
Programmed cell death (PCD) is a physiological

process of cell autodestruction. Mitochondria act in PCD

as providers of reactive oxygen species (ROS) and of some

apoptogenic factors including cytochrome c and the flavo�

protein AIF [1]. In plants, chloroplasts providing ROS and

(presumably) activating a specific protein kinase regulated

by the redox state of quinones are involved in PCD [2, 3].

Mitochondria generate the membrane potential

(Δψ) with “minus” sign in the matrix and accumulate

cations penetrating through the membranes, in particular,

methyl triphenylphosphonium cations [4]. Mitochondria

selectively absorb MitoQ – ubiquinone covalently bound

with the penetrating decyltriphenylphosphonium cation

(DTPP+) [5]. During the interaction with the mitochon�

drial respiratory chain, MitoQ manifests itself as an effec�

tive antioxidant preventing peroxidation of membrane

lipids and having antiapoptotic action [5�7].

Some new antioxidants have been synthesized con�

sisting of plastoquinone, a penetrating cation, and a

decane or pentane linker [8]: 10�(6′�plastoquinonyl)�

DTPP+ (SkQ1), 10�(plastoquinonyl)decylrhodamine 19

(SkQR1), and 10�(6′�methylplastoquinonyl)�DTPP+

(SkQ3). These compounds display antioxidant features at

pico� and nanomolar concentrations, but at higher (micro�

molar) concentrations act as prooxidants. The antioxidant

activity changes in the series as follows: SkQ1 = SkQR1 >

SkQ3 > MitoQ. Cationic quinones are reduced by com�

plexes I and II of the mitochondrial respiratory chain, i.e.

they are regenerable antioxidants of reiterative action [8].

Cyanide induces death of cells in epidermis of plant

leaves that is recorded by destruction of the cellular

nuclei. The epidermis is a monolayer of guard cells (GC)
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Abstract—Plastoquinone bound with decyltriphenylphosphonium cation (SkQ1) penetrating through the membrane in

nanomolar concentrations inhibited H2O2 generation in cells of epidermis of pea seedling leaves that was detected by the

fluorescence of 2′,7′�dichlorofluorescein. Photosynthetic electron transfer in chloroplasts isolated from pea leaves is sup�

pressed by SkQ1 at micromolar concentrations: the electron transfer in chloroplasts under the action of photosystem II or

I (with silicomolybdate or methyl viologen as electron acceptors, respectively) is more sensitive to SkQ1 than under the

action of photosystem II + I (with ferricyanide or p�benzoquinone as electron acceptors). SkQ1 reduced by borohydride is

oxidized by ferricyanide, p�benzoquinone, and, to a lesser extent, by silicomolybdate, but not by methyl viologen. SkQ1 is

not effective as an electron acceptor supporting O2 evolution from water in illuminated chloroplasts. The data on suppres�

sion of photosynthetic O2 evolution or consumption show that SkQ1, similarly to phenazine methosulfate, causes conver�

sion of the chloroplast redox�chain from non�cyclic electron transfer mode to the cyclic mode without O2 evolution.

Oxidation of NADH or succinate in mitochondria isolated from pea roots is stimulated by SkQ1.
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of stomata containing mitochondria and chloroplasts and

epidermis basal cells (epidermal cells (EC)) containing

only mitochondria. Destruction of the nuclei of GC and

EC caused by CN– as a PCD inducer is prevented by

cationic quinones [9]. Electron transfer in illuminated

thylakoids of chloroplasts generates in them Δψ with pos�

itive sign inside; therefore, quinones bound with the pen�

etrating cations will not be accumulated in the energized

chloroplasts but will be ejected from them. In fact, the

protective effect of DTPP+�derivatives of quinones is

absent under conditions of illumination [9].

Will cationic quinones act on chloroplasts? The aim

of the present work was to test the effect of plastoquinone

covalently bound with DTPP+ (SkQ1) on electron trans�

fer in chloroplasts from leaves and in mitochondria from

roots of pea seedlings.

MATERIALS AND METHODS

Pea (Pisum sativum L. cv. Alpha) seedlings were

grown for 7�15 days under conditions of periodic illumi�

nation with light of a DRiZ (250 W) metal�halogen lamp

with the intensity of ∼100 μE⋅m–2⋅s–1 (light for 16 h, dark�

ness for 8 h) at 20�24°C.

