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Abstract—Photosystem II (PSII) is a pigment—protein complex of thylakoid membrane of higher plants, algae, and
cyanobacteria where light energy is used for oxidation of water and reduction of plastoquinone. Light-dependent reactions
(generation of excited states of pigments, electron transfer, water oxidation) taking place in PSII can lead to the formation
of reactive oxygen species. In this review attention is focused on the problem of interaction of molecular oxygen with the
donor site of PSII, where after the removal of manganese from the water-oxidizing complex illumination induces formation
of long-lived states (P680*" and TyrZ") capable of oxidizing surrounding organic molecules to form radicals.
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MOLECULAR ORGANIZATION
OF PHOTOSYSTEM II AND POSSIBLE
INTERACTIONS OF OXYGEN
WITH THE ELECTRON TRANSPORT CHAIN
OF PHOTOSYSTEM 11

Photosystem II (PSII) is a pigment—protein com-
plex located in the thylakoid membrane of oxygenic pho-
tosynthetic organisms. The light-dependent reactions of
electron transport in PSII lead to water oxidation with the
formation of molecular oxygen and protons as well as to
the reduction of plastoquinone to plastoquinol.
Crystallographic investigations of cyanobacterial PSII
from Thermosynechococcus elongatus [1] and Thermo-
synechococcus vulcanus [2] showed that the complex of
PSII contains at least 20 protein subunits, 35 chlorophyll

(Chl) molecules, two pheophytin (Pheo) molecules, 11-
12 molecules of carotenoids, more than 20 integral lipid
molecules, two molecules of plastoquinone, two heme
irons, one non-heme iron, one bicarbonate ion, 3-4 cal-
cium atoms (one of which is in the Mn,Ca cluster), and
four manganese atoms.

PSII can be divided into three basic functional
blocks: (1) light harvesting complex that absorbs photons
and transports the excitation energy to the reaction cen-
ter of PSII, (2) the photochemical reaction center (RC)
in which the primary photochemical reaction of charge
separation occurs, (3) the water-oxidizing complex
(WOC) where water oxidation and oxygen evolution
occur.

In the photochemical RC, light energy absorbed by
chlorophyll is transformed into the energy of separated

Abbreviations: apo-WOC-PSII, PSII membrane fragments deprived of the WOC; Chl, chlorophyll; D1, PSII reaction center polypep-
tide; DCBQ, 2,6-dichloro-1,4-benzoquinone; DPC, diphenylcarbazide; E°, standard oxidation-reduction potential; ETC, electron
transport chain; AF, photoinduced changes of chlorophyll fluorescence yield related to the photoreduction of the primary quinone
acceptor Q,; HO’, hydroxyl radical; H,0,, hydrogen peroxide; HP-OOH, hydrophilic hydroperoxides; LP-OOH, lipophilic
hydroperoxides; MCPBA, m-chloroperbenzoic acid; Mn,CaOj cluster, the catalytic inorganic core of the PSIT WOC; (Mn**),(di-p-
oxo)-complex, an intermediate both in the photoassembly and disassembly of the WOC; '0,, singlet oxygen; O, superoxide anion
radical; P680, primary electron donor of PSII; Pheo, pheophytin, the primary electron acceptor of PSII; PSII, photosystem II; RC,
reaction center; ROOH, organic peroxides; ROS, reactive oxygen species; SOD, superoxide dismutases; Spy-HP, 2-(4-diphenylphos-
phanylphenyl)-9-(1-hexylheptyl)anthra[2,1,9-def,6,5,10-d"e’f"|diisoquinoline-1,3,8,10-tetraone; TBHP, fert-butylhydroperoxide;
TyrZ, redox active tyrosine residue of D1 protein; WOC, water-oxidizing complex.
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charges, and the strongest biological oxidant, P680*", the
oxidized primary electron donor of PSII (with redox
potential of 1.1-1.27 V [3-7]) is formed. Until the early
1980s the primary photochemical reaction in PSII was
regarded as charge separation between the excited P680
and the primary electron acceptor Q, — a bound plasto-
quinone molecule with redox potential of —130 mV.
However, in works published in the late 1970s and early
1980s, it was found that one more electron carrier operates
between P680 and Q, — pheophytin with redox potential of
—610 mV — and that the primary photoreaction consists of
the photoformation of the radical ion pair [P680* " Pheo™ ']
[3, 8-11]. In circumstances where Q, is in the reduced
state, the lifetime of [P680" " Pheo™"] is 2-4 ns [12, 13].
The WOC consists of a catalytic inorganic core, the
Mn,CaOs-cluster where three manganese atoms, one cal-
cium atom and four oxygen atoms form a cubane-like
structure in which they are located at the corners. The
fourth manganese atom and one oxygen atom are located
outside the cubane. The calcium atom with atoms of man-
ganese as well as the manganese atoms among themselves
are linked by p-oxo bridges. P680" " oxidizes the WOC to
form a series of intermediate S-states (S,, S;, S,, S;, and
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P680"" (TyrZ') + RH — P680 (TyrZ) + R* (2)
R’ + 0, — ROO (3)

