
In oxygenic photosynthesis, water is oxidized by the

oxygen�evolving complex (OEC), whose catalytic center

contains a number of inorganic components denoted col�

lectively as Mn4OxCa1Cly (see [1, 2] for review). An oxy�

gen molecule evolves as a result of the light�dependent

four�electron oxidation of two H2O molecules.

Bicarbonate was suggested to play a key role in the

process of formation of the catalytic center of the OEC

[2]. According to the results of thermodynamic calcula�

tions, in oxygenic photosynthesis HCO3
– is a more effec�

tive electron donor than water [3, 4]: values of free ener�

gy of oxidation of H2O and HCO3
– with evolution of

0.5 mol O2 are 37.3 and 24.8 kcal/mol, respectively [4].

Cells of algae and cyanobacteria, isolated chloroplasts,

and chloroplast thylakoids incubated in water containing
18O�labeled bicarbonate under exposure to light evolve

oxygen enriched with 18O [3]. Enrichment with 18O2 was

observed in experiments with cells of cyanobacteria and

isolated thylakoids of chloroplasts depleted of carboanhy�

drase activity [3]. Carboanhydrase catalyzes the reaction

CO2 + H2O →← HCO3
– + H+, which gives rise to oxygen

exchange between CO2 and H2O (C18O2 + H2O
→← CO2 +

H2
18O). As a result, exogenous HC18O3

– is converted into

HCO3
– and H2

18O. The resulting H2
18O, whose amount is

limited by the amount of HC18O3
– added to the system, is

diluted in the ocean of H2O. Therefore, it is impossible to

demonstrate evolution of 18O2 from HC18O3
– using prepa�

rations with active carboanhydrase. Because this could be

the case in experiments reported in [5], these data should

not be regarded as a counterargument against the hypoth�

esis of the role of bicarbonate.
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Abstract—Hydrogen peroxide inhibits photosynthetic O2 evolution. It has been shown that H2O2 destroys the function of the

oxygen�evolving complex (OEC) in some chloroplast and Photosystem (PS) II preparations causing release of manganese

from the OEC. In other preparations, H2O2 did not cause or caused only insignificant release of manganese. In this work, we

tested the effect of H2O2 on the photosynthetic electron transfer and the state of OEC manganese in a native system (intact

cells of the cyanobacterium Anabaena variabilis). According to EPR spectroscopy data, H2O2 caused an increase in the level

of photooxidation of P700, the reaction centers of PS I, and decreased the rate of their subsequent reduction in the dark by

a factor larger than four. Combined effect of H2O2, CN–, and EDTA caused more than eight� to ninefold suppression of the

dark reduction of P700+. EPR spectroscopy revealed that the content of free (or loosely bound) Mn2+ in washed cyanobacte�

rial cells was ~20% of the total manganese pool. This content remained unchanged upon the addition of CN– and increased

to 25�30% after addition of H2O2. The content of the total manganese decreased to 35% after the treatment of the cells with

EDTA. The level of the H2O2�induced release of manganese increased after the treatment of the cells with EDTA. Incubation

of cells with H2O2 for 2 h had no effect on the absorption spectra of the photosynthetic pigments. More prolonged incuba�

tion with H2O2 (20 h) brought about degradation of phycobilins and chlorophyll a and lysis of cells. Thus, H2O2 causes extrac�

tion of manganese from cyanobacterial cells, inhibits the OEC activity and photosynthetic electron transfer, and leads to the

destruction of the photosynthetic apparatus. H2O2 is unable to serve as a physiological electron donor in photosynthesis.

Key words: photosynthesis, photosynthetic oxygen, oxygen�evolving complex, Photosystem II, Photosystem I, hydrogen per�

oxide, manganese, cyanobacteria, Anabaena variabilis
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Hydrogen peroxide is an intermediate product of

water oxidation regardless of the nature of the electron

donor:

–2е–

2Н2О →2ОН• →Н2О2 →О2 + 2е– + 2Н+, (1)
–2Н+

–2Н+ –2е–

2Н2О + 2СО2 → 2НСО3
– → 2НСО3

• →

–2СО2→НООС–О–О–СООН →

→Н2О2 → О2 + 2е– + 2Н+ ,                                    (2)

where OH•, H2O2, HCO3
•, and HOOC–O–O–COOH

are the bound forms of the product of intermediate oxi�

dation. Values E0′ of OH•/H2O and HCO3
•/HCO3

– (at pH

7 bicarbonate radical is in the form СО3
� [6]) are 2.31 [7]

and 1.59 V [8], respectively.

