
POSSIBLE FUNCTIONS OF OXYGEN

REDUCTION IN THE PHOTOSYNTHETIC

ELECTRON TRANSPORT CHAIN

Demonstration of the formation of hydrogen perox-

ide (H2O2) during illumination of isolated chloroplasts [1]

was the first evidence of the reduction of O2 molecules in

the course of photosynthetic electron transport. Later it

was shown that, even under conditions optimal for pho-

tosynthesis, the rate of the concurrent oxygen reduction

can be up to 30% of the rate of CO2 reduction [2, 3].

Many possible physiological functions of the transfer of

the electrons coming into a photosynthetic electron

transport chain (PETC) from water oxidation to oxygen

are discussed in the literature [4-8]. The drain of elec-

trons to oxygen, decreasing the reduction level of PETC

components, protects them from photoinhibition, which

is stimulated under anaerobic conditions [4]. This drain

also promotes operation of photosystem I (PSI) cyclic

electron flow, which requires a certain degree of plasto-

quinone (PQ) pool oxidation [5]. Proton accumulation in

the intrathylakoid space due to electron transport to oxy-

gen under conditions of CO2 deficiency can provide pro-

tection against photoinhibition owing to the increase in

energy dissipation in the pigment matrix; this increase

results from both the structural changes of light-harvest-

ing complexes mediated by exchange of magnesium ions

for protons, and the increase in the zeaxanthin content in

these complexes on the activation of violaxanthin-

deepoxidase [6]. The proton gradient occurring across the

thylakoid membrane in the course of electron flow to O2

was widely considered as the source of ATP synthesis sup-

plementing that initiated by electron flow to NADP+ [7].

The current values of both H+/e– ratio and H+/ATP ratio,

3 and 4, respectively, provide, through electron flow to

NADP+, an ATP/NADPH ratio equal to 1.5, which is

required for the Calvin cycle to operate. However, sta-

tionary photosynthesis requires an amount of ATP

exceeding that used in the Calvin cycle, since ATP is con-

sumed also in the processes of metabolite transport, of

biosynthesis of polysaccharides and proteins, etc.; so

additional ATP synthesis at the expense of either electron
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flow to oxygen, or PSI cyclic flow seems necessary. H2O2

is the main signaling molecule in plant cells [8], and its

formation in the PETC is an additional and now widely

studied function of oxygen reduction in the course of

photosynthetic electron transport.

In spite of the important functions attributed to oxy-

gen reduction in the PETC, the mechanisms of this

process remain unclear. There is no consensus as to what

chloroplast component serves as the basic immediate

reductant of O2 molecules; either the membrane-bound

carriers of the PETC, or ferredoxin (Fd), or the stromal

components reduced by ferredoxin.

OXYGEN REDUCTION IN CHLOROPLASTS

OUTSIDE THYLAKOID MEMBRANES.

THE ROLE OF FERREDOXIN

Robinson [9] supposed that the enzymes participat-

ing in stromal metabolism might be the basic direct

reductants of O2 molecules; this role was suggested for the

enzymes (reduced by Fd) in nitrogen metabolism in the

absence of the specific substrate. The assumption about

participation of the stromal components in O2 reduction

has been put forward again [10, 11] to explain the differ-

ences in both the rates and the characteristics (Km, etc.) of

oxygen reduction in isolated thylakoids versus intact

chloroplasts. From experiments with isolated thylakoids

supplied with various flavoenzymes, which stimulated

oxygen reduction, it was assumed that the direct reduc-

tant of O2 molecules by the electrons from the PETC is

monodehydroascorbate-reductase [11]. However, this

enzyme when reduced was oxidized by oxygen rather

slowly in the absence of thylakoids [11], and additional

studies on its possible participation in electron transfer

from the PETC to oxygen are required.

The water-soluble component of PETC, Fd, which

has a low redox-potential (figure), when added to the iso-

lated thylakoids also stimulated oxygen reduction, and

the level of the stimulation depended on the concentra-

tion of this protein [12-14]. This fact implied that in vivo

Fd also plays a significant role in oxygen reduction.