Chloroplasts were isolated as described earlier [10]

by triturating leaves of pea seedlings in a ceramic mortar

in medium containing 50 mM Tricine�KOH, 35 mM

NaCl, and 0.4 M sucrose (pH 7.8), washed, and suspend�

ed in the same medium. Mitochondria were isolated from

roots of pea seedlings as described in [11] by triturating in

a mortar, then washed and kept similarly to chloroplasts

in the same medium. The chloroplasts and mitochondria

were kept at 4°C and used within 3�4 h after the isolation.

The chlorophyll content in the chloroplasts was deter�

mined by Arnon’s method [12]; the protein content in the

mitochondria was determined using bicinchoninic acid

and copper sulfate [13].

The generation of ROS in cells of pea seedlings

leaves was determined by fluorescence of 2′,7′�dichloro�

fluorescein (DCF). The DCF fluorescence was excited by

a laser beam at 488 nm and recorded at 500�530 nm with

an Axiovert 200M microscope equipped with an LSM 510

Meta confocal device (Carl Zeiss, Germany).

The light�dependent evolution of O2 by chloroplasts

and consumption of O2 by pea mitochondria were meas�

ured by polarography with a closed platinum electrode.

The chloroplasts were illuminated with focused light of a

halogen lamp (250 W) with intensity of ∼11.4 mE⋅m–2⋅s–1.

RESULTS AND DISCUSSION

Figure 1 shows the generation of H2O2 in GC and

EC of pea leaves recorded by fluorescence of DCF.

Nonfluorescent 2′,7′�dichlorofluorescin (DCFH) is oxi�

Fig. 1. Effect of SkQ1 on DCF fluorescence in GC and EC of pea leaves. The leaf pieces were supplemented with 100 nM SkQ1, incubated for

1 h, and stained with 20 μM 2′,7′�dichlorofluorescin diacetate for 20 min; the DCF fluorescence was detected at the edge of the leaf pieces. The

images present a summarized picture (the maximal projection) of the DCF fluorescence from 20 optical slices with the distance of 1 μm between

them. The scale rule represents 10 μm. The DCF fluorescence was excited by light with wavelength 488 nm and recorded at 500�530 nm.
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dized in cells to fluorescent DCF under the influence of

H2O2 enzymatically (with involvement of peroxidase) or

non�enzymatically (in the presence of H2O2 + Fe2+) [14].

DCFH is also oxidized by OH
.
, СО 2

�, slower by NO2

.
, but

not by О 2
� [15]. In GC, the fluorescence of DCF is main�

ly observed in chloroplasts, whereas in EC the DCF fluo�

rescence is mainly recorded in spherical structures, which

are mitochondria [16], and along plasma membranes,

which contain NADPH oxidase generating ROS [17].

SkQ1 quenches the DCF fluorescence in GC and EC

(Fig. 1) preventing the generation of H2O2.

The SkQ1 effect on the non�cyclic electron transfer

was studied in different regions of the photosynthetic

redox chain. The evolution of O2 by chloroplasts with sil�

icomolybdate (SiMo: H4SiO4⋅12 MoO3⋅H2O) as an elec�

tron acceptor is realized by photosystem II (PS II) and is

resistant to 3�(3,4�dichlorophenyl)�1,1�dimethylurea

(DCMU), which inhibits electron transfer at the level of

the secondary plastoquinone QB of PS II: SiMo displaces

DCMU from its binding site and is reduced by the pri�

mary plastoquinone QA of PS II [18]. Photosystem I (PS

I) was taken into action using an electron�donor pair of

ascorbate (Asc) and N,N,N′,N′�tetramethyl�p�phen�

ylenediamine (TMPD) interacting with the b6 f�

cytochrome complex, plastocyanin, and PS I reaction

center complex. As an electron acceptor, we used methyl

viologen (MV), which is mainly reduced by the FeS cen�

ter of FB [19] of the PS I redox chain and is spontaneous�

ly oxidized by O2. As a result, the electron transfer from

the TMPD + ascorbate pair to methyl viologen and fur�

ther to O2 leads to consumption of O2 by illuminated

chloroplasts. SkQ1 suppresses the non�cyclic electron

transfer in both PS II and PS I (Fig. 2a); the half�maxi�

mal concentration (I50) for SkQ1 is about 2�3 and 10�

20 μM, respectively.