It follows from Eq. (2) that oxidation of bicarbonate,

which is produced from CO2 and H2O, gives rise to for�

mation of H2O2 and regeneration of CO2. In other words,

in this case, like in the case described by Eq. (1), water is

an actual electron donor for PS II. However, this water is

bound to CO2, and CO2 plays a catalytic role in water oxi�

dation.

Although the OEC mediates light�induced genera�

tion of H2O2 both in free and bound forms [9, 10], the

rate of accumulation of H2O2 is insignificant [11].

Isolated thylakoids of chloroplasts depleted of Cl– are

able to catalyze DCMU�sensitive oxidation of H2O2 but

not H2O [12]. It was suggested in the literature that at the

initial stages of evolution of photosynthesis hydrogen

peroxide played the role of electron donor for PS II. In

other words, H2O2 was suggested to be a functional pre�

cursor of H2O ([13], see [14, 15] for review). Values E0′
for O2/H2O2 and O2/H2O are 0.27 and 0.82 V, respec�

tively.

Oxidation of H2O proceeds in four one�electron

stages and gives rise to successive accumulation of oxida�

tive equivalents in the Mn�cluster of the OEC [14, 15].

Therefore, there are five redox states of the Mn�cluster of

OEC, which are denoted as S0�S4. States S0 and S1 are

stable in the dark. The S1/S0 ratio in samples preincubat�

ed in the dark is 3�4. Therefore, under conditions of pulse

photoactivation, when each light flash induces single

turnover of P680, the maximum yield of the O2 evolution

from H2O is observed per each third light pulse.

The maximum yield of the O2 evolution induced by

exposure of chloroplasts preincubated in the dark with

H2O2 to pulse photoactivation is per the fifth rather than

the third light pulse [16, 17]. This result was interpreted as

an indication of the dark transition of Mn�cluster from

state S1 to a specific state S–1. State S–1 is formed as a

result of two�electron reduction of the Mn�cluster in state

S1 by hydrogen peroxide in a reaction associated with O2

evolution (see Eq. (3) below).

A single light pulse induces the transition of the Mn�

cluster of the OEC from state S1 to state S2, which relax�

es to state S0 in the presence of H2O2 [16]. Transitions

S2→S0 and S1→S–1 are coupled to the dark reaction

H2O2 → O2 + 2e– + 2H+. It was demonstrated in experi�

ments with H2
18O2 that the whole body of O2 evolved from

H2O2 [17].

The presence of heme catalase associated with PS II

makes it methodologically difficult to study the processes

of production and degradation of H2O2 in photosynthesis

[18]. Therefore, O2 evolution by preparations incubated

with H2O2 can largely be attributed to the catalase reac�

tion: H2O2 → O2 + 2H2O. This suggestion was confirmed

by the results reported in [11]. Particles of PS II depleted

of heme catalase demonstrated high rate of O2 evolution

but only 0.02% of the initial rate of O2 evolution from

H2O2. Therefore, the role of the OEC reactions S1→S–1

and S2→S0 in oxidation of H2O2 in PS II is insignificant,

and degradation of H2O2 is mainly catalyzed by catalase.

It was suggested in [11] that light�induced oxidation

of H2O2 in catalase�free subchloroplast particles was due

to Mn�dependent (Eqs. (3) and (4)) and Mn�independ�

ent (Eqs. (5) and (6)) reactions:

H2O2 + S1 → O2 + S–1 + 2H+, (3)

S–1 + 2hν → S1 + 2e–, (4)

H2O2 + Yz
• → О2

� + 2H+ + Yz, (5)

2О2
� + 2H+ → H2O2 + O2, (6)

where Yz is the tyrosine�161 residue in polypeptide D1 of

PS II, which becomes accessible to H2O2 after removal of

Mn; Yz
• is the photooxidized form of Yz.

An insignificant rate of H2O2 degradation in the dark

with formation of O2 in catalase�free subchloroplast par�

ticles can be explained by catalytic activity of admixtures

of transition metals (Fe, Cu, Mn) or nonheme iron of the

electron acceptor complex of PS II [11].

