
Programmed cell death (PCD) is one of the most

effective defense mechanisms in plants and other organ-

isms devoid of mobile cells of the immune system charac-

teristic of mammals. By inducing PCD, plants limit the

spread of infection in infected cells, while new growth

points are formed from non-infected cells. The main

characteristics of the development of PCD include signif-

icant reprogramming of transcriptional regulation, syn-

thesis of protective compounds [1, 2], changes in the level

of calcium ion content [3, 4], and strong increase in the

level of reactive oxygen species (ROS) [1, 5].

The respiratory chain of animal mitochondria is one

of the major sources of ROS that cause cell death. In the

case of plants, ROS are formed in mitochondrial electron

transport chains, in particular, by NADPH-oxidase [6-8].

ROS formation in mitochondria depends on membrane

potential; its reduction by 10-15% decreases the rate of

ROS formation tenfold [9]. Chloroplasts, peroxisomes,

and NADPH-oxidase of the plasma cell membrane also

play a significant role in ROS generation in plants [10-

12].

ROS formation is suppressed by antioxidants such as

ascorbic acid, tocopherol, and glutathione, and by

enzymes that regenerate oxidized forms of low molecular

weight antioxidants. Antioxidants usually act coopera-
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Abstract—Programmed cell death (PCD) is the main defense mechanism in plants to fight various pathogens including

viruses. The best-studied example of virus-induced PCD in plants is Tobacco mosaic virus (TMV)-elicited hypersensitive

response in tobacco plants containing the N resistance gene. It was previously reported that the animal mitochondrial pro-

tein Bcl-xL, which lacks a homolog in plants, effectively suppresses plant PCD induced by TMV p50 – the elicitor of hyper-

sensitive response in Nicotiana tabacum carrying the N gene. Our studies show that the mitochondria-targeted antioxidant

SkQ1 effectively suppresses p50-induced PCD in tobacco plants. On the other hand, SkQ1 did not affect Poa semilatent virus

TGB3-induced endoplasmic reticulum stress, which is followed by PCD, in Nicotiana benthamiana epidermal cells. These

data suggest that mitochondria-targeted antioxidant SkQ1 can be used to study molecular mechanisms of PCD suppression

in plants.

DOI: 10.1134/S000629791309006X

Key words: mitochondria-targeted compounds, reactive oxygen species, hypersensitive response, ER stress, unfolded pro-

tein response



EFFECT OF SkQ1 ON PROGRAMMED CELL DEATH IN PLANTS 1007

BIOCHEMISTRY  (Moscow)   Vol.  78   No.  9   2013

tively. For example, the interaction between ascorbic acid

and glutathione has been thoroughly studied. Specific

compartmentalization of antioxidant systems is also very

important [13, 14]. Methods of fighting oxidative damage

were proposed as early as the 1960s, when antioxidants

were first used. However, due to membranes antioxidants

are practically unable to penetrate into mitochondria and

neutralize endogenous ROS produced in the electron

transport chain.

A new generation of antioxidants covalently bound

to penetrating cations has been intensely studied in recent

years [15]. One of these compounds, 10-(6′-plasto-

quinonyl)decyltriphenylphosphonium (SkQ1), consist-

ing of plastoquinone and triphenylphosphonium con-

nected via a C10 linker chain, is specifically accumulated

in mitochondria, possesses high antioxidant activity, and

is a regenerable antioxidant because its oxidized form is

reduced by the electron transport chain in vivo [16-18].

Furthermore, SkQ1, due to its ability to interact with

fatty acid anions, also acts as a mitochondria-targeted

protonophore [19]. This property of SkQ1 results in mild

uncoupling, leading to a decrease in membrane potential,

which reduces ROS production [9, 19].