The photosynthetic evolution of O2 by chloroplasts

with ferricyanide (FeCy) or with p�benzoquinone (BQ) is

resistant to SkQ1 up to concentrations of 20 and 50 μM,

respectively. Further increase in SkQ1 concentration sup�

presses the evolution of O2 with I50 of about 50�60 and 90�

100 μM, respectively (Fig. 2b). The differences in the

electron transfer sensitivity to SkQ1 in the presence of

electron acceptor pairs seem to be associated not only

with their redox properties.

Thus, SkQ1 reduced with borohydride NaBH4 is oxi�

dized by ferricyanide, p�benzoquinone, to the lesser

degree by SiMo, but not by methyl viologen (Fig. 3). The

lower rate of oxidation by silicomolybdate can be caused

by its structural features. The variant with methyl violo�

gen is similar to the spontaneous aerobic oxidation of

SkQ1.

SkQ1, as an electron acceptor, competing with

SiMo and methyl viologen, inhibits non�cyclic electron

transfer and seems to shift it to the cyclic pathway, being

reduced by plastoquinones QB, QP, QZ, and QC of the

P680 complex and of b6 f cytochrome complex, by phyl�

Fig. 2. Effect of SkQ1: a) on evolution of O2 during electron

transfer from H2O to silicomolybdate (SiMo) and on the con�

sumption of O2 during electron transfer from ascorbate (Asc) +

N,N,N′,N′�tetramethyl�p�phenylenediamine (TMPD) to

methyl viologen (MV); b) on evolution of O2 during electron

transfer from H2O to ferricyanide (FeCy) or p�benzoquinone

(BQ) in illuminated chloroplasts from pea leaves. Before meas�

urements, chloroplasts were preincubated with SkQ1 at concen�

trations indicated in the figure for 1�2 h. The chloroplasts con�

taining chlorophyll (10�20 μg/ml) were introduced into an oxi�

metric cell (1.5 ml). The chloroplasts were incubated in medium

containing 50 mM Tricine�KOH, 35 mM NaCl, and 0.4 M

sucrose (pH 7.8). Additions: 0.1 mM SiMo, 0.1 mM TMPD,

1 mM Asc, 1 mM MV, 2 mM FeCy, 0.1 mM BQ. 100% rates of

O2 evolution with SiMo, FeCy, and BQ were 35�50 and those of

O2 consumption with MV were 200�350 μmol O2/h per mg

chlorophyll.
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loquinone and FeS�centers of the P700 complex, and

being oxidized by (Mn)4 and Tyr components of PS II

reaction center complexes, by b6 f�complex, by plasto�

cyanin, and even by the reaction center P700 (Fig. 4).

Certainly, such an explanation of the redox interaction of

SkQ1 with components of the electron transfer chain of

chloroplasts is not without alternatives, and so further

studies are required. The E0′ value of SkQ1 measured

under standard conditions cannot be used here because it

will depend on the interaction with components of the

membranes: as Fig. 4 shows, the same plastoquinone

functions as QA, QB, QP, QZ, and QC. On being oxidized

by ferricyanide or p�benzoquinone, SkQ1 inhibits the

photosynthetic evolution of O2 only at high concentra�

tions switching the non�cyclic electron transfer to the

cyclic mode. Phenazine methosulfate (PMS), which is an

effective redox mediator of cyclic electron transfer [20]

on reduction by ascorbate, itself causes the absorption of

O2 and similarly to SkQ1 suppresses both the evolution

and consumption of O2 by illuminated chloroplasts

(Fig. 5).

SkQ1 as an electron acceptor at concentration 10 μM

supported only a slight O2 evolution that terminated on

increasing the concentration to 100 μM, when the subse�

quent addition of ferricyanide was ineffective (Fig. 6).

Fig. 3. Oxidation of SkQ1 (reduced with NaBH4) by various elec�

tron acceptors. The SkQ1 oxidation was recorded by the difference

between the optical densities of its oxidized and reduced forms at

270 nm (D270). A solution of 50 μM SkQ1 in water was supple�

mented with 0.2 mM NaBH4, and the D270 difference was detect�

ed before and 1 min after the addition of NaBH4. The electron

acceptors were added 1.5�2 min after the addition of NaBH4. The

fraction of oxidized SkQ1 was measured after 5 or 8 min. The con�

tribution of NaBH4 and the electron acceptors to D270 was also

taken into account.
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Fig. 4. Non�cyclic and cyclic electron transfer chains in chloroplasts. (Mn)4, H2O dehydrogenase containing four Mn atoms; Tyr, tyrosine 161

of subunit D1 of PSII reaction center complex P680; QA and QB, primary and secondary plastoquinones of complex P680; QP, plastoquinone

of the membrane pool in chloroplasts; QZ and QC, plastoquinones of the b6 f�cytochrome complex (b6 f); PC, plastocyanin; P700, PS I reac�

tion center complex that includes phylloquinone PhQ and FeS�centers FX, FA, and FB; Fd, ferredoxin; FNR, ferredoxin:NADP+ reductase.