Within the framework of the concept of the role of

H2O2 as an electron donor, it is safe to suggest that photo�

synthetic objects are resistant to H2O2 and even can be

stimulated by H2O2. However, the addition of H2O2 to

catalase�free subchloroplast particles caused irreversible

inhibition of O2 evolution, the extent of the inhibition

being larger than 50% at H2O2 concentration 0.25 mM

[11]. The inhibition effect was exerted by endogenous

H2O2 generated both in the electron donor and in the

electron acceptor (as a result of reduction of O2 by the sec�

ondary plastoquinone QB) sides of PS II in isolated thy�

lakoids [19]. Removal of Cl– or addition of CN– caused an

increase, whereas the addition of catalase caused a

decrease in the inhibition effect of endogenous H2O2.
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A detrimental effect of H2O2 was also observed in

native systems: H2O2 inhibited growth of cyanobacteria

under conditions of dialysis cultivation even in concen�

trations as low as 10–5�10–4 M [20]. The effect of H2O2 on

the processes of photosynthetic evolution of O2 and pho�

tosynthetic electron transport was studied in Anabaena

variabilis and Anacystis nidulans cells [21]. H2O2 inhibit�

ed evolution of O2 in the Hill reaction with p�benzo�

quinone (BQ) and ferricyanide (FeCy) as electron accep�

tors. However, the fact of inhibition of O2 evolution itself

does not mean that oxidation of H2O2 is terminated. The

process may take place without evolution of O2, being

stopped at an intermediate stage of formation of H2O2

[22]. For example, the amount of 2,6�dichlorophenolin�

dophenol, phenyl�BQ, or phenyl�BQ + FeCy photore�

duced in Hill reaction (as calculated per electron equiva�

lent) was more than 1.5 times larger than the amount of

O2 evolved by the membrane particles of PS II [22].

However, this difference was eliminated after addition of

catalase. Therefore, a significant fraction of the electron

flow through PS II was due to formation of H2O2 rather

than evolution of O2.

It was found in our experiments [21] that H2O2

inhibited evolution of O2 and the associated process of

BQ + FeCy photoreduction in the Hill reaction. These

data indicate that the inhibition effect of H2O2 is targeted

at the initial stages leading to formation of H2O2. If H2O2

were unable to inhibit these stages, the process of BQ +

FeCy photoreduction would not be inhibited. The value

I50 for H2O2 was ~0.75 mM.

Treatment of Cl–�deficient thylakoids with H2O2

induced release of Mn from the OEC [23]. However, in

catalase�free Cl–�containing preparations, the rate of the

process of the H2O2 induced release of Mn from OEC was

insignificant even in the presence of 120 mM H2O2 [11].

H2O2 in concentration 130 mM was unable to extract Mn

from PS II particles devoid of water�soluble polypeptides

with molecular weight 17 and 24 kD [24]. These data

reported in [11, 24] are inconsistent with the results

obtained either in PS II particles devoid of water�soluble

polypeptides with molecular weight 17 and 24 kD [25] or

in Cl–�deficient thylakoid membranes [23]. It was shown

in [23, 25] that 20 mM H2O2 and some other agents serv�

ing as electron donors for PS II (NH2OH, NH2–NH2,

Fe2+, benzidine, and hydroquinone) were able to reduce

Mn incorporated in OEC, thereby causing its extraction.

Perhaps, removal of PS II polypeptides of 17 and 24 kD

modifies the OEC structure and makes it accessible for

H2O2 added in low concentration [26].

It is fairly difficult to draw adequate conclusions on

the basis of the results obtained in defective preparations.

For example, specific treatment of PS II membrane par�

ticles intended to remove catalase and suppress its activi�

ty [11] may also eliminate components sensitive to H2O2.

Concentrations of H2O2 tested in [11] were excessively

high and could induce conformational changes and

denaturation of proteins, preventing thereby Mn from

being released from OEC. This is evidenced by a signifi�

cant decrease in the sensitivity of PS II to DCMU [11].