However, in these studies, in order to reach oxygen reduc-

tion rates close to the maximum rates of electron trans-

port along the PETC, high Fd concentrations were

required, corresponding to a Fd/Chl ratio of 5-10 in the

experimental vessel [14], which is more than three orders

greater than in vivo. The requirement for such high con-

centrations was explained by the necessity to accumulate

high levels of reduced Fd, if the rate of its oxidation by

oxygen is low. Actually, the pseudo-first order rate con-

stant of the direct oxidation of reduced Fd by oxygen was

Scheme of the photosynthetic electron transport chain including the oxygen pool. The dashed line shows the redox potential of the O2/O�
2

pair. The solid line outlines components of a b6/f-complex; a dashed line outlines the components having several redox forms. The dotted

arrows show both the reduction of O2 molecules by the carriers of PSI within the membrane, and the reduction of superoxide radicals formed

by plastohydroquinone molecules. The redox potentials are shown at pH 7.0. Mn, manganese cluster of the water-oxidizing complex; Z,

redox-active tyrosine of D1 polypeptide; P680, primary electron donor in PSII; Pheo, pheophytin; QA and QB, primary and secondary

quinone acceptors in PSII; PQ, PQH2, and PQH• are plastoquinone, plastoquinol, and plastosemiquinone, respectively; cyt bL and cyt bH,

low- and high-potential hemes of cytochrome b6; FeS, the Rieske iron-sulfur center; cyt f, cytochrome f; PC, plastocyanin; P700, primary

electron donor in PSI; A0 and A1, primary and secondary electron acceptors in PSI; FX, FA, and FB are tertiary iron-sulfur acceptors in PSI;

Fd, ferredoxin; FNR, ferredoxin-NADP reductase
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found to be low, namely, 0.1-0.2 sec–1 [15, 16]. In a num-

ber of studies, the participation of Fd in oxygen reduction

in vivo was not counted at all, and this process was con-

sidered to be mediated only by membrane-bound PETC

carriers (see [10]). However, there were no experimental

data in the literature about the ratio of rates of two possi-

ble electron flows to oxygen, namely, through Fd and

immediately from membrane-bound PETC carriers situ-

ated “before” Fd. Recently, in experiments with isolated

thylakoids supplied with Fd (added at concentrations

corresponding to Fd/Chl ratio of ~1 in the vessel when

NADP+ reduction rates were close to the rates observed in

vivo), we have found that only 30-50% of electrons par-

ticipating in oxygen reduction are transferred through Fd,

both in the absence and in the presence of NADP+ [17].

In vivo, Fd is oxidized not only by ferredoxin-NADP-

reductase (FNR) transferring the electrons to NADP+,

but also by other stromal enzymes; so, its participation in

oxygen reduction may be even lower. Thus, the main elec-

tron flow to oxygen takes a course from the membrane-

bound carriers of the PETC. This flow in experiments

with isolated thylakoids was either 5 or 60% of the total

linear electron flow along the PETC in the presence and

in the absence of NADP+, respectively [17].

OXYGEN REDUCTION BY MEMBRANE-BOUND

CARRIERS OF THE PHOTOSYNTHETIC CHAIN

Fd-NADP-reductase (FNR) and PSI complex. In

earlier work [13], two reactions of the Fd-dependent

reduction of O2 were found, and the value of Km(Fd) of

one of them (the smaller) was close to the value of Km(Fd)

of the reaction of NADP+ reduction under the same

experimental conditions [18]. The analysis of data sug-

gested that FNR participated in the electron transfer to

O2. Thermodynamically possible (figure), the participa-

tion of FNR in the process of O2 reduction was proposed

also by other researchers [19], but until now there has not

been enough experimental data in favor of this pathway.