The arrows indicate stages of electron transfer.

Fig. 5. Effect of phenazine methosulfate (PMS): a) on O2 evolu�

tion during electron transfer from H2O to ferricyanide (FeCy); b)

on O2 consumption during electron transfer from ascorbate

(Asc) + N,N,N′,N′�tetramethyl�p�phenylenediamine (TMPD)

to methyl viologen (MV). For incubation conditions of the

chloroplasts, see Fig. 2. Chp, chloroplasts; On and Off, switching

on and off the light. Additions: 0.1 mM FeCy, 0.1 mM PMS,

0.1 mM Asc, 0.1 mM TMPD, 50 μM MV.
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Figure 7 shows the effect of SkQ1 on the respiration

of mitochondria isolated from roots of pea seedlings.

SkQ1 does not influence oxidation of added NADH and

only slightly stimulates it on increase in concentration.

As observed earlier [21], added NADH is oxidized only

through the major (cytochrome) pathway of the respira�

tory chain omitting the alternative oxidase; therefore,

the process is fully inhibited by KCN (Fig. 7a).

Rotenone, an inhibitor of respiratory chain complex I,

does not influence, whereas the alternative oxidase

inhibitor salicylhydroxamate (SH) does not inhibit but

stimulates KCN�sensitive oxidation of added NADH

(Fig. 7b), and this suggests that the cytochrome branch

of the respiratory chain can be regulated by the alterna�

tive oxidase. The respiration of mitochondria with

NADH as a substrate is insignificantly stimulated by

SkQ1 in both presence and absence of SH (Figs. 7c and

7a, respectively). The oxidation of succinate in mito�

chondria is stimulated by SkQ1 up to its concentration

of 100 μM, significantly inhibited by SH, and blocked by

further addition of KCN (Fig. 7d). The stimulation of

mitochondrial respiration by SkQ1 seems to be associat�

ed with its uncoupling effect; at micromolar concentra�

tions, SkQ1 suppresses the generation of Δψ in rat heart

mitochondria [22].

Findings obtained show that SkQ1 in nanomolar

concentrations acts as an antioxidant suppressing pro�

Fig. 6. SkQ1 as electron acceptor in illuminated chloroplasts. For

incubation conditions of chloroplasts, see Fig. 2. Chp, chloro�

plasts; On and Off, switching on and off the light. Additions:

SkQ1, 2 mM FeCy.

Fig. 7. Effect of SkQ1 on respiration of mitochondria from roots of pea seedlings in the presence of NADH or succinate as substrates of oxi�

dation. The incubation medium for mitochondria (50 mM Tricine�KOH, 35 mM NaCl, and 0.4 M sucrose, pH 7.8) in oximetric cell (1.5 ml)

was supplemented with mitochondria to protein concentration 0.21�0.42 mg/ml, 1 mM NADH, SkQ1, 2.5 mM KCN, 1 μM rotenone, 2 mM

salicylhydroxamate (SH), and 5 mM succinate.

a                             b                    c

(a, b, c)

(d)

d
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duction of ROS in mitochondria and chloroplasts

(Fig. 1), whereas at increased concentration to 100 μM it

suppresses non�cyclic electron transfer in PS II and PS I

(Fig. 2). As differentiated from p�benzoquinone, SkQ1

does not support non�cyclic electron transfer with the

evolution of O2 (Fig. 6), and it inhibits reactions with fer�

ricyanide, p�benzoquinone, silicomolybdate, and methyl

viologen as electron acceptors (Fig. 2). The differences in

the sensitivity of these reactions to SkQ1 are caused by

features of these acceptors (Fig. 3): being reduced by

NaBH4, SkQ1 is oxidized by ferricyanide, p�benzo�

quinone, and to the lesser degree by silicomolybdate, but

not by methyl viologen. The suppression of non�cyclic

electron transfer seems to be associated with switching of

the photosynthetic redox chain from the non�cyclic path�

way into the mode of cyclic electron transfer. In fact, the

effect of SkQ1 is similar to that of phenazine methosul�

fate, switching the redox chain of chloroplasts into the

cyclic mode (Fig. 5).
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