In studies on human fibroblasts and HeLa cells,

extremely low concentrations of SkQ1 were shown to

inhibit H2O2-induced apoptosis [15]. New drugs based on

mitochondria-targeted antioxidants are being developed

for the treatment of human diseases associated with

oxidative stress [18, 19]. The first SkQ1-based medicine,

Visomitin, used in treatment of “dry eye” syndrome, has

been successfully tested and registered [20].

However, molecular mechanisms of the action of

SkQ1 are not well studied in plant systems. Pea Pisum

sativum L., variety Alpha was the main object of previous-

ly published studies. Leaf epidermis pellicles of pea

seedlings were used for the experiments, and SkQ1 was

found to suppress PCD caused by chitosan and cyanide in

this experimental system [21, 22]. Moreover, SkQ1 was

shown to slow the aging of rosette leaves in Arabidopsis

plants [23].

In the present work we studied the effects of SkQ1 on

the development of hypersensitive response (form of

PCD) in tobacco plants induced by virus-specific pro-

teins. SkQ1 was found to suppress PCD induced via the

cascade of mitogen-activated protein kinases. At the same

time, this compound does not suppress the development

of endoplasmic reticulum (ER) stress that also leads to

PCD.

MATERIALS AND METHODS

Recombinant clones and cloning. Genetic construc-

tions pLH* [24], pRT-m-GFP5-ER [25], and pRT-18K

[26] were described previously. Amplification of the p50,

MEK2, and Bcl-xL genes as well as MEK2 mutagenesis for

cloning in pLH* were performed using PCR and specific

oligonucleotides (sequences available upon request).

Cloning was performed using standard methods [27].

Transient expression using agroinfiltration or metal

microparticle bombardment. For agroinfiltration,

Agrobacterium tumefaciens cultures (strain C58C1) were

grown and prepared according to the previously described

method [28]. Nicotiana tabacum leaves were infiltrated by

the cell suspensions.

Bombardment of Nicotiana benthamiana leaves with

tungsten microparticles was performed in a PDS-1000

high-pressure helium system (Bio-Rad, USA) following

the previously described method [29]. The samples were

examined by microscopy using a TCS SP2 confocal laser

scanning microscope (Leica, Germany). GFP fluores-

cence was excited by an argon laser (wavelength 488 nm)

and detected in the range 500-530 nm.

Incubation of plant material in SkQ1 solutions. Cut

off leaves of N. tabacum or N. benthamiana were first

exposed to agroinfiltration or bombardment with metal

microparticles, and then were incubated by placing the

petioles into water or water solutions of SkQ1 or C12TPP.

The solutions were changed daily.

RESULTS AND DISCUSSION

Effect of SkQ1 on mitochondria-mediated cell death.

In tobacco plants carrying the resistance gene (N gene), a

fragment of the gene of tobacco mosaic virus (TMV)

replicase, which encodes a helicase domain, is an elicitor

of hypersensitive response, a form of PCD in plants [30].

An experimental system including p50 protein (helicase

domain of TMV replicase) and plants carrying the N gene

is widely used for the analysis of molecular and cellular

mechanisms involved in the induction of hypersensitive

response. It was shown that p50 protein involves HSP90

cellular chaperone to activate the cascade of mitogen-

activated kinases, including MEK2 protein kinase, which

becomes activated due to phosphorylation and, in turn,

phosphorylates two effector kinases, WIPK and SIPK,

causing their activation [31, 32]. Precise functions of

WIPK and SIPK protein kinases in the development of

PCD remain unknown, even though it is clear that their

activation leads to mitochondrial dysfunction, as the

effect caused by the activation of the cascade including

MEK2 and WIPK/SIPK can be inhibited by Bc1-xL pro-

tein [32, 33]. Bc1-xL is a membrane protein of human

mitochondria that can block the outflow of cytochrome c

from mitochondria that causes caspase activation.

Besides that, this protein was previously shown to have

antiapoptotic properties not only in animal, but also in

plant cells [34-37].