Thus, the mechanisms of the inhibition effect of

H2O2 either on O2 evolution or on electron transport in

oxygenic photosynthesis cannot be deduced from the

results obtained in isolated preparations treated by differ�

ent methods. The goal of this work was to test the effects

induced by H2O2 on photosynthetic electron transport

and state of manganese in the OEC in intact systems

(cells of cyanobacteria). In addition to H2O2, we also test�

ed the effects of CN–, an inhibitor of such enzymes as

ribulose�1,5�bisphosphate carboxylase/oxygenase (Ru�

bisco) [27], peroxidases (including ascorbate peroxidase),

Cu,Zn�superoxide dismutase [28], cytochrome c oxidase,

and heme catalases. The effects of EDTA, a chelator of

divalent metal cations (including Mn2+), were also tested.

MATERIALS AND METHODS

Cells of Anabaena variabilis Kütz No. 458 were

grown under continuous light (~1000 lx) as a batch cul�

ture on mineral medium BG�11 [29] as described else�

where [30]. Cells of three� to five�day�old cultures in the

exponential stage of growth were used. Cells were sedi�

mented by centrifugation at 2000g, washed three times

with 10 mM Hepes�NaOH�buffer solution (pH 8.0) con�

taining 25 mM KCl, and suspended in the same buffer

solution. In experiments with EDTA treatment, after

washed cells had been incubated for 10 min in buffer solu�

tion containing 5 mM Na2EDTA, cells were again washed

three times with buffer solution to remove EDTA.

Concentration of chlorophyll a in cells of cyanobac�

teria was measured using extinction coefficient at 663 nm

in 80% acetone (75.05 mM–1·cm–1) [31]. Concentration

of H2O2 was measured the using extinction coefficient at

240 nm in aqueous solution (43.6 M–1·cm–1) [32]. Optical

spectra of cell suspensions were measured using a

Hitachi�2000 spectrophotometer (Japan).

EPR spectra were measured at room temperature

using an RE�1307 spectrometer. Cell suspension contain�

ing 1 mg/ml chlorophyll a in 10 mM Hepes�NaOH�

buffer (pH 8.0) with 25 mM KCl was filled in a flat quartz

cuvette (volume, 100 µl; optical path, 0.02 cm). EPR sig�

nal of reaction centers P700 was induced by rectangular

pulses of light (duration, 0.2 sec) applied directly to the

cavity of the EPR spectrometer from an incandescent

lamp (power, 300 W; light flux, 2000 µE/m2 per sec). The

following settings of the EPR signal detection were used:

microwave power, 20 mW; modulation amplitude,

0.3 mT; modulation frequency, 100 kHz; and detection

time constant, 10 µsec. H2O2, NaCN, and other reagents

were added to cell suspension just before EPR signal

detection. All EPR records were run in no less than trip�

licate.
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RESULTS

Effect of H2O2 and other agents on the EPR signal of
reaction centers of PS I in A. variabilis cells. The light�

induced EPR signal with g�factor 2.0026 attributed to

photooxidation of P700, the primary electron donor of

PS I, in A. variabilis cells is shown in Fig. 1a. A steady�

state level of P700+ is established as a result of photoacti�

vation. In the dark P700+ is reduced, and the EPR signal

decays with half�time (t1/2) 30 msec (Table 1). H2O2

induced an increase in the amplitude of the light�induced

EPR signal and slowed down its further relaxation (Fig.

1b and Table 1). Because the results shown in Fig. 1 and

Table 1 were obtained in a thick suspension of cells

(chlorophyll concentration, 1 mg/ml, which was 100�150

times higher than chlorophyll concentration in spec�

trophotometric and oximetric experiments), concentra�

tions of H2O2 in EPR measurements were increased cor�

respondingly. Although CN– caused a decrease in the

amplitude of the light�induced EPR signal of P700+, it

had no effect on the kinetics of its dark decay (Fig. 1c and

Table 1). The addition of EDTA had no effect on the

kinetics of the redox changes of P700. The effect exerted

by H2O2 + CN– was similar to the effect of H2O2.

Combination H2O2 + CN– + EDTA caused a significant

increase in the characteristic time of the dark reduction of

the photoinduced P700+ (Table 1).