Possible redox interactions of O, with components of the electron
transport in PSII membranes deprived of the WOC (apo-WOC-
PSII). On the acceptor side of PSII, molecular oxygen can react
with the reduced electron carriers to form superoxide anion radi-
cal O;™ (reaction (1)). Oxygen can react with triplet chlorophyll
(*°P680) with the formation of singlet oxygen 'O, in circumstances
when the system lacks active electron acceptors (that facilitates
charge recombination in the primary ion-radical pair of
[P680" " Pheo™"] with the formation of *P680*). On the donor side
of apo-WOC-PSII, O, can react with organic radicals (R") pro-
duced by photooxidation of organic molecules (RH) by the long-
lived states of P680*" and TyrZ" (reaction (2)), and peroxyl radi-
cals (ROO") are formed (reaction (3)). Designations: P680, the
primary electron donor of PSII; TyrZ, redox active tyrosine
residue of D1 protein; Pheo, pheophytin, the primary electron
acceptor of PSII; Mn,CaOs cluster, catalytic inorganic core of the
PSII WOC; Q, and Qpg, the primary and secondary quinone elec-
tron acceptors; >Car, the triplet-state of a carotenoid molecule

YANYKIN et al.

S,), the transition from S, to S, is accompanied by oxida-
tion of two water molecules and the formation of O,.

O, is not only formed in PSII, but it also interacts
with the components of the PSII electron transport chain
with formation of reactive oxygen species (ROS) — singlet
oxygen ('0,), superoxide anion radical (O;7), hydrogen
peroxide (H,0,), and hydroxyl radical (HO") [14].

There are several types of reactions leading to photo-
formation of ROS in PSII. Type I is the univalent reduc-
tion of O, to O;~ on the acceptor side, where the generat-
ed reduction potential is low enough for the reaction
(reaction (1) and figure).

0,+e— 05 (1)

Possible sites of O;~ formation in PSII are the
reduced forms of the primary electron acceptor Pheo™
[15] and of the primary and secondary acceptor quinones
Q and Qg [16, 17], and the plastosemiquinone [18-20].
There is also evidence that cytochrome bss9 can reduce O,
[21, 22]. Spontaneous or enzyme-catalyzed dismutation
of O, results in the production of H,0,. H,0, photofor-
mation in PSII was shown by a luminol-peroxidase assay
[21, 23]. The reduction of H,0, by low-valency transition
metals (Fenton reaction) results in the generation of the
hydroxyl radical (HO") having high reactivity.

Type 11 is photoformation of singlet oxygen (‘O,),
which is mainly generated through the interaction of the
triplet-state chlorophyll (*Chl*) with O,. The formation
of *Chl* can occur in the reaction center of PSII when the
system lacks active electron acceptors (which facilitates
charge recombination in the primary ion-radical pair of
[P680" Pheo "] with the formation of *P680* [24]) as
well as in the light-harvesting complexes [25].

Type I1I is the photoformation of ROS on the donor
side. It has been shown that partial impairment of the
WOC leads to photoformation of H,O, on the donor side
[17,23, 26, 27]. The mechanism of the photoformation of
H,0, on the donor side was assumed to consist in two-
electron oxidation of two molecules of H,O, although the
exact mechanism is yet to be elucidated. H,0, may be
further oxidized to form O;~ or reductively cleaved to
form HO".