It is commonly accepted that reduction of oxygen by

the membrane carriers of the PETC is almost entirely

carried out by the components of the acceptor side of PSI

[10]. They have sufficiently low redox potentials (figure)

to effectively reduce an O2 molecule to a superoxide rad-

ical, O�
2 , which is considered to be the main reduced oxy-

gen species initially generated in thylakoids [20]. Asada et

al. [20], from experiments with membrane fragments

enriched with PSI, for the first time assumed that O�
2 is

generated within the thylakoid membrane. Further stud-

ies [21, 22] demonstrated additional evidence in favor of

intramembrane reduction of O2 in PSI complex; in par-

ticular, the kinetics of cytochrome c reduction after a

short (10 µsec) flash was interpreted as reflecting the dif-

fusion of superoxide from the place of its generation to

the membrane surface [21]. The immediate reductant of

O2 in PSI has not been established precisely. The iron-

sulfur clusters FA and FB, located in the PSI subunit

exposed into stroma [23], produce superoxide, most like-

ly outside of a lipid membrane phase. The reduction of

oxygen by the PSI acceptors buried in the membrane,

namely, by A1 (phyloquinone) and FeS cluster Fx, having

Em equal to –820 and –730 mV, respectively [24], is very

favorable thermodynamically (figure). It is necessary to

take also into account the higher concentration of O2 in

the hydrophobic membrane phase than in the aqueous

solution. The fast oxidation of these carriers by their oxi-

dizers, Fx and FA/B, respectively, within the PSI complex

(t1/2 are equal to 200 and 250 nsec, respectively) can

decrease the probability of their reactions with O2 mole-

cules. However, these times have been measured when

electron transfer was initiated by rare flashes, i.e. under

conditions when all the components of the PSI acceptor

side were oxidized. The maximal rates of the reduced Fd

usage in the metabolic reactions in stroma (Calvin cycle,

activation of enzymes, reductions of nitrogen, oxaloac-

etate, and glutathione) in saturating light correspond to a

transfer of 1e– from FA/B to Fd per 4-8 msec [9]. If the rate

of electron input to Fx and/or A1 is higher, then the accu-

mulation of these carriers in the reduced states and,

accordingly, their reactions with O2 become very proba-

ble.

PSII complex. The inhibition of oxygen reduction by

diuron in intact thylakoids is regarded as evidence that

QA, the primary electron acceptor in PSII does not par-

ticipate in this process [20]. Actually, the redox potential

of the QA/QA
– pair is slightly more positive than that of the

O2/О�
2 pair (figure), and doubly reduced QA

2– does not

accumulate under physiological conditions [25]. E ′0 of the

QB/QB
– pair, the secondary electron acceptor in PSII,

–45 mV [26], is even more positive. However, diuron-

sensitive and having low rate (0.5-1.5 µmol/mg Chl per

h), H2O2 formation was found in the thylakoid fragments

enriched with PSII [27]; this was interpreted as being the

result of oxygen reduction by QB. Possibly, reduction of O2

molecules at the acceptor side of PSII was induced just by

the membrane fragmentation, which could lead, for

instance, to an increase in the lifetime of the reduced QB
–.

Oxygen consumption in PSII membrane fragments is

considerably stimulated after damage to the water-oxidiz-

ing complex [28]. We concluded that the fundamental

contribution of this stimulation is the embedding of O2

molecules in the peroxides of organic molecules, a

process which is promoted by oxidation of these mole-

cules by the long-lived cation-radical P680+.

Experiments, however, implied that this stimulation of

oxygen consumption is partially due to an increase in oxy-

gen reduction [28]; but what component of PSII transfers

the electrons to oxygen is not yet clear (see review [29]).

Cytochrome b6/f complex. The low potential compo-

nents of the b6 f-complex are not usually considered as

participants in the reduction of O2 in higher plant thy-
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lakoids. The high potential heme of cytochrome b6, which

is reduced after the first oxidation of plastohydroquinone

(PQH2), has Em of only –45 mV [30]. However, the

potential of the low potential heme was estimated to be

–150 mV [30] or even –170 mV [31]; and if electron

transfer to high potential heme is hampered, the electron

from the low potential heme can be accepted by molecu-

lar O2. This process, with low effectiveness due to small

difference in the values of the redox potentials of the cor-

responding pairs (figure), would compete with the Q-

cycle, and this could have a regulating function as was ear-

lier assumed [32]. The fact that inhibition by antimycin of

the cytochrome b oxidation in bc1-complexes of mito-

chondria and yeast provoked stimulation of oxygen reduc-

tion, together with analysis of the action of inhibitors of

other reactions in this complex, led to the conclusion that

ubisemiquinone arising in a quinol-oxidizing site of both

complexes serves as the reductant of O2 [33, 34]. Such

data are absent for the cytochrome complex of the thy-

lakoid membranes, but this process cannot be excluded.