Two proteins, p50 and MEK2 protein kinase, were

used to induce mitochondria-dependent cell death in

plants. The p50 gene was amplified and cloned in the
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binary pLH* vector controlled by 35S promoter of cauli-

flower mosaic virus (Fig. 1a). The N. tabacum MEK2 gene

was amplified and cloned for its further mutagenesis to

produce a constitutively active mutant. Thus, two amino

acid residues that are phosphorylated in the wild type

protein were subjected to mutagenesis. Serine and threo-

nine residues in positions 227 and 233, respectively, were

substituted by residues of aspartic acid, and, thereby, their

charge being analogous to the phosphate groups attached

by the activating kinase. Such a mutant was previously

shown to be constitutively active; it was also shown to

cause hypersensitive response in tobacco leaves [31, 32].

The mutant MEK2DD gene was cloned in the pLH* vector

controlled by 35S promoter (Fig. 1b). Agrobacterium

tumefaciens cells were transformed with the constructions

carrying the p50 and MEK2DD genes, and the resulting

cultures were used for transient expression of these pro-

teins in tobacco leaves using the agroinfiltration method.

The culture of agrobacteria with cloned p50 gene was

used for infiltration of the leaves of tobacco plants carrying

the N gene (N. tabacum cv. Samsun NN), and the culture

with the MEK2DD gene was used for infiltration of tobacco

leaves of the same species, which, however, did not carry

this resistance gene as its product is needed only at the first

stage of the activation process leading to cell death (this

stage includes recognition of p50 protein). Development of

the hypersensitive response in the infiltrated areas of the

leaves agroinfiltrated with p50 and MEK2DD could be

observed on day 2 post-infiltration (Figs. 2a and 3a).

Bcl-xL protein, whose gene was amplified and

cloned in the binary pLH* vector, was used to confirm the

fact that the response caused by the expression of these

genes was mediated by mitochondria (Fig. 1b). Co-infil-

tration of tobacco leaves by agrobacterium cultures carry-

ing p50 and Bc1-xL proteins led to the suppression of

hypersensitive response induced by p50 (Fig. 3b).

Likewise, inhibition of cell death could be observed on

co-expression of MEK2DD and Bcl-xL (data not shown).

These results are consistent with the literature [32, 33]

and confirm the validity of the experimental approach

used in this study.

To study the possible effect of SkQ1 on the develop-

ment of hypersensitive response caused by p50, tobacco

leaves agroinfiltrated with respective constructions as well

as control construction (pLH* vector with no inserts)

were placed into water or water solutions of 1 and 0.1 nM

SkQ1. The same concentrations of dodecyl triphen-

ylphosphonium (C12TPP) were used as a control.

C12TPP is a lipophilic cation and C12 hydrophobic link-

er, but it has no antioxidant part. In the case of control

experiments (leaves placed into water or C12TPP solu-

tion), development of hypersensitive response could be

observed in the areas infiltrated with culture carrying p50

on the second day post infiltration, and on the third day

post infiltration these parts of the leaves were completely

dead (Fig. 2b). In the case of leaves placed into 1 and

0.1 nM SkQ1 solutions, no degradation of the leave tissue

in the area infiltrated with p50 could be observed on the

Fig. 1. Expression cassettes used in this study. a) Organization of the Tobacco mosaic virus (TMV) genome and the expression cassette with the

fragment of viral replicase, p50 protein. In a schematically presented TMV genome, the genes are shown as rectangles; molecular weights of

the encoded proteins are shown in kilodaltons. The positions of conservative domains of the viral replicase are indicated as: MT, methyltrans-

ferase domain; HEL, helicase domain; POL, polymerase domain. The horizontal arrow indicates leaky termination codon of the gene of 126K

protein leading to translation of the 183K protein. The expression cassette with p50 gene includes 35S promoter of cauliflower mosaic virus

and transcription terminator marked “term”. b) Expression cassettes with MEK2DD and Bcl-xL genes. Introduced mutations are shown in the

MEK2 gene.

