ISSN 0006-2979, Biochemistry (Moscow), 2007, Vol. 72, No. 5, pp. 572-577. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © L. A. Vasil’ev, A. A. Vorobyov, E. V. Dzyubinskaya, A. V. Nesov, A. A. Shestak, V. D. Samuilov, 2007, published in Biokhimiya, 2007, Vol. 72, No. 5,

pp. 707-713.

Cyanide-Induced Death of Cells in Plant Leaves

L. A. Vasil’ev, A. A. Vorobyov, E. V. Dzyubinskaya,
A. V. Nesov, A. A. Shestak, and V. D. Samuilov*

Department of Physiology of Microorganisms, Faculty of Biology, Lomonosov Moscow State University,
119992 Moscow, Russia; fax: (495) 939-3807; E-mail: vdsamuilov@mail.ru

Received January 10, 2007

Abstract—Destruction of guard cell nuclei in epidermis isolated from leaves of pea, maize, sunflower, and haricot bean, as
well as destruction of cell nuclei in leaves of the aquatic plants waterweed and eelgrass were induced by cyanide. Destruction
of nuclei was strengthened by illumination, prevented by the antioxidant o-tocopherol and an electron acceptor
N,N,N’,N’-tetramethyl-p-phenylenediamine, and removed by quinacrine. Photosynthetic O, evolution by the leaf slices of
a C; plant (pea), or a C, plant (maize) was inhibited by CN~ inactivating ribulose-1,5-bisphosphate carboxylase, and was
renewed by subsequent addition of the electron acceptor p-benzoquinone.
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Programmed cell death (PCD) is a physiological
response to internal or external signals associated with
maintenance of tissue homeostasis, development of
immunological reactions to pathogens, realization of
development program and cell differentiation, response
to abiogenic stress factors, and aging [1]. Chemical and
physical factors are easier to study than natural biological
signals because they cause synchronous and mass death of
cells, thus facilitating subsequent analysis of results. We
[2] have used cyanide, a PCD inducer in plants, which
causes internucleosomal decomposition of nuclear DNA
[3, 4]. Cyanide has multiple effects: it inhibits
cytochrome ¢ oxidase of mitochondria, catalase, peroxi-
dases including ascorbate peroxidase of chloroplasts, and
Cu,Zn-superoxide dismutase [5] and inactivates ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) [6].

On evidence of light microscopy, CN~ causes frag-
mentation and decomposition of nuclei in cells of epider-
mis isolated from pea leaves [2]. Epidermis is a monolayer
composed of structurally and functionally different basal

Abbreviations: BQ) p-benzoquinone; DCF) 2',7'-dichlorofluo-
rescein; DCFH) 2',7'-dichlorofluorescin; DCMU) 3-(3',4'-
dichlorophenyl)-1,1-dimethylurea; EC) basal epidermal cells;
FeCy) potassium ferricyanide; GC) stoma guard cells; PCD)
programmed cell death; ROS) reactive oxygen species;
Rubisco) ribulose-1,5-bisphosphate carboxylase/oxygenase;
TMPD) N,N,N’,N'- tetramethyl-p-phenylenediamine.

* To whom correspondence should be addressed.

epidermal cells (EC) and stoma guard cells (GC): EC
contain mitochondria only, whereas GC, like mesophyll
cells, contain both chloroplasts and mitochondria. Light
significantly accelerated CN~-induced decomposition of
GC nuclei, but had no effect on decomposition of EC
nuclei [2]. The pattern of ultrastructural changes indicates
that CN~-induced death of GS occurs via apoptosis [7].

