the present work, such processes would have been
whereas the addition of an artificial electron donor DPC to minimized since we used either intact PSIl or Mn-depleted
Mn-depleted PSIl membranes restores the production of OH PSII plus an efficient electron donor. We do not rule out
(Figure 3A). This observation and our previous result that however that after long periods of illumination, when the
addition of an artificial electron acceptor, DCPIP, brings centers are damaged to different degrees, that electron donor
about the suppression of Oproduction in both active2(l) side reactions could potentially contribute to the formation
and Mn-depleted PSII membranes (Figure 3A, trace d) of activated oxygen species to a small extent.
indicate that OMis produced on the PSII acceptor side. This O~ and HO, as Intermediates in OHProduction.The
proposal is in line with the observation that the production question arises whether,O and HO, are intermediates in
of OH" is dependent on the presence of oxygen (Figure 3B) the production of OM on the PSII acceptor side. The
and that removal of all oxygen and®, by glucose/glucose  observation that during the first phase the dismutationof O
oxidase/catalase enzyme system decreases significantly thevith SOD inhibited production of OHFigure 4A, trace b)
production of OHin PSIl membranes(). The requirement  indicates that @~ is involved in the production of Otibut
of oxygen for the production of Otshows that molecular it is unlikely that the reaction pathway involves free@4.
oxygen is involved in the reaction pathway of Qtloduction This suggestion is supported by the observation that scav-
on the PSII acceptor side. enging of free HO, with catalase brings about no effect on

Q, Fe?* EPR signal [r.u.]
E)
['n-a] jeubis ¥d3 .co4

3650 3800 700 1000

The Fé" EPR signal ag = 8 generated by oxidation of
non-heme iron with potassium ferricyanide was observed to
decrease with illumination time (Figure 7B). lllumination
for 45 min results in a drop in the amplitude of the*Fe
EPR signal to 75% of that observed in nonilluminated
sample. The decrease in theF&EPR signal implies that
potassium ferricyanide is not able to oxidized non-henté.Fe
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 58r60).
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the production of OMduring the first phase (Figure 4A, trace  midpoint redox potential of the non-heme iron is 400 mV
c). The explanation for these observations is that @H  (pH 7) and increases by 60 mV per unit at low @), Our
produced either directly from £, bypassing dismutation  results presented in Figure 5A demonstrate that the produc-
to H2O,, or indirectly via reduction of @~ forming a bound tion of OH during the first phase was prevented at low pH.
peroxide that is insensitive to catalase. As for thermodynamic One possible explanation for this observation is that a pH

reasons the direct reduction of*Oto OH is unfavorable, decrease brings about an increase in the midpoint redox
the formation of bound peroxide is the more likely explana- potential of the non-heme iron above 460 mV and makes
tion. the reduction of HO, to OH" less favorable. This argument

On the other hand, the observation that during the secondhowever is weakened by the fact that superoxide spontane-
phase the production of Ok unaffected by the dismutation  ously dismutates more rapidly at low pH (see below), and
of Oy~ (Figure 4A, trace b) implies that Otikely originates this might contribute to the effects seen in Figure 5A.

from O, via a reaction pathway involving free;8,. The Overall, based on these considerations, it is suggested that
observation that production of Olduring the second phase  the non-heme iron is the most likely candidate as the site
is significantly diminished by scavenging the freeCd for bound peroxide formation and its reduction to Okh

(Figure 4A, trace c) confirms that Oldriginates from free 5ccordance with this proposal, it has been demonstrated that
H,0,. Taking these observations together, it is reasonablencyhation of PSII membranes with glucose-glucose oxidase
to suggest that OHdetected during the first phase is i, the aerobic conditions induces a significant oxidation of
produced by the reduction of bound peroxide, which is iha non-heme iron, probably due to formation of04 (49,
probably formed by the interaction of,O with a metal 57 Fyrthermore, KD, treatment of PSII core complexes,
center in PSII, whereas Otgenerated during the second hich contain the non-heme iron, was shown to cause more
ph.a_se is produced from free,@ formed by dismutation of ;o0 5unced damage to the proteins than when isolated PSII
Oz , . i i reaction centers, which lack the non-heme iron, are treated
The two different origins of hydroxyl radicals might also b 4,0, (58, 67). Because of the observation that a residual
be related to the two phases of loss of oxygen evolving |gye| of 1,0, disproportion was observed in catalase-free
activity shown in Figure 2B. When OHs formed from pg)| membranes, it was suggested that the non-heme iron
bound peroxide, the probability of a damaging reaction of might reduce KO, via Fenton chemistry2g). However, the
OH" with the acceptor side of PSIl is more likely compared ;. olvement of heme iron of Cybsso in the reduction of

with the situation of OMformed from free peroxide. OH Lo 5yide to OMcannot be ruled out. The fraction of LP cyt
has a very short lifetime, and, due to the diffusion time and bsse Was shown to be transiently oxidized by®4 in the
distance necessary to react with PSII, the inhibitory potential presence of excess ascorbai6)(

of OH* might be expected to be lower during the second ) : B , )
Dismutation of @~ and Fenton Chemistry in PSIApart

phase of photoinhibitory illumination. ; . .