OXYGEN PHOTOCONSUMPTION
AND FORMATION OF ORGANIC PEROXIDES
ON THE DONOR SIDE OF PSII

When the WOC is destroyed the lifetimes of the oxi-
dized primary (P680) and secondary (TyrZ) electron
donors of PSII are significantly increased, and hence
their chances of oxidizing the surrounding molecules
such as chlorophylls, carotenoids, and amino acids will
increase [28-33]. In recent works, we have shown that in
addition to the well-known mechanisms of the interac-
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tion of O, with PSII and ROS generation, there is an
unknown mechanism of oxygen photoconsumption on
the donor side of PSII resulting in the formation of
organic peroxides [34-37].

We found an increase in of O, photoconsumption in
PSII preparations at high pH and after manganese
removal from the WOC [34, 35]. Based on the study of the
effect of diuron, catalase, and exogenous electron donors
and acceptors of PSII, we suggested that the oxygen pho-
toconsumption could be caused by two processes: the
reduction of O, to O;™ and the interaction of O, with
organic radicals formed as a result of oxidative activity of
P680" or TyrZ".

Further, we will consider and discuss our data on the
oxygen consumption under continuous and pulsed illu-
mination of PSII preparations after destruction of the
WOC by removal of manganese.

Photoconsumption of O, after damage or removal of
the water-oxidizing complex of PSII. Continuous illumi-
nation of functionally active PSII preparations in the
presence of exogenous electron acceptors (100 uM 2,6-
dichloro-p-benzoquinone (DCBQ) and 1 mM potassium
ferricyanide (K;[Fe(CN)g]) resulted in oxygen evolution
at the rate of 500 pmol O,/h per mg Chl. Under illumi-
nation of the PSII preparations in the absence of exoge-
nous electron acceptors, insignificant oxygen photocon-
sumption (less than 2 pmol O,/h per mg Chl) was
observed [34, 35]. At high pH (8.5-9.0) or upon the
removal of manganese from the WOC, a 6-fold increase
in the rate of oxygen photoconsumption (up to 10-
12 pmol O,/h per mg Chl) was observed. The light-
induced O, uptake was totally suppressed by diuron, the
inhibitor of electron transport in PSII.

The study of O, consumption under illumination of
PSII preparations with destroyed WOC (apo-WOC-PSII)
by a series of saturating microsecond light flashes is of
considerable interest because the flash results in a single
charge separation in photochemical RCs and the appear-
ance of only one positive and one negative redox equiva-
lent. It is known that the illumination of the native PSII
preparations by a series of saturating microsecond light
flashes in the presence of exogenous electron acceptor
leads to O, evolution with a typical oscillation period of
four and maximum of O, yield observed upon the third
flash [38, 39]. In our experiments, we observed similar
oscillations on illumination of native PSII preparations
by a series of microsecond light flashes. It should be noted
that the first flash resulted in neither evolution nor con-
sumption of O, in these PSII preparations. After the
removal of Mn from the WOC, only O, photoconsump-
tion was observed with a maximum on the first flash.
Importantly, the amplitude of the signal related to con-
sumption of O, on the first light flash in apo-WOC-PSII
was comparable with the yield of O, observed in native
PSII preparations on the third light flash in the presence
of exogenous electron acceptors. If we assume that the
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yield of O, evolution in the native PSII preparations on
the third saturating flash is one molecule per RC, then the
amount of O, consumed on the first flash in the Mn-
depleted PSII will be of 0.8-0.9 molecule of O, per RC. It
is an approximate estimation as the amplitude of the O,
yield on the third light flash in functionally active PSII
preparations as well as the amplitude of the O, uptake on
the first light flash in apo-WOC-PSII depends on several
factors (type of preparation, the redox state of electron
carriers, etc.). Nevertheless, these data indicate that pho-
toconsumption of O, in apo-WOC-PSII has a very high
efficiency comparable with that of O, evolution in native
PSII preparations.

Effect of diuron and exogenous electron donors and
acceptors on photoconsumption of O,. As in the case of
continuous illumination, O, uptake induced by microsec-
ond light flashes was almost completely inhibited by
diuron, indicating the need for electron transfer in PSII
for the oxygen photoconsumption in apo-WOC-PSII
[35].