In A. variabilis cells treated with EDTA, the ampli�

tude of the EPR signal was maintained at an invariable

level, whereas the rate of dark reduction of P700+

decreased (Table 1, compare controls before and after

treatment with EDTA). Although H2O2 had no effect on

the amplitude of the photoinduced signal of P700+, it

decreased the rate of its dark reduction. The effects

induced by CN– before and after treatment with EDTA

were similar to each other. Cells treated with EDTA com�

bination H2O2 + CN– + EDTA showed an even larger

decrease in the rate of the dark relaxation of the EPR sig�

nal than without EDTA treatment (Table 1).

Effect of H2O2 and other agents on the state of man�
ganese in A. variabilis cells. The EPR spectrum of Mn2+

ions in aqueous solutions contains six bands. The EPR

signal disappeared in the presence of EDTA, a complex�

producing agent, and its amplitude decreased in the pres�

ence of CN– (not shown). Bound Mn gives no such typi�

cal six�band EPR spectrum. Washed cells of A. variabilis

contain unbound (or, perhaps, loosely bound) Mn2+ (Fig.

2a). Bound manganese is extracted as a result of treat�

ment of thylakoids with HCl [23, 33]. The addition of

HCl to cell suspension caused a significant increase in the

EPR signal amplitude, which was due to release of bound

Mn (Fig. 2c).

All of the released manganese was in divalent form: it

is well known from the chemistry of transition elements

that tri�, quadro�, hexa�, and heptavalent manganese is

readily reduced by HCl to Mn2+. For example, pyrolusite,

the most widespread in the nature water�insoluble man�

ganese ore (MnO2), in the presence of HCl is converted

into a soluble form being reduced to Mn2+:

MnO2 + 4HCl → MnCl2 + Cl2 + 2H2O.        (7)

It should be noted that Mn2+ is stable in acid solutions.

Unbound Mn2+ in A. variabilis cells accounted for

20% of the total amount of cell manganese (Figs. 2a and

Additive

Control

H2O2

NaCN

EDTA

H2O2 + NaCN

H2O2 + NaCN + 
+ EDTA

Control

H2O2

NaCN

H2O2 + NaCN + 
+ EDTA

Concentra�
tion, mM

—

25

1

10

100 + 1

100 + 1 + 10

—

25

1

100 + 1 + 10

Time t1/2

of dark
relaxation

of EPR sig�
nal, msec

30

130

30

30

150

270

50

125

50

400

Ampli�
tude of

EPR sig�
nal, %

100

120

70

100

120

110

100

100

70

100

Table 1. Amplitude of EPR signal of reaction center

P700 and halftime t1/2 of its post�illumination reduction

in the dark in A. variabilis cells before and after treat�

ment with EDTA

Before EDTA treatment

After EDTA treatment

Fig. 1. Effect of H2O2 and NaCN on the photoinduced EPR

signal of reaction center P700 in A. variabilis cells: a) control

without addition; b) 25 mM H2O2; c) 1 mM NaCN. “On” and

“Off” show actinic light on and off, respectively.

msec

Off
Off

Off

On On On

a b c
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2c, Table 2). The content of free Mn2+ in cells remained

unchanged after addition of CN– (Table 2) and increased

to 25% or even 30% of total cell manganese after addition

of 40 or 200 mM H2O2, respectively (Fig. 2b and Table 2),

and significantly decreased after cell treatment with

EDTA (Fig. 2d and Table 2, last column). Treatment of

cells with EDTA caused an increase in the rate of the

H2O2�induced release of manganese. The level of released

Mn2+ decreased after addition of H2O2 + CN– to EDTA�

treated cells (Table 2).

Effect of H2O2 and CN– on absorption spectra of A.
variabilis cells. Optical absorption spectra of A. variabilis

cell suspension are shown in Fig. 3. These spectra con�

tained bands of chlorophyll a and carotenoids within the

spectral range 400�550 nm, bands of phycobilins with

maximums at 580 (phycoerythrin) and 630 nm (phyco�

cyanin), and chlorophyll a at 680 nm. Dark incubation of

cells with H2O2 and CN– (this agent was added to inhibit

catalase and peroxidase, H2O2�degrading heme�contain�

ing enzymes) for 2 h had no effect on the absorption spec�

tra (Fig. 3). Prolonged incubation of cells (20 h) with

H2O2 gave rise to a progressive decrease in the optical den�

sity of phycobilins, a lesser decrease in the optical density

of chlorophyll a, and decrease in the intensity of the cell

suspension light scattering (Table 3). Perhaps, these

effects were due degradation of pigments and lysis of cells.