Bcl-xLMEK2DD

p50

a

b
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Fig. 2. Effect of SkQ1 on hypersensitive response in tobacco leaves (Nicotiana tabacum cv. Samsun NN). a) Hypersensitive response in the

leaf infiltrated with agrobacterium culture carrying p50 gene. b) Inhibition of hypersensitive response: leaves agroinfiltrated with p50 were

incubated in SkQ1 solutions. The left half of each leaf was infiltrated with culture carrying p50 gene, and the right half was infiltrated with the

culture carrying pLH* vector without the expressed gene (negative control). The leaves were incubated either in control or in SkQ1 solutions

of given concentrations. Arrows mark the area of the development of hypersensitive response. All the photos were taken on day 2 post-infil-

tration.

a

Н2О                                    0.1 nM SkQ1                     1 nM SkQ1

b

Fig. 3. Inhibition of hypersensitive response caused by incubation in SkQ1 solution and coexpression with Bcl-xL protein. a) Development

of hypersensitive response in agroinfiltrated leaves of N. tabacum expressing MEK2DD. The leaves shown were incubated in water or 0.1 nM

SkQ1 solution. b) Inhibition of hypersensitive response caused by p50 expression or Bcl-xL protein. The left half of the leaf was infiltrated

with agrobacterium culture expressing p50, and the right half was co-infiltrated with the mixture of the two agrobacterial cultures, one of

which expressed p50 and the other Bcl-xL. The photos were taken on day 2 post-infiltration.

a

Н2О                                                 0.1 nM SkQ1

b
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third day post infiltration (Fig. 2b). Similar data were

obtained in experiments with MEK2DD (Fig. 3a). Thus,

incubation of tobacco leaves in SkQ1 solution was shown

to cause a significant retardation in the development of

p50-induced hypersensitive response, this process being

mediated by the N gene or developing directly via the cas-

cade of mitogen-activated kinases.

Effect of SkQ1 on cell death induced by ER stress.

Accumulation of significant amounts of unfolded or mis-

folded protein molecules in ER, excess of membrane pro-

teins, as well as other factors, cause ER stress [38] result-

ing in the so-called “unfolded protein response” (UPR),

which is supposed to compensate for functional damage

to ER. However, this process causes cell death in case of

prolonged exposure to the factors leading to ER stress

[38, 39]. In both mammalian and plant cells, develop-

ment of UPR is associated with an increase in the levels

of a number of ER proteins participating in the folding of

polypeptide chains, such as BiP protein, protein disulfide

isomerase, calreticulin, and calmodulin [40, 41].

TGB3 protein (encoded by potato virus X (PVX)), a

membrane protein necessary for the cell-to-cell spread of

viral infection, has been recently shown to cause ER

stress in the case of its high accumulation in plant cells

[33, 42, 43]. TGB3 protein was found to activate bZIP60

transcription factor necessary for accumulation of ER

proteins characteristic for UPR as well as SKP1 protein (a

component of the E3 ubiquitin ligase complex) [33, 42,

43]. TGB3-induced development of UPR leads to cell

death accompanied by an increase in the level of ROS and

DNA fragmentation [33], but the molecular mechanism

of cell death induction resulting from UPR remains

unknown [44]. It is important to emphasize that this form

of cell death is not associated with mitochondrial dys-

function, as it cannot be suppressed by Bcl-xL protein or

other antiapoptotic proteins [33].