Investigation of dependence of the O, photocon-
sumption in apo-WOC-PSII on the concentration of arti-
ficial electron acceptors showed that the rate of O, uptake
in the presence of saturating concentrations of artificial
electron acceptors (DCBQ and K;[Fe(CN)y]) remains
rather high (about 70 and 65% of the initial level for con-
tinuous and pulsed illumination, respectively) [35]. The
data indicate that approximately 65-70% of the O, photo-
consumed in apo-WOC-PSII may be attributed to the
donor side of PSII.

The study of effect of exogenous electron donors on
the O, photoconsumption in apo-WOC-PSII confirms
this suggestion [35]. Exogenous electron donors such as
ferrocyanide (K,[Fe(CN)¢]) and DPC as well as Mn**
(which is used for the formation of a functionally active
Mn,CaOs-cluster during the procedure of photoactiva-
tion [40-44]) were used in this investigation. It was shown
that the rate of O, uptake under continuous illumination
of apo-WOC-PSII decreased as the concentration of
exogenous electron donors grew and the rate was 29, 43,
and 35% of control upon the addition of saturating con-
centrations of K,[Fe(CN),], DPC, and MnCl,, respec-
tively. The addition of K,[Fe(CN)¢] at saturating concen-
trations resulted in a 80-85% suppression of the flash-
induced O, uptake. A similar effect was observed upon the
addition of another exogenous electron donor, DPC, i.c.
at a saturating concentration of DPC (100-200 uM) the
inhibition of the flash-induced O, uptake reached from
6510 70%.

It is known that the removal of manganese from PSII
membranes leads to a drastic decrease in photoinduced
changes of chlorophyll fluorescence yield (AF) of PSII
related to the photoreduction of the primary electron
acceptor Q,, since these preparations are incapable of Qj
photoaccumulation in the absence of electron donors.
Upon the addition of exogenous electron donors, the pho-
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toinduced AF is largely restored as a result of increase in
electron flow to P680* ", which promotes accumulation of
Qx [45]. Comparison of the effect of exogenous electron
donor (for example, MnCl,) on the rate of light-induced
O, uptake and the restoration of photoinduced AF showed
that the restoration of AF is accompanied by a decrease in
the rate of O, photoconsumption [35]. Thus, the recovery
of electron transport in PSII by exogenous electron
donors leads to a decrease in O, photoconsumption.

Upon the joint addition of artificial electron accep-
tors and donors, O, uptake induced by both continuous
and pulsed illumination of apo-WOC-PSII was com-
pletely inhibited [35]. These results indicate that the pho-
toconsumption of O, is a result of the redox interaction of
0, with components of PSII. Although the effect of
exogenous electron donors and acceptors on the photo-
consumption of O, was somewhat different under pulsed
and continuous illumination of apo-WOC-PSII, we can
note the following: O, photoconsumption is the result of
reactions occurring on both the acceptor and the donor
side of PSII, with predominant (about 70%) photocon-
sumption of O, on the donor side of PSII.

It is known that when Mn,CaOs-cluster is totally
destroyed the supply of electrons from water to the PSII
RC is stopped. In this case P680" " and TyrZ" will live a
relatively long time. This can lead to oxidation of the
surrounding molecules and photoinhibition of PSII via
the donor-side induced mechanism of photoinhibition.
The suppression of the O, photoconsumption in apo-
WOC-PSII by exogenous electron donors indicates the
relation between the O, photoconsumption and the for-
mation of the long-lived state of P680" . The results
show that the increase in concentration of exogenous
electron donors, on one hand, leads to increase in AF
restoration and, on the other hand, decrease in the rate
of the light-induced O, uptake in apo-WOC-PSII. One
interpretation of these data is that about 70% of oxygen
photoconsumption in apo-WOC-PSII occurs on the
donor side of PSII.