DISCUSSION

Both photosynthetic and respiratory electron trans�

port is sustained in the thylakoid membranes of

cyanobacteria (Fig. 4). Photosynthetic and respiratory

electron transport chains interact with each other by

sharing chain components [34�38]: the membrane pool of

plastoquinone, cytochrome b6 f complex, and plasto�

cyanin (or cytochrome c6 in case of copper deficiency in

the medium).

On one hand, plastoquinone is an electron acceptor

for PS II, type I NAD(P)H�dehydrogenase (NDH�1),

and succinate dehydrogenase. On the other hand, plasto�

quinone is an electron donor for PS I, cytochrome aa3

oxidase, and alternative oxidases. Quinol oxidase resistant

to CN– and sensitive to benzylhydroxamate [38�41] and

CN–�sensitive quinol oxidase bd [42] are alternative oxi�

dases in cyanobacteria. PS I complexes mediate both lin�

ear (noncyclic and pseudocyclic transport, in which O2

evolution by PS II is compensated by O2 uptake in PS I

associated with formation of H2O (water–water cycle

[43])) and cyclic electron transport, in which a fraction of

linear chain is closed as a cycle through NDH�1. The

existence of cyclic electron transport was demonstrated in
Fig. 2. EPR spectra of Mn2+ in A. variabilis cell suspension: a)

control; b) 40 mM H2O2; c) 100 mM HCl; d) cells preincubat�

ed with 5 mM EDTA and washed three times to remove EDTA.

Additive

Control

H2O2

NaCN

H2O2 + NaCN

H2O2

H2O2 + NaCN

HCl

Control

H2O2

NaCN

H2O2 + NaCN

H2O2

H2O2 + NaCN

HCl

Concen�
tration,

mM

—

40

3

40 + 3

200

200 + 3

100

—

40

3

40 + 3

200

200 + 3

100

Free Mn2+

after treatment
with EDTA

relative to its
content before
treatment with

EDTA, %

35

Free
Mn2+,

%

20

25

20

25

30

30

100

5

35

5

25

45

25

100

Table 2. Extraction of Mn2+ from A. variabilis cells before

and after treatment with EDTA. Extracted Mn2+ was

determined by the amplitude of the fifth band of the EPR

spectrum (bands were numbered starting from the lowest

value of the constant magnetic field strength)

Before EDTA treatment

After EDTA treatment

86.7 G

a

b

c

d
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thylakoids of cyanobacteria [44, 45] and chloroplasts

[46]. The electron transport chain can also be closed

through ferredoxin:plastoquinone oxidoreductase. Per�

haps there are other variants of cyclization of electron

flow (see [47] for review).

There is no consensus about the ratio of linear and

cyclic electron transport rates in thylakoid membranes.

This is due to methodological problems in measurement

of cyclic flow rate. Results obtained in three species of

cyanobacteria, including Anacystis nidulans (Synecho�

coccus sp. PCC 6301), which is metabolically close to A.

variabilis, revealed that under physiological light intensi�

ties the fraction of cyclic electron transport was insignifi�

cant [48]. In Synechococcus sp. PCC 7002 the rate of

cyclic electron transport was estimated to be ~3% of the

rate of the linear transport [49]. However, results obtained

in spinach leaves preincubated in the dark showed that

within the first few seconds of illumination, the fractions

of linear and cyclic electron transport were approximate�

ly equal to one another [50]. After that, the contribution

of the cyclic branch of electron transport declines. It was

suggested in [50], that the cyclic chain was involved in

photosynthesis induction, providing synthesis of ATP

required for the Calvin cycle.

The cyanobacterium A. variabilis is an obligate pho�

tolithoautotrophic organism. The rate of the CO2�

dependent linear photosynthetic electron transport in

cells of this cyanobacterium is three to six times larger

than the rate of dark respiration [38, 51]. Therefore, the

amplitude of photooxidation of the reaction centers P700

and rate of their post�illumination reduction in A. vari�

abilis cells are mainly determined by the processes in the

photosynthetic chain.