In this study, we have analyzed the possibility of

SkQ1 effecting cell death caused by TGB3 protein. We

have previously shown ER stress caused by the expression

of Poa semilatent virus (PSLV) TGB3 protein to manifest

morphologically in ER disintegration manifested in ER

membranes losing their characteristic morphology and

vesiculation [45]. The previously described marker m-

GFP5-ER protein, a green fluorescent protein fused to

the leader sequence directing it towards the ER lumen

and to the C-terminal signal of retention in ER, was used

to visualize ER morphology [25]. The marker m-GFP5-

ER protein was coexpressed with TGB3 protein of PSLV

in epidermal cells of N. benthamiana leaves after leaf

bombardment with metal microparticles carrying expres-

sion vectors with cloned m-GFP5-ER and TGB3 genes. In

the case of control experiments, when m-GFP5-ER was

expressed in the absence of TGB3, GFP fluorescence was

observed in the polygonal network of cortical ER and in

nuclear membrane (Fig. 4a), which matches the previ-

ously described location of this marker protein [25].

However, coexpression of m-GFP5-ER and TGB3

caused significant changes in intracellular localization of

Fig. 4. Analysis of effect of SkQ1 on ER stress induced by the expression of the membrane viral protein TGB3; this protein was temporarily

expressed in epidermal cells of N. benthamiana leaf due to bombardment with metal microparticles. a) Subcellular localization of ER marker

m-GFP5-ER. b) Localization of marker m-GFP5-ER protein when it is coexpressed with PSLV TGB3 protein. c) Localization of m-GFP5-

ER coexpressed with TGB3 when the leaf was incubated in 0.1 nM water solution of SkQ1. Every image represents a superposition of a series

of optical sections obtained by laser scanning confocal microscope. Scale bar, 20 µm.

a b c
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the fluorescence. Instead of being seen in the structures

characteristic for ER, fluorescence was observed in clus-

ters of granular structures and in nuclear membrane (Fig.

4b). Incubation of leaves coexpressing m-GFP5-ER and

TGB3 in 1 and 0.1 nM SkQ1 solutions did not cause the

changes in ER marker localization when compared to

leaves expressing m-GFP5-ER and TGB3 incubated in

water (Fig. 4c). Thus, we can conclude that SkQ1 has no

effect on TGB3-induced ER stress, which causes cell

death independent of mitochondrial dysfunction.

Genomes of the majority of α-like plant viruses

encode proteins whose expression can lead to the devel-

opment or enhancement of hypersensitive response (one

of the forms of PCD). These can be viral protein products

different in their structure and functions: transport pro-

teins [33], suppressors of posttranscriptional gene silenc-

ing [46-48], transcriptional factors [49], and others.

Despite extensive research, functions of many of these

proteins have still not been characterized [50-52]. In this

work, we have used two experimental models in which

expression of viral proteins activate PCD. The first exper-

imental system included PCD induction through a cas-

cade of mitogen-activated kinases, leading, as shown pre-

viously, to mitochondrial dysfunction [31, 32]. The sec-

ond experimental system involved induction of UPR and

ER stress leading to development of PCD [33, 45]. It

should be noted that in the latter case the molecular

mechanism of PCD induction remains not fully under-

stood; in particular, the role of mitochondria in this sig-

naling pathway has not been clarified [44].

In our experiments, mitochondria-targeted antioxi-

dant SkQ1 effectively suppressed the development of

PCD induced through the cascade of mitogen-activated

kinases. Bcl-xL-mediated PCD suppression in this exper-

imental system indicates that the suppression of PCD

development takes place at the level of mitochondria. At

the same time, SkQ1 had no effect on the development of

ER stress caused by PSLV TGB3. These data are in good

agreement with those obtained for the functional analog

of PSLV TGB3 – PVX TGB3. In the experiments of Ye et

al. [33], Bcl-xL could not suppress PCD induced by PVX

TGB3. We conclude that despite the significant differ-

ences in their structure, both potex-like and hordei-like

TGB3 induce ER stress leading to PCD independently of

mitochondria.

Thus, the mitochondria-targeted antioxidant SkQ1

effectively suppresses PCD at the mitochondrial level not

only in animals, but also in plants. However, SkQ1 proved

to be ineffective for the suppression of PCD that develops

without direct involvement of mitochondrial functions.
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