Formation and Reduction of Peroxide at the PSII Metal from the mteractyon of @ \.N'th PSli metgl.center and the
Center.Three metal centers are potential candidates for the formation of trl(_a iron-peroxide complex, it is suggested that
site of bound peroxide: the Mn-complex, dyss and the a fraction of Q*~ dismutates to form free Jﬂ)_z (Flgurg 2A).
non-heme iron. Because of the observation that the Mn- N the presence of exogenous SOD, the dismutation,bf O
complex itself is not required for the formation of ®H O free O is stimulated and thus the formation of OH

via a bound peroxide intermediate is prevented (Figure 4A,

(Figure 3A), the involvement of the Mn-complex in the oo )
binding and reduction of peroxide can be excluded. Further- {race b). A similar effect was observed at low pH (Figure

more, the non-heme iron has exchangeable ligands undePA traces b and c). It is well established that the anionic

normal functional conditions, while this has not been form of O is in pH-dependent equilibrium with its
demonstrated for the cytochrome heme. Furthermore, it is Protonated form perhydroxyl radical (HQ) which has a

well known that formate can bind to the non-heme iron (for Of approximately 4.8§, 70). As HO," dismutates spontane-
example ref48), and indeed we found here that formate ously to free HO, by several o_rders of magnitude faster than
inhibits OH formation in intact and Mn-depleted PSII. These d0€s @, the spontaneous dismutation of Oto free HO,
arguments and results then make the non-heme iron the mords Significantly stimulated at low pH and thus the production
likely candidate. Redox arguments support this viewpoint. ©f OH" via an iron-peroxide intermediate is diminished.

As the midpoint redox potential of the OMHI,O, redox On the basis of the observation that the production of OH
couple is 460 mV (pH 7)&2), either the heme iron of cyt  during the second phase requires free divalent metals (Figure
bsso (high potential form 400 mV) or the non-heme iron (400 4B), it is proposed that free divalent metals mediate the
mV) might reduce HO, to OH. However, several forms of  reduction of free HO, to OH'. Even if free HO, is produced
Cyt bssg have been reported: high-potential (HP) oytg during the whole period of illumination (Figure 2A), due to
(400 mV), intermediate-potential (IP) cykse (200 + 50 the lack of free divalent ions during the first phase, fre®H
mV), and low-potential (LP) cybsse (60 &= 50 mV) (63). is not reduced to OH It is suggested that free. B, is
The removal of the Mn is known to shift heme to its lower gradually accumulated in the medium, and this reduces the
potential forms, and yet the phase of Oddtributed to the Mn-complex causing its disassembly and release oftMn
bound peroxide route is unaffected upon Mn removal. This (Figure 2C) (see for example ré&fl). It is suggested that
might be taken as arguing against a role for the heme in theMn?" might be involved in the reduction of @, to OH.

bound peroxide route for OHormation. This suggestion is supported by the observation that no
The redox potential of HP cyisso was shown to be pH  production of OM was observed in the presence of endog-
insensitive, whereas the redox potential of LP Qyto enous SOD and EDTA (Figure 4B, trace c). Under such

increases by 60 mV per unit at low pH64—66). The conditions, all @~ dismutates to free ¥D,; however, due
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Scheme 2
A — Fe’*"00H —
0,- > 02.-_ OH‘
> H,O,
SOD MnZ* Mn**
Fenton reaction
B
OH His\: ',His .
Fe2"+ (07)
s Cmis
H+ ferrous
His\‘ ’A,His His, His
-0_ Fe3'+ ferric-oxo ferric-peroxo ‘Fe3+ _ O
ferrtc-hydmperoxo
Fe3+
\
OH

a(A) Bound peroxide (upper route) and free peroxide (lower route)
reaction pathways for the production of ©bh the PSII acceptor side.
(B) Proposed model for the involvement of iron-peroxo intermediates
in OH* production.

to the chelating of divalent ions &, was not reduced to
OH-.

Two-Site Model of OHProduction.On the basis of the
results presented here, a model for ‘Qitbduction 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 *OFhe

source of electrons for this reduction process is proposed to

come from photosynthetic charge separation. In the free
peroxide reaction pathway, Olit suggested to be formed
by the reduction of free D, via the Fenton reaction.

(1) Bound Peroxide Pathwain 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 ofOand
the non-heme iron is suggested to result in rapid oxidation
of the ferrous F& and the formation of a ferric-peroxo
species. It is postulated that the transfer of an electron from
Fe' to a coordinated @ 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) @4, 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 @ to H,O,. The non-heme iron in
SOR is liganded by four histidines and a cystein [Fe(His)

Pospél et al.

(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 C¥5) 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 @, 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 intermediaS3(36, 37).

(2) Free Peroxide Pathwaylhe dismutation of @~
proposed to result in the production of free@ (17, 10,
22). It is suggested that £ dismutates either spontaneously
or is catalyzed by an intrinsic SOD. It has been suggested
that the cythsso may play this role 10, 23). Free Mri* or
other metal ions are suggested to reduce frg@,ko OH-.

Relevance to Physiological Oxidate Stress in PSIThe
presented data were obtained with isolated PSIl 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 OWia the bound
peroxide pathway, a process that by its nature occurs within
the reaction center, contributes significantly to photodamage,
particularly the impairment of the semiquinerigon 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 PSIl under
physiological conditions.
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