The addition of H2O2 caused an increase in the

amplitude of photooxidation of P700 and a more than

fourfold decrease in the rate of the post�illumination

reduction in the dark (Fig. 1, Table 1). This result is evi�

dence that H2O2 inhibits the processes of reduction of the

components of the electron�donor branch of PS I. This

conclusion is consistent with inhibition of electron trans�

fer from water to BQ + FeCy and concomitant O2 evolu�

tion in the Hill reaction in cells treated with H2O2 [21].

The cyanide�induced inhibition of the flux of reducing

equivalents to CO2 through ribulose�1,5�bisphosphate

carboxylase/oxygenase [27] gave rise to deficiency of

NADP+, the terminal electron acceptor in the linear

electron transport chain, and decreased the amplitude of

the photooxidation of P700 (Table 1). The value of t1/2 of

the process of dark reduction of P700+ in this case was

indistinguishable from the control. This indicated that

CN–, an inhibitor of the respiratory chain, had no effect

on the redox balance of the components of electron

donor segment of PS I in A. variabilis cells.

It is well known that being applied in high concen�

tration, CN– inhibits plastocyanin (30 mM CN– [52]),

induces extraction of manganese and copper from

chloroplasts (50 mM CN– [53]), and binds to the non�

heme iron of the electron acceptor branch of PS II

(50 mM CN–, saturation at 240�360 mM CN– [54]). It is

Fig. 3. Absorption spectra of A. variabilis cells: a) control; b)

after 2 h of incubation in the dark with 1 mM NaCN and 10 mM

H2O2.

H2O2, mM

0

1

10

100

∆А630–720 nm

0.18

0.11

0.08

0.03

А720 nm

0.67

0.38

0.29

0.10

∆А680–720 nm

0.17

0.12

0.12

0.08

Table 3. H2O2�Induced degradation of phycocyanin

(∆A630�720 nm) and chlorophyll a (∆A680�720 nm) and decrease

in light scattering (A720 nm) in A. variabilis cell suspension

(cells were incubated in the dark in the presence of H2O2

for 20 h)

Fig. 4. Interaction between photosynthetic and respiratory elec�

tron transport chains in thylakoid membranes of cyanobacteria.

Explanations are given in text. Symbols: AO) alternative oxidase;

OEC) oxygen�evolving complex; PS I and PS II) photosystems I

and II, respectively; aa3) cytochrome oxidase aa3; b6 f)

cytochrome b6 f complex; Fd) ferredoxin; FQR) ferredoxin:plas�

toquinone reductase; NDH�1) type I NAD(P)H dehydrogenase;

PQ) plastoquinone.
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obvious that none of these effects was observed in our

experiments because the concentration of CN– used in

these experiments was 1 mM.

Neither the level of photooxidation of P700 nor the

rate of the post�illumination reduction of P700+ were

changed in the presence of EDTA, a well�known com�

plexing agent of divalent metal cations (Table 1). These

findings are consistent with the results on two pools of Mn

in Synechococcus sp. PCC 6803 cells: pool A, which was

associated with the fraction of the outer membranes of this

gram�negative bacterium, and pool B, which was associat�

ed with the fraction of the thylakoid and cytoplasmic

membranes [55]. Pool A (~97.6% total Mn) is extracted

with EDTA, whereas pool B (~2.4% total Mn) is con�

served in cells in a bound state after their treatment with

EDTA. Perhaps this pool provides activity of the OEC.

Nevertheless, EDTA added in combination with

H2O2 and CN– caused a significant decrease (by a factor

of nine relative to control) in the half�time of P700+

reduction (Table 1). Under conditions in which catalase�

and peroxidase�catalyzed degradation of added H2O2 is

suppressed by CN–, the OEC manganese is thought to be

reduced by hydrogen peroxide to Mn2+, which is more

loosely bound to OEC than Mn3+ and Mn4+ [25]. Under

these conditions equilibrium between pools A and B is

shifted toward manganese transition from pool B to pool

A and OEC activity was reduced causing a significant

decrease in the rate of reduction of P700+.