Electron acceptors maintaining the Hill reaction in
chloroplasts (p-benzoquinone, menadione, N,N,N’,N'-
tetramethyl-p-phenylenediamine —TMPD, etc.) switch-
ing on noncyclic electron transfer inhibited by CN~ due
to inactivation of Rubisco and subsequent exhaustion of
NADP" prevented CN-induced apoptosis of GC. Light-
activation of GC apoptosis was inhibited by diuron
(DCMU), an inhibitor of electron transfer in
Photosystem I1, stigmatellin, or iodonitrothymol dinitro-
phenyl ester (DNP-INT), inhibitors of plastoquinol oxi-
dation by Rieske FeS protein in the center o of chloro-
plast cytochrome b, f complex. The process was prevent-
ed by the protein kinase inhibitor staurosporine. It was
concluded that GC apoptosis depends on combined
effects of two factors: reactive oxygen species (ROS) and
plastoquinone acting in center o of bgf complex [8, 9].
Experiments with pea mutants have shown that light
stimulation of CN™-induced GC apoptosis and its aboli-
tion by DCMU (3-(3',4'-dichlorophenyl)-1,1-dimethyl-
urea) are associated with activity of Photosystem II [10].
The data are considered as evidence for involvement of
chloroplasts in apoptosis.
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Quinacrine and diphenyliodonium, which are
known as inhibitors of NADPH oxidase of cell plasma
membrane, in tested concentrations did not influence
either respiration or photosynthetic O, release by pea leaf
slices, but prevented CN™-induced death of GC [11]. It is
possible that CN™-resistant NADPH oxidase of GC plas-
ma membrane is a source of ROS causing CN™-induced
PCD. When ROS are insufficiently produced, added
H,0, stimulated PCD [11].

In the light of these data, a question emerges on the
effect of CN~ on cells of other plants. A peculiar interest
was to compare plants with C;- and C,-photosynthesis, in
which fixation of atmospheric CO, is maintained by
Rubisco and phosphoenolpyruvate carboxylase, respec-
tively. Aquatic plants (hydrophytes) were also examined.

MATERIALS AND METHODS

The objects of the study were stoma guard cells from
leaves of pea (Pisum sativum L.) cultivar Alpha, sunflower
(Helianthus annuus L.), haricot bean (Phaseolus vulgaris
L.), and maize (Zea mays L.), as well as cells of aquatic
plants waterweed (Elodea canadensis Michx.) and eelgrass
(Vallisneria spiralis L.). For germination, the seeds of pea,
sunflower, haricot bean, and maize were maintained in
water for 1 day followed by incubation on wet filter paper
for 1-2 days [2]. Germinated seeds were rooted in jars
filled with tap water and grown hydroponically under
continuous illumination with luminescence lamps (light
intensity ~1000 Ix, temperature 20-24°C). Plantlets at the
age of 8-17 days were used in experiments. Experiments
with waterweed and eelgrass were performed using frag-
ments of leaves growing on young branches at the distance
of 1-2 cm from the top. Their leaves are a cell bilayer and
along the edges even a monolayer, allowing comfortable
observation of cell nuclei under a light microscope.

Epidermal films from the bottom surface of leaves
were separated with forceps and placed into distilled
water [2]. Vacuum infiltration of epidermal films for 1-
2 min was used for rapid influx of added reagents into the
cells [2]. The samples were placed into polystyrene plates
and incubated for 24 h in distilled water or in 0.1 M
Na*,K"-phosphate buffer, pH 7.4, with additives (the
composition is given in the figure legends) at room tem-
perature either in dark or under illumination with lumi-
nescent lamps at the light intensity of ~1000 Ix.

After the incubation, the samples were washed with
distilled water for 5 min followed by treatment for 5 min
with Battaglia’s fixative (mixture of chloroform, 96%
ethanol, glacial acetic acid, and 40% formaldehyde, 5:5 :
1:1).[2]. Then the samples were washed with ethanol for
10 min for removal of the fixative, incubated for 5 min in
water and stained with Carazzi’s hematoxylin for 20 min.
The stained epidermal peels were washed with tap water
used for the microscopy. All experiments were replicated
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twice and in most cases thrice. The number of cells with
destroyed nuclei and lack of nuclei was determined from
300-500 inspected cells.

To determine the effect of CN~ on maize mesophyll
cells, leaf slices were placed in 2.5 mM KCN, incubated
in the light for 1 day, fixed with 3% glutaraldehyde solu-
tion in 0.1 M Na*,K*-phosphate buffer, pH 7.4, for 2 h at
4°C followed by post-fixation with 1% osmium tetroxide
in the same buffer for 1.5 h and dehydrated in ethanol
solutions of increased concentration; 70% ethanol solu-
tion was saturated with uranyl acetate (1.5%). The pre-
pared material was embedded in Epon-812 resin (Fluka,
Switzerland). Semithin slices (~3 pm) were prepared
using an LKB III ultramicrotome (LKB, Sweden).