On the basis of these data, it was assumed that the
light-induced O, uptake in apo-WOC-PSII could be
caused by two processes: reduction of O, to O;~ by
reduced electron carriers on the acceptor side of PSII,
and the interaction of O, with organic radicals formed as
a result of oxidative activity of P680*" or TyrZ" (reactions
(2)-(4)) (the figure):

P680*" (or TyrZ') + RH — P680 (TyrZ) + R*, (2)

R"+ 0,—> ROO", 3)

ROO" + RH - ROOH + R", 4)

where RH, R", ROO’, and ROOH represent an organic

molecule, its radical, its peroxyl radical, and its peroxide,
respectively.

YANYKIN et al.

The loss of electron donation to P680*" leads to the
photooxidation of the surrounding molecules with the
formation of organic radicals R". It is known that in solu-
tions organic radicals can interact with O, to form corre-
sponding peroxyl radicals ROO" [46, 47], which are then
transformed into hydroperoxides ROOH.

Unusual effect of Mn?" on O, consumption under
pulsed illumination of apo-WOC-PSII. When studying
light-induced O, consumption, it was found that in con-
trast to other exogenous electron donors, Mn?* at micro-
molar concentrations activated the flash-induced O, con-
sumption in apo-WOC-PSII [35, 36]. The activating
effect of Mn?" was maximal at 5-100 pM Mn?* (which
corresponds to 2-40 Mn atoms per PSII RC), and upon
further increase in Mn*concentration the effect was low-
ered, while at higher concentrations (>200-400 puM
Mn?") Mn?**(like other exogenous electron donors to
PSII) induced inhibition of the flash-induced O, con-
sumption [35, 36]. Depending on the sample, the Mn?*
concentration required for the maximum activation of the
flash-induced O, uptake varied from 10 to 100 uM.

The results showed that the activation of the flash-
induced O, uptake was observed at low concentrations of
Mn?*, when electron transport on the donor side of PSII
was not completely restored. It is possible that manganese
is involved in light dependent reactions resulting in the
additional photoconsumption of O,. Possible reactions
involving Mn?" in the activation of the flash-induced O,
uptake were proposed:

a) Mn?" binding in apo-WOC-PSII may lead to
structural changes in PSII, which, in turn, may result in
the activation of O, consumption both on the acceptor
and the donor sides of PSII;

b) the activation of flash-induced O, consumption in
apo-WOC-PSII upon the addition of catalytic Mn?* con-
centration may be due to the oxidation of organic mole-
cules via their interaction with Mn®* formed as a result of
the photooxidation of the added Mn>" by PSII;

c) Mn?"-induced activation of flash-induced O,
uptake may be due to redox interaction of Mn?* with ROS
(hydroperoxides, O;~, H,0,) formed upon the illumina-
tion of PSII. The reactions can produce radicals, which
may cause additional O, consumption;

d) Mn**-induced activation of flash-induced O,
uptake in apo-WOC-PSII may reflect the involvement of
O, or its reactive forms in the photoassembly of the inor-
ganic Mn-containing core of the WOC, in particular, in
the formation of (Mn**),(di-p-oxo) complex believed to
be a key intermediate for the assembly of the Mn cluster.

Mn-depleted PSII preparations are known to be very
sensitive to the inhibitory action of light. It is known that
the illumination of Mn-depleted PSII preparations results
in the irreversible loss of the ability of PSII to be reactivat-
ed by Mn?" [33]. As shown in our work [35], pre-illumi-
nation of apo-WOC-PSII for 5 min by continuous light
(A > 650 nm, 900 pmol photons/(m>s)) resulted in the
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suppression of photoinduced AF reactivation by exoge-
nous Mn?". Besides, the pre-illumination also inhibited
flash-induced O, consumption, led to a considerable loss
of the effect of added Mn** on the flash-induced O, con-
sumption, and suppressed both effects of Mn>*: activation
at low Mn?* concentrations and inhibition at higher Mn?*
concentrations. The results showed that only the donor
side of PSII capable of “functional” redox interaction
with Mn?" can be involved in these effects. It is important
to note that the photoinhibition procedure caused certain
damage to the donor side of PSII, while the photoinduced
charge separation in PSII RCs remains active.