Plastoquinone pool. The possibility of functioning of

the so-called plastid terminal oxidase in the thylakoid

membrane, capable of oxidizing the quinols by oxygen

with formation of water, is considered in the literature

[35]. Available data fail to confirm, however, any signifi-

cant participation of this enzyme, which is present there

in very small amounts in the oxidation of PQ pool in the

thylakoids of higher plants [36].

Components of the PQ pool are the only intramem-

brane carriers, which are not included in the molecular

complexes where electron transfer pathways are struc-

turally determined. This circumstance provides them

with an opportunity to react with carriers outside the

PETC. The light-induced oxygen consumption in isolat-

ed thylakoids in the presence of dinitrophenyl-2-iodo-4-

nitrothymol (DNP-INT), a non-autooxidizable inhibitor

of PQH2 oxidation by the b6 f-complex, has been revealed

[37]. Diuron as well as catalase suppressed this consump-

tion almost to zero, indicating respectively both that the

reduction of O2 occurs “after” PSII and that it is accom-

plished by electrons coming into the PETC from water

oxidation. Since an appreciable contribution of the PSII

acceptor side components into the oxygen reduction in

intact thylakoids is absent (see above), conspicuous dif-

ference in the pH dependence of the oxygen consumption

rate between the untreated thylakoids and those treated

with DNP-INT demonstrated the existence of oxygen

reduction in the PQ pool.

It was concluded [37] that an immediate reductant of

O2 molecules in the PQ pool is plastosemiquinone (PQ�):

PQ� + O2 = PQ + О�
2 .                       (1)

Thermodynamic properties of both pairs, PQ/PQ�

(pK = 6.0, E ′0 = –170 mV [31]) and O2/О�
2 (pK = 4.8,

E ′0 = –160 mV), satisfactorily explained the increase in

the oxygen consumption rate in the presence of DNP-

INT, from close to zero at pH 5.0, up to stationary level

starting at pH 6.2-6.5 [37]. In this pH range, the differ-

ence in the redox potentials of these pairs changed

from +50 mV (unfavorable for O2 reduction) to –10 mV

(favorable). One-electron reduction of O2 was supported

by the fact that ascorbate as a superoxide trap increased

the rate of oxygen consumption, and this increase was

completely suppressed by superoxide dismutase [37].

Generation of the superoxide radical in the light in the

presence of DNP-INT was observed also with the use of

a special electrode [38].

Calculated from the rate of oxygen consumption, the

rate of superoxide generation in the PQ pool turned out to

be higher than the rate of its appearance in the medium;

and it was assumed [37] that superoxide formed in the PQ

pool was “up-reduced” to H2O2 by PQH2 within the

membrane:

PQH2 + О�
2 = PQ� + H2O2.                  (2)

Reaction (2) is thermodynamically favorable owing

to the appreciable difference in the values of E ′0 of the

pairs PQ�/PQH2, 370 mV [31], and О�
2 /H2O2, 940 mV;

the calculated equilibrium constant is higher than 109.

Thus, the reduction of oxygen in the PQ pool occurs

within the membrane as an autocatalytic process, name-

ly, PQ� produced in reaction (2) reduces a new molecule

of O2 in reaction (1), and so forth.

If the dismutation reaction is the sole route of semi-

quinone production, its concentration in the PQ pool

depends on the presence of protons. The equilibrium

constant of the reaction

QH2 + Q = 2QH• (3)

for ubiquinone has been given as 10–10 [39]. However, for

the reaction

QH2 + Q = 2Q� + 2H+,                     (4)

which, for plastoquinone, is possible in the pH range

from 6.0 (pK of PQH•) to 10.8 (pK1 of PQH2 [31]) the

thermodynamic calculation of the equilibrium constant

from the values of the redox potentials of the pairs

PQ/PQ� and PQ�/PQH2 gives a value of 10–3 for pH 10.

The membrane phase is considered as “aprotic”, and the

volumetric molar concentration of protons in this phase

can be even less than in aqueous solution at pH 10; how-

ever, transient occurrence of the semiquinone charged

head in the water-bearing area of the membrane is possi-

ble. An additional generation of semiquinone in reaction

(2) can increase the stationary concentration of this

species and, accordingly, the rate of oxygen reduction.