2',7'-Dichlorofluorescein (DCF) fluorescence was
measured on a VersaFluor fluorimeter (Bio-Rad, USA) as
described previously [11]. Maize leaf with removed lower
epidermis was fixed by its intact surface on a polystyrene
plate, submerged in 50-uM DCFH (2',7'-dichlorofluo-
rescin) diacetate solution, and incubated in the dark for
10 min followed by washing with distilled water; then the
leaf was placed into a photometric cell filled with 25 mM
Hepes-NaOH, pH 7.2. Fluorescence of DCF was excited
with light with A = 485-495 nm and registered at 515-
525 nm.

Oximetry (uptake and evolution of O, by leaf slices)
was carried out as previously described [9, 11].

RESULTS

According to the previously reported data [2, 8, 9],
CN~ caused destruction of GC nuclei in pea epidermis
(Fig. 1a). The effect of CN™ as an apoptosis inducer was
enhanced by illumination and inhibited by the electron
acceptor TMPD and antioxidant a-tocopherol. Similar
data were obtained with GC of maize, sunflower, and
haricot bean (Fig. 1, b-d). Quinacrine prevented the
CN™-induced decomposition of GC nuclei (Fig. I, b and
d). Earlier, the same effect of quinacrine was demonstrat-
ed on GC of pea [11].

Cyanide caused destruction of cell nuclei in water-
weed and eelgrass leaves (Fig. 2). Destruction of nuclei
increased with increasing CN~ concentration. The maxi-
mal effect of CN~ on pea leaf GC was observed at con-
centration of 2.5 mM [2]. As in the case of the terrestrial
plants, CN™-induced destruction of cell nuclei of
hydrophytes was higher in the light than in the dark;
TMPD and oa-tocopherol removed the effect of CN~
(Fig. 2).

Figure 3 illustrates O, uptake by maize leaf slices
caused by oxidation of intracellular substrates (endoge-
nous respiration) in mitochondria. Illumination causes
O, evolution associated with electron transfer from H,O
to NADP" in chloroplasts. As in pea [11], the photosyn-
thetic O, evolution by maize leaf slices is inhibited by
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Fig. 1. Effect of different agents on the CN™-induced destruction of GC nuclei in leaf epidermis of pea (a), maize (b), sunflower (c), and hari-
cot bean (d) in the dark (black columns) and in the light (light columns). Additives: 2.5 mM KCN, 100 uM TMPD or a-tocopherol, 50 uM

quinacrine.

CN-, and, with following addition of ferricyanide and p-
benzoquinone, a membrane-penetrating electron accep-
tor in the Hill reaction, is replaced with light-dependent
DCMU-sensitive O, evolution. In their oxymetric
parameters, leaf slices of maize, a plant with C,-photo-
synthesis (Fig. 3), are similar to that of pea, a plant with
C;-photosynthesis [11].

Oxidation of non-fluorescent 2',7'-dichlorofluo-
rescin (DCFH) to fluorescent DCF is an indicator of

ROS production in cells [12, 13]. Addition of menadione
to slices of maize leaves with removed lower epidermis led
to formation of DCEF in cells pre-loaded with non-fluo-
rescent DCFH diacetate (Fig. 4). Being reduced by com-
ponents of the photosynthetic [14, 15] and respiratory
[16, 17] electron transport chains, menadione semi-
quinone undergoes spontaneous oxidation by O, with for-
mation of O3, which in turn forms H,0, with participa-
tion of superoxide dismutase. Menadiol is also oxidized
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by O, with formation of H,0, [16, 18]. Increase in DCF
fluorescence caused by menadione was enhanced by a
following addition of H,O, (Fig. 4a) and inhibited by
nitroblue tetrazolium (NBT) (Fig. 4b) oxidizing O; [19]
and thereby preventing H,0, generation. Quinacrine
inhibited DCF response caused by both menadione and
H,0, (Fig. 4, ¢ and d). Similar results were previously
obtained from experiments with epidermal peels from pea
leaves [11].