Specific effects of manganese and calcium ions on O,
photoconsumption under pulsed illumination of apo-WOC-
PSII. To study Mn?**-induced activation of flash-induced
O, uptake in apo-WOC-PSII, the effect of other divalent
metal ions (Me?") on the flash-induced O, consumption
was examined. Two types of metal ions were investigated:
(1) non-transition metals with electron configuration #s?,
such as Mg and Ca, and (2) transition metals (Co, Fe, V,
and Cr), having, like Mn, electronic configuration
ns*(n—1)d™ [36]. It was shown that the addition of Mg?*
and Ca’" does not affect the O, consumption under
pulsed illumination of apo-WOC-PSII [36]. This may
indicate that the effect of Mn?* is not associated with
structural changes in PSII that could be induced by the
metal ions. Most likely, the effect of Mn?* is associated
with the involvement of Mn*" and/or Mn>" (as a result of
Mn?* photooxidation) in redox reactions on the donor
side of apo-WOC-PSII. The addition of Co?* (with a high
E’ equal to 1.8 V [48]) did not influence the flash-induced
0O, consumption in apo-WOC-PSII. Addition of metal
ions with a relatively low redox potential: Fe?*, V**, and
Cr** (E° for Fe?*/Fe**, V¥*/V** and Cr**/Cr*" is equal to
0.771, —0.255, and —0.407 V, respectively [48]) led to a
considerable inhibition of the flash-induced O, consump-
tion [36]. Addition of Fe?" and V?*, in contrast to Co**,
led to restoration of AF in PSII. However, in contrast to
Mn?*, which is also able to donate electrons to the apo-
WOC-PSII, other ions of transition metals (Co?>", Fe?*,
V2* and Cr?") did not activate the O, photoconsumption
at any concentration (up to 2.5 mM). These data confirm
the unique capability of Mn?* to activate the flash-
induced O, consumption in apo-WOC-PSII.

Thus, in comparison with other ions of metals used
in this work, only Mn?" ions were able to activate the
flash-induced O, consumption. The absence of a similar
effect for other transition metal ions capable of electron
donation to apo-WOC-PSII with formation of Me** can
be explained by: (1) inability of the Me®* to take part in
redox reactions leading to the O, consumption (for water
solutions, E° for the pairs Mn**/Mn*" and Fe*/Fe’* is
equal 1.51 and 0.771 V, respectively [48]), or (2) redox
potential of P680*" (or TyrZ") is not enough for oxida-
tion of Me?* to Me** which, in turn, could oxidize organ-
ic molecules (RH).
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As noted above, we suggested that Mn?*-induced
activation of the flash-induced O, consumption in apo-
WOC-PSII may reflect the involvement of O, in the pho-
toassembly of the Mn,O;Ca inorganic core of the WOC of
PSII, in particular, in the formation of (Mn*"),(di-p-
oxo) complex [35]. It is known that Ca** is an obligatory
cofactor for both proper assembly of Mn-containing clus-
ter and recovery of the oxygen-evolving activity [49]. We
considered the effect of Ca?" on the Mn?"-activated O,
photoconsumption in apo-WOC-PSII. It was found that
the effect of Ca?* depended on concentration of added
Mn?*: it was maximum at Mn?>" concentration of 5 UM,
lowered at higher Mn?* concentration, and disappeared
at Mn?* concentration of 100 uM when the effect of Mn?*
itself reached its maximum [36]. It was shown that in the
presence of 5 pM MnCl, the stimulatory effect of Ca**
grows upon the increase in Ca?" concentration from 2.5
to 7.5 uM (when the Ca**/RC ratio is 1-3), while at high-
er Ca** concentrations its effect was lowered so that at
Ca*" concentration of 100 pM its effect disappeared. In
the absence of Mn?*, calcium had no effect on the flash-
induced O, consumption in apo-WOC-PSII.

When replacing Ca’" by Mg?*, no activation of the
flash-induced O, consumption in apo-WOC-PSII was
observed either in the absence or in the presence of Mn**
in the medium, and Mg?* even caused a decrease in the
amplitude of the flash-induced O, consumption meas-
ured in the presence of Mn?*. Subsequent addition of
Ca*" resulted in the elimination of the inhibitory effect of
Mg?*, and then activation of the flash-induced O, con-
sumption took place. In this case, a 14-fold increase in
the concentration of Ca’" (10 and 140 uM Ca’" in the
absence and in the presence of Mg?*, respectively) was
required to achieve the maximum activation of Mn?*-
induced O, photoconsumption.