With increasing light intensity, the rate of oxygen

reduction in thylakoids in the presence of DNP-INT was
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quickly saturated and turned out to be estimably less than

the rate in the total PETC in the absence of inhibitor, with

dioxygen as a sole electron acceptor in both cases [40].

However, the participation of the PQ pool in oxygen

reduction in the total PETC did increase and reached 60-

70% at pH 6.5 and 7.8 [41]. At pH 5.0, when PQH• for

thermodynamic reasons cannot reduce O2, as has been

observed experimentally [37], participation of PQ pool in

oxygen reduction at high light intensity was, nevertheless,

50% [41]. These unexpected results led to the assumption

that molecules of PQH2 could reduce the superoxide pro-

duced not only in the PQ pool but also in the acceptor

side of PSI, the main site of reduction of O2 molecules in

the PETC. Thus, PQ pool participation in oxygen reduc-

tion at pH 5.0 is determined by the fact that PQH2 mole-

cules do participate in this process; that this participation

is close to 50% indicates that, at high light intensity, vir-

tually all the superoxides originating from PSI are

reduced by PQH2. The higher contribution of the PQ

pool to oxygen reduction at higher pH values, obviously,

is the result of participation of PQ� in the reduction of O2

molecules at these pH values.

The concentration of plastoquinone molecules in the

thylakoid membrane, 20 per 1000 Chl, is an order of

magnitude greater than that of the reaction centers of

PSII [42]; the quinone and quinol forms quickly diffuse

in the membrane [43]; and they spread along the whole

membrane interior, with a slightly higher concentration

in the stromal lamella [44]. The microdomain PQ pool

organization assumed on the basis of measurements

under infrequent flashes [45], obviously, does not influ-

ence its reduction under continuous illumination: an

average time of domain reorganization was estimated to

be 60 msec, and a full reduction of the entire PQ pool

occurred for less than 2 sec [45].

The data obtained earlier [21, 46] show that superox-

ide generated in the thylakoid membrane via oxygen

reduction is preserved there over the seconds time range.

In studies by Asada [10], it was repeatedly stressed that

the superoxide radical is rather stable in the aprotic phase

of the thylakoid membrane. It was recently shown that

even in aqueous solution at pH 11, the half-life of super-

oxide was close to 15 sec [47]. The permeability of the

membrane for superoxide was estimated to be 20 nm/sec

[21], i.e. during its lifetime it is capable of diffusing inside

the membrane for a long distance from the place of its

generation, and the negative surface charges at the mem-

brane boundaries impede its escape from the membrane.

Since, under continuous illumination, the PQ pool is

reduced along the whole membrane, the probability of

reaction of the superoxide generated in PSI with PQH2

molecules is very high.

Characteristics of the PQ pool oxidation after illumi-

nation can serve as confirmation of the reaction of PQH2

with superoxide. It was found that in the thylakoids [48,

49], as well as in leaves [36], this oxidation, estimated

from an increase of the area above the fluorescence

induction curve, consisted of two phases, the first fast and

the second slow. In our work [50], the same kinetics was

found at the post-illumination appearance of oxidized

plastoquinone. In thylakoids, the PQ pool reduced in the

light was not oxidized in the dark under anaerobic condi-

tions [50, 51], and under aerobic conditions, the apparent

first order rate “constant” for the first phase of oxidation

[50] was approximately three orders higher than the con-

stant of oxidation of PQH2 molecules placed in liposomes

[51]. This distinction can be the consequence of oxida-

tion of PQH2 only in the thylakoids, by superoxide being

accumulated in the thylakoid membrane in the light. The

“constants” of the first phases and a percentage ratio of

two phases depended on light intensity during illumina-

tion: “the constant”, as well as the contribution of the

first fast phase, were higher after illumination with

stronger light [50]. It was found [50] that the effect of the

light intensity on the characteristics of PQ pool oxidation

only correlated with an increase in the rate of oxygen

reduction in PSI under increasing light intensity. This

correlation confirmed the coupling of the initial rate of

PQ pool oxidation with superoxide accumulation in the

membrane in the light.