EDTA itself causes a decrease in the rate of dark

reduction of P700+ (Table 1, compare values measured

before and after treatment of cells with EDTA). In cells

treated with EDTA, H2O2 caused a 2.5�fold (125 : 50 =

2.5) decrease in the rate of reduction of P700+. However,

the total decrease was equal to (125 : 50)·(50 : 30), i.e., 4.2

times, which corresponded to an approximately 4.3�fold

H2O2�induced decrease (130 : 30 ≈ 4.3) in the rate of the

process in cells untreated with EDTA (Table 1). A signifi�

cant decrease in the rate of reduction of P700+ (decrease in

t1/2 to 400 msec) was observed in cells treated with EDTA

and exposed to a combination of H2O2, CN–, and EDTA.

Treatment of cells with EDTA caused a decrease in

the amount of manganese extractable with 100 mM HCl

to 35% (Table 2). The content of free (or loosely bound)

Mn2+ in cyanobacterial cells before and after treatment

with EDTA was 20 and 5% of the total manganese pool,

respectively. These values increased to 25 and 35%,

respectively, after exposure to 40 mM H2O2 or to 30 and

45%, respectively, after exposure to 200 mM H2O2. The

addition of CN– (3 mM) had no effect on the efficiency

of the manganese extraction by hydrogen peroxide.

The inhibition effect of H2O2 was not restricted to

OEC alone. In addition to H2O, PS II is able to oxidize

some other compounds (see [21, 56] and references there�

in). Oxidation of some of these compounds (e.g., H2O2

and NH2OH) is mediated by the Mn�cluster of the OEC.

Other compounds are oxidized without involvement of the

Mn�cluster of the OEC, for instance such compounds as

diphenylcarbazide, tetraphenylboron, and ionol (butyl�

hydroxytoluene) are able to interact directly with compo�

nent Yz. None of the compounds of the two types support�

ed photoinduced reduction of BQ + FeCy in A. variabilis

cells treated with H2O2 [21]. The light�dependent electron

transfer from NH2OH or diphenylcarbazide to methyl

viologen was not supported either. These data are evidence

of the H2O2�induced inhibition of Yz. Perhaps, this inhibi�

tion is due to the H2O2�dependent oxidation of tyrosine

residues by the mechanism similar to that observed in case

of oxidation of phenylpropane derivatives during lignin

biosynthesis [57] and further interaction of resulting tyro�

sine radicals giving rise to dityrosine cross�linking.

Possible formation of dityrosine cross�links was described

elsewhere [19]. Therefore, it seems fairly improbable that

the mechanism of the photoinduced Mn�independent

oxidation of H2O2 mediated by Yz
• (Eqs. (5) and (6)) are

actually found in fact (see [11] for more detail).

More remote aftereffects induced by H2O2 include

photoinhibition of photosynthesis associated with func�

tional insufficiency of the electron donor branch of PS II

[19]. In a long run, this insufficiency results in degrada�

tion of photosynthetic pigments, cell lysis (Table 3), and

cell death [20]. Phycocyanin capable of neutralizing rad�

icals HO•, HO2
•, О2

�, and peroxynitrite (see [58] and ref�

erences therein) were subjected to considerable degrada�

tion (Table 3). It was shown in experiments with

Synechocystis 6803 that H2O2 inhibited reparation of the

photoinduced damage of PS II by suppressing protein

biosynthesis at the level of translation (including biosyn�

thesis of protein D1, which is a component of the reac�

tion center complex of PS II [59]). Inhibition of repara�

tion of photo�inactivated PS II in Synechocystis 6803 at

the level of transcription and translation of genes psbA,

which is responsible for biosynthesis of protein D1, can

be induced by 0.5�1.0 M NaCl [60]. Salt�induced death

of A. variabilis cells occurs by the mechanism of apopto�

sis: activity of proteases in cells increases, cytoplasm

membrane integrity is disrupted, DNA is fragmented,

cytoplasm undergoes vacuolization, and at the terminal

stage of the process the cell is subjected to autolysis [61].

Cell death with all features inherent in apoptosis was

demonstrated in the obligate photolithoautotrophic sin�

gle�cell green alga Dunaliella tertiolecta exposed to condi�

tions of light deficiency [62].

Thus, H2O2 induces extraction of manganese from

cyanobacterial cells, degradation of the photosynthetic

apparatus, and cell death. These results rule out the

hypothesis that H2O2 is able to serve as a possible physio�

logical electron donor in photosynthesis [13, 63].
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