The effect of Ca?* on the Mn?"-activated O, photo-
consumption in apo-WOC-PSII can also support the idea
of the involvement of O, in the photoassembly of inor-
ganic Mn-containing core of the WOC since this effect
was unique for Ca** (which is strictly necessary for the
restoration of the oxygen-evolving activity of the WOC).
But we cannot exclude the possibility that enhancement
of O, photoconsumption reflects the photodestruction of
the donor side of PSII in the early stages of the assembly
of the enzymatic center of PSII. We suggest that the effect
of Ca*" could be associated with the organization of the
binding site(s) for Mn ions in apo-WOC-PSII.

Experimental evidence for photoformation of organic
peroxides on the donor side of apo-WOC-PSII. We veri-
fied our suggestion that the light-induced O, consump-
tion on the donor side of PSII is related to interaction of
0O, with radicals (R") produced by photooxidation of
organic molecules (RH) with long-lived states of P680*"
and TyrZ", and organic peroxides (ROOH) are formed as
the final product [37]. To identify the hydroperoxides
photoproduced in apo-WOC-PSII, a lipophilic fluores-
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cence probe 2-(4-diphenylphosphanylphenyl)-9-(1-
hexylheptyl)anthra[2,1,9-def,6,5,10-d’e’f']diisoquino-
line-1,3,8,10-tetraone (Spy-HP) specific to peroxides
was used. Spy-HP reacts with hydroperoxides to form its
oxidized product, Spy-HPOXx, resulting in a significant
increase in fluorescence [50]. To obtain insight into the
specificity of the probe for various peroxide species, the
interaction of Spy-HP with m-chloroperbenzoic acid
(MCPBA), tert-butylhydroperoxide (TBHP), and H,0,
was studied. The data showed that the reaction of
lipophilic hydroperoxides LP-OOH (for example,
MCPBA) with Spy-HP was completed within 5 min,
while the interaction of the fluorescence probe with
hydrophilic hydroperoxides HP-OOH (for example,
TBHP) and H,0, was not completed after 180 min [37].

It was shown that illumination of untreated PSII
membranes for 3 min led to just a small increase in the
fluorescence intensity of Spy-HP, while illumination of
apo-WOC-PSII resulted in a significant (8-fold) increase
in the fluorescence intensity of the probe [37]. To charac-
terize the photoproduced peroxide species in apo-WOC-
PSII, the illuminated Mn-depleted PSII membranes
were incubated for various periods of time with Spy-HP,
and the fluorescence increase was monitored. Two com-
ponents, fast and slow, were distinguishable in this
dependence: the fast component was the fluorescence
increase in the initial 5 min, and the slow one was the
subsequent monotonic increase. Based on the finding
that the reaction rate of peroxides with Spy-HP depend-
ed on their hydrophobicity, the fast component was
attributed to the formation of LP-OOH, and the slow one
to HP-OOH. To examine whether the O;~ and H,O,
(which are formed upon illumination of PSII mem-
branes) contributed to the R-OOH fluorescence, the
experiments were done in the presence of superoxide dis-
mutase (SOD) and catalase. It was found that the addi-
tion of these enzymes did not suppress the formation of
LP-OOH and HP-OOH. These data indicated that nei-
ther O;~ nor H,0, significantly contributed to the oxida-
tion of Spy-HP. There was a slight stimulation of Spy-
HPOXx fluorescence by the addition of SOD and catalase.
This might have been due to the disappearance of H,O,,
which, had it been present, could have acted as a PSII
donor. To eliminate the possible influence of O;~ and
H,0,, all subsequent experiments were performed in the
presence of SOD and catalase.

The effects of diuron, electron donors (DPC and
K4[Fe(CN)]), and electron acceptor (K;[Fe(CN)4]) on
the ROOH photoformation in apo-WOC-PSII were
examined. A considerable (70-75%) suppression of the
formation of LP-OOH and HP-OOH by diuron con-
firmed that this photoreaction was related to electron
flow in PSII. The electron acceptor ferricyanide
decreased the photoproduction of both LP-OOH and
HP-OOH by 10% [37]. This effect of ferricyanide can be
explained if we assume the production of a small amount
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of ROOH on the acceptor side. Another explanation is
that the ferrocyanide (produced as a result of ferricyanide
photoreduction) donated electrons and thereby sup-
pressed the ROOH formation on the donor side. The
result indicated that the ROOH formed on the acceptor
side, if any, constitutes a minor fraction of the total
detected ROOH.