INCLUDING THE POOL OF OXYGEN

INTO ELECTRON TRANSPORT

IN THE THYLAKOID MEMBRANE

The above review leads to the suggestion that, in the

thylakoid membrane, the components of the acceptor

side of PSI function in concert with plastoquinone pool

to reduce O2 to H2O2, namely, superoxide produced from

O2 in PSI is reduced to H2O2 by PQH2. This process

seems to be an integral part of the electron transport sys-

tem in the chloroplasts of higher plants. The PETC

scheme taking into account the values of the redox poten-

tials of the participants of this cooperative oxygen reduc-

tion is presented in the figure. Oxygen content in the thy-

lakoid membrane (2-10 per 1000 Chl assuming the mem-

brane volume as 4.6 ml per gram of Chl [52]) exceeds that

of other PETC carriers excepting plastoquinone; the con-

tent is higher in the hydrophobic areas where the solubil-

ity of the gas is higher. The population of oxygen mole-

cules residing in the membrane under stationary condi-

tions can be labeled as oxygen pool. Similar to the PQ

pool, the oxygen pool includes oxidized (O2), singly

reduced (О�
2 ) and doubly reduced (H2O2) molecules (fig-

ure). These species are the reactants and the products of

the above two consecutive reactions of O2 reduction to

H2O2. However, in contrast to the PQ pool, the

intramembrane oxygen pool serves as the final electron

acceptor and has dynamic steady-state composition: O2

molecules including those formed due to water oxidation

constantly come to the membrane, as they are converted
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there into more reduced species, i.e. superoxide and per-

oxide.

It is known that in the thylakoids of higher plants the

amount of the reaction centers of PSII is 2-3 times high-

er than the amount of the reaction centers of PSI [42, 53].

Some sophisticated mechanisms capable of providing the

ratio of 1 for the reaction centers of the photosystems,

which participate in stationary linear electron transport,

were proposed [54]. It follows from the PETC model pro-

posed in this work that possibly there is no requirement of

this “diminution” of the reaction center ratio.

Under the majority of stress conditions, the stomata

are closed and CO2 influx to the chloroplasts is limited.

This, in turn, results in deficiency of NADP+ in the stro-

ma. This not only stimulates O2 reduction at the acceptor

side of PSI, but also increases the level of PQ pool reduc-

tion, since PQH2 oxidation by a b6 f-complex is slowed

down due to the lowered ATP consumption. Under such

conditions, the significance of the proposed cooperation

of the oxygen reduction reactions obviously increases.

The cooperation in oxygen reduction of the PETC

segments separated by photoreaction is capable of increas-

ing adjustability of the electron transport system to con-

stantly changing environmental conditions. Connection

of these segments through the oxygen pool can coordinate

regulation of changes in the electron transport. In partic-

ular, reduction by the components of the PQ pool of the

superoxide generated in PSI within the membrane pro-

motes effective drain of electrons from the acceptor side of

PSII, decreasing the danger of the photoinhibition of this

photosystem. Superoxide reduction by the electrons from

the PQ pool can also be considered as one way to protect

the membrane components from these destructive mole-

cules. It was found that sustaining the PQ pool in the

reduced state significantly decreased lipid peroxidation

and pigment bleaching in the thylakoid membranes [55].

The proposed scheme implies that a significant share

of the H2O2 molecules generated due to operation of the

PETC should be formed within the thylakoid membrane,

where reaction of PQH2 with superoxide occurs. In fact,

it was shown experimentally that, under conditions when

the participation of the PQ pool in oxygen reduction

exceeds 50%, approximately the same share of electrons

coming into the PETC at water splitting participates in

H2O2 formation within the membrane [56, 57]. Both val-

ues were less at lower light intensities. Participation of the

PQ pool in oxygen reduction has one more important

consequence. It is known that the change of the redox

state of the PQ pool in the chloroplasts initiates many of

the adaptive reactions in a plant cell (and even in sur-

rounding cells where this state does not change), in par-

ticular, control of transcription of chloroplast and nuclear

genes [58]. The mechanism of this communication is still

unclear. However, a logical candidate for the signaling

agent is H2O2 molecules formed in the thylakoid mem-

brane with participation of PQH2 as described above.
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