Figure 5a shows a longitudinal section of maize lam-
ina: one can see that the vascular bundle sheath cells are
more than two times longer than the mesophyll cells. So,
the probability of appearance of nuclei on the lateral sec-
tion of the leaf is lower for sheath cells than for mesophyll
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Fig. 2. Cyanide-induced destruction of nuclei in leaf cells of
waterweed in the dark (closed squares) and in the light (open
squares) (a) and eelgrass in the light (b). Additives: 2.5 mM of
KCN, 100 uM of TMPD or a-tocopherol.
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Fig. 3. Oxygen uptake and evolution by maize leaf slices (LS).
Incubation medium: 10 mM Hepes-NaOH, pH 7.0, LS with
chlorophyll content of 30 pg/ml. Additives: 2.5 mM KCN, 3 mM
ferricyanide (FeCy), 100 uM p-benzoquinone (BQ), 20 uM
DCMU. On, turning on the light. Initial rates of respiration and
photosynthetic O, evolution (without additives) were 7-8 pmol
0,/mg chlorophyll per hour.
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Fig. 4. Generation of DCF from DCFH diacetate added to maize
leaves with removed lower epidermis. Additives: 100 uM mena-
dione, 100 pM H,0,, 200 pM nitroblue tetrazolium (NBT),
50 uM quinacrine.

cells. Figure 5 (b-d) shows a characteristic anatomy of a
C, plant leaf: vascular bundles are surrounded by dense
layer of big sheath cells, around which a spongy layer of
mesophyll cells is localized. Cyanide caused decomposi-
tion of nuclei both in mesophyll cells (Fig. 5, ¢ and d) and
in GC (Fig. 1b).

DISCUSSION

We have reported previously that CN~ causes decom-
position of both GC and EC nuclei in pea leaf epidermis
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Fig. 5. Light microscopy of maize leaf sections upon the influence of CN™: a) longitudinal, b, c, d) lateral sections of the leaf. Maize leaf
slices were treated with 2.5 mM KCN and incubated in the light for 24 h: a, b) control; ¢, d) KCN. MP, mesophyll; VBS, vascular bundle
sheath cells.
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[2, 8, 9]. The data on ultrastructural changes [7] and inter-
nucleosomal DNA fragmentation [4] showed an apoptotic
mechanism of CN™-induced death of GC. Resemblance
of the action of the antioxidant a.-tocopherol and TMPD,
which interacts with both photosynthetic electron trans-
port chain of chloroplasts and respiratory chain of mito-
chondria (Figs. 1 and 2), suggests that CN™-induced
decomposition of nuclei in cells of other plants also occurs
via apoptosis dependent on ROS and regulated by redox
state of plastoquinone in the cytochrome b, f complex of
chloroplasts [8, 9]. The data on prevention of CN™-
induced destruction of nuclei by quinacrine (Fig. 1) and
lack of its effect on both mitochondrial respiration and
photosynthetic O, evolution by chloroplasts in pea leaf
slices [11] demonstrate that ROS for realization of apopto-
sis seem to be generated by NADPH oxidase of cell plas-
ma membrane. The same result was obtained with maize
leaves (Fig. 4) and pea leaf epidermis [11]: quinacrine
inhibited the H,0,-dependent fluorescent response of
DCE These data confirm a suggestion that H,0,, either
added or generated in the presence of menadione, acti-
vates NADPH oxidase of plasma membrane. ROS-
induced ROS release is known in animals [20].

The data of particular interest are that, like in pea
[11], photosynthetic O, evolution by maize leaf slices
(Fig. 3) is inhibited by CN~ inactivating Rubisco.
Fixation of CO, in C, plants (maize) occurs via carboxy-
lation of phosphoenolpyruvate in mesophyll cells to pro-
duce oxaloacetate, which is reduced by NADPH to
malate. Malate is transported to neighboring vascular
bundle sheath cells, where it undergoes NADP"-depend-
ent decarboxylation with participation of malic enzyme to
form pyruvate and CO,, which is fixed again by Rubisco.
Cyanide inactivates Rubisco [6] and thereby stops photo-
synthetic O, evolution (Fig. 3) not only by vascular bun-
dle sheath cells, but also by mesophyll, which, being func-
tionally associated with sheath, suffers a deficit of pyru-
vate (due to the inhibition of malic enzyme) and deficit of
NADP™ for non-cyclic electron transfer from H,O (due to
the inhibition of reaction oxaloacetate — malate). The
electron-acceptor pair ferricyanide + BQ remedies the
situation (Fig. 3) switching on the electron transport from
H,O to BQ both in mesophyll and vascular bundle sheath.

Thus, non-directly, via vascular bundle sheath,
cyanide as inducer of PCD runs down the mesophyll cells
and causes destruction of their nuclei (Fig. 5).
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