When the electron donor DPC was added, the pho-
toproduction of both LP-OOH and HP-OOH was
decreased by 80-90%. This was ascribable to the electron
donor blocking the photoaccumulation of the cation-rad-
ical P680*" or TyrZ", and thereby suppressing the pro-
duction of organic peroxides in apo-WOC-PSII. Another
electron donor, ferrocyanide, showed a similar degree of
suppression.

It was found that the half-lives of LP-OOH and HP-
OOH (approximately 12 min) photoproduced in apo-
WOC-PSII were not affected by either DPC or
K4[Fe(CN)4] [37]. Thus the suppression of ROOH for-
mation in apo-WOC-PSII by DPC and K,[Fe(CN)] was
ascribed to their electron donation to PSII. These results
using Spy-HP were thus in good correspondence with the
O, photoconsumption data and support our hypothesis
that the photoconsumption of O, on the PSII donor side
leads to the formation of ROOH via radical chain reac-
tions.

Upon addition of FeCl, (a Fenton reagent that
induces the decomposition of peroxides) to illuminated
apo-WOC-PSII, the increase in fluorescence induced by
the oxidation of Spy-HP was not observed, while it did
not quench the fluorescence of Spy-HPOx that had been
produced via the oxidation of Spy-HP with 0.5 uM
MCPBA. Thus, it was confirmed that the detected oxi-
dants that were formed in apo-WOC-PSII were perox-
ides.

To determine the yields of LP-OOH and HP-OOH
in apo-WOC-PSII, the light-intensity dependence of the
photoproduction of both types of ROOH was investigat-
ed. LP-OOH and HP-OOH showed different light-satu-
ration curves (at 25 and 750 pmol photon/(m?*s), respec-
tively). At the light intensity of 750 pmol photon/(m?s)
for 3 min, the yield of LP-OOH and HP-OOH in apo-
WOC was 4 and 200 molecules per RC of PSII, respec-
tively. In this case, the photoproduction rates of LP-OOH
and HP-OOH were 0.37 and 18 pmol/h per mg Chl,
respectively. The photoproduction rate of ROOH was
comparable to the O, photoconsumption rate in apo-
WOC-PSII (11-12 pmol/h per mg Chl) [37].

Thus, the results present experimental evidence for
photoproduction of ROOH on the donor side of PSII
deprived of components of the WOC.

Physiological relevance of the peroxides formed on the
donor side of PSII. At the present time, the physiological
role of organic peroxides formed on the donor side of
PSII is unknown. It is believed that donor side-induced
photoinhibition starts with the inactivation of the WOC.
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[llumination of apo-WOC-PSII will lead to the enzymic
degradation of D1 protein. It is generally accepted that
specific proteases are involved in this process. However,
there is little information about the mechanism of the
degradation of D1 protein. We can propose that the for-
mation of LP-OOH Iead to modification of the D1 pro-
tein, and this type of modification can be an initial event
to trigger the protein degradation in the donor side-
induced photoinhibition. Small reactive aldehydes such
as malondialdehyde and acrolein, derived from lipid per-
oxides or HP-OOH, have been shown to occur and to
modify several PSII proteins in vivo under heat stress con-
ditions [51]. Although the accumulation levels of LP-
OOH and HP-OOH in apo-WOC-PSII are very low and
their chemical identity has yet to be elucidated, the for-
mation of these potentially reactive species should be of
significant importance in the photoinhibition mecha-
nisms. On the other hand, the process of ROOH forma-
tion on the donor side of apo-WOC-PSII may be involved
in the formation of the inorganic core of the WOC during
photoreactivation. This speculation is based on the fact
that the addition of catalytic concentration of Mn?* as
well as ions of Ca?* leads to increase in the flash-induced
O, consumption in apo-WOC-PSII.
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