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Introduction

Induction of cell death by oxidative stresses 
accompanying the generation of reactive oxygen 
species (ROS) is often mediated by early signal-
ing events such as calcium infl ux via ROS-medi-
ated activation of calcium channels on the plasma 
membrane (Kadono et al., 2006). Our previous 
studies have revealed that various phytotoxic met-
als such as Al and 15 rare earth elements induce 
an acute generation of ROS, such as superoxide 
anion radicals, by stimulating the plant NADPH 
oxidase activity (Kawano et al., 2001, 2002, 2003) 
and, as a consequence, ROS stimulates the open-
ing of ROS-responsive calcium channels on the 
surface of plant cells (Kawano et al., 2003, 2004). 
Copper is also known to be a phytotoxic metal 
which induces an increase in the cytosolic free 
calcium concentration ([Ca2+]c) in cultured tobac-

co cells (Inoue et al., 2005). However, the possi-

ble mechanism of acute copper action may differ 

from such metals stimulating the superoxide gen-

eration as production of superoxide could not be 

detected after addition of CuSO4 to a plant cell 

suspension culture (Kawano and Muto, 2000). On 

the other hand, copper may catalyze the Fenton-

type reaction forming hydroxyl radicals (the most 

violent members of ROS) in the presence of both 

certain reducing agents (such as ascorbate), con-

verting Cu(II) to Cu(I), and biologically supplied 

hydrogen peroxide. Previously, monitoring of the 

Fenton-type reaction leading to the formation 

of hydroxyl radicals by electron spin resonance 

spectroscopy was performed and this reaction 

was shown to proceed in a tobacco BY-2 cell sus-

pension culture after addition of CuSO4 (Kawano 

and Muto, 2000).
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Impact of copper on the oxidative and calcium signal transductions leading to cell death in 
plant cells and the effects of the copper-binding peptide derived from the human prion pro-
tein (PrP) as a novel plant-protecting agent were assessed using a cell suspension culture of 
transgenic tobacco (Nicotiana tabacum L., cell line BY-2) expressing the aequorin gene. Cop-
per induces a series of biological and chemical reactions in plant cells including the oxidative 
burst refl ecting the production of reactive oxygen species (ROS), such as hydroxyl radicals, 
and stimulation of calcium channel opening, allowing a transient increase in cytosolic cal-
cium concentrations. The former was proven by the action of specifi c ROS scavengers block-
ing the calcium responses and the latter was proven by an increase in aequorin luminescence 
and its inhibition by specifi c channel blockers. Following these early events completed within 
10 min, the development of copper-induced cell death was observed during additional 1 h 
in a dose-dependent manner. Addition of a synthetic peptide (KTNMKHMA) correspond-
ing to the neurotoxic sequence in human PrP, prior to the addition of copper, effectively 
blocked both calcium infl ux and cell death induced by copper. Lastly, a possible mechanism 
of peptide action and future applications of this peptide in the protection of plant roots from 
metal toxicity or in favour of phytoremediation processes are discussed.
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Recently, we have been engaged in design-
ing artifi cial peptides for the protection of plant 
cells from various metal stresses. Since our recent 
reports suggested that the human prion protein 
(PrP)-derived copper-binding peptides function as 
both chelators of copper and rare earth elements 
(Kawano, 2006) and catalysts for ROS generation 
(Kawano, 2007), we expected that these peptides 
could be used as positive and/or negative modula-
tors of copper toxicity in plant cells. Among four 
distinct Cu-binding peptides derived from human 
PrP, only the peptide KTNMKHMA, correspond-
ing to the partial sequence within the neurotoxic 
region, was shown to lack the pro-oxidant activ-
ity while other three peptides catalyzed the ro-
bust production of ROS in the presence of some 
biological components (Kawano, 2007; Yokawa et 
al., 2009). Therefore, we expected that the KTN-
MKHMA peptide behaves as an antioxidant with 
copper-chelating activity rather than being a pro-
oxidant.

Among the peptides or proteins of foreign ori-
gins drastically affecting the fate of plant cells, 
we can name some proteinaceous elicitors known 
to be secreted from pathogenic microbes as well 
studied examples. Harpins are typical for such 
proteins which are heat-stable, glycine-rich type 
III secreted proteins produced by Gram-nega-
tive plant pathogenic bacteria such as Erwinia 
amylovora (secretion mechanisms are widely 
preserved), that cause a hypersensitive response 
when applied to the cells of tobacco (Wei et al., 
1992; Galan and Collmer, 1999), and Arabidopsis 
thaliana (Reboutier et al., 2005, 2007), possibly 
through regulation of ion channels (El-Maarouf 
et al., 2001). Recent studies have pointed out that 
harpin proteins (particularly the motif 2 region) 
that interact with host plant cells have great simi-
larity with PrP in their capability of fi bril forma-
tion (Oh et al., 2007; Resende et al., 2003) and 
in the structure (highly homologous to the prion-
forming domain within the yeast prion protein 
Rnq1p). Due to similarity with toxic plant pro-
teins, we can expect that artifi cial application of 
PrP or peptides derived from it may have certain 
impacts on plant life.

In the present study, we examined the effect of 
a copper-binding peptide derived from PrP on the 
toxic action of copper (especially calcium signal-
ing and cell death responses) in suspension-cul-
tured tobacco BY-2 cells expressing the calcium-
sensitive luminescent protein aequorin.

Material and Methods

Plant material

A tobacco (Nicotiana tabacum L. cv. Bright 
Yellow-2) cell suspension culture (cell line BY-2) 
expressing apoaequorin exclusively in the cytosol 
was propagated as previously reported (Taka-
hashi et al., 1997). Briefl y, the culture was main-
tained in Murashige-Skoog (MS) liquid medium 
(pH 5.8) containing 0.2 μg/ml of 2,4-dichloro-
phenoxy acetic acid at 23 ºC in the darkness while 
shaking on a gyratory shaker and subcultured 
every 14 d with a 3% (v/v) inoculum. The cells 
harvested 5 d after subculturing were used for the 
experiments.

Coelenterazine

Coelenterazine, a luminophore required for 
the reconstitution of aequorin from apoaequorin 
(Shimomura and Johnson, 1978), was chemically 
synthesized according to Isobe et al. (1994).

Peptide synthesis

As shown in Fig. 1A, in mammalian PrPs, sev-
en copper-binding sites consisting of four distinct 
amino acid sequences are found, namely: (1) 
the four time-repeated octarepeat regions, (2) 
a short sequence immediately following, (3) the 
neurotoxic region, and (4) the helical Cu-binding 
region. The peptide corresponding to the neuro-
toxic region and chemically synthesized and puri-
fi ed by high pressure liquid chromatography was 
KTNMKHMA (purity, 98.85%); it was obtained 
from the custom peptide service department of 
Sigma Genosys Japan (Ishikari, Hokkaido, Ja-
pan). Fig. 1B shows the possible structure of the 
Cu-loaded KTNMKHMA peptide based on the 
rule proposed by Fang et al. (2004, 2006).

Treatments

CuSO4 was fi rst dissolved in water. Onto the 
cell suspension in MS medium (390 μl), the cop-
per solution (0.35 mM fi nal concentration) was 
added. When required, the peptide was mixed up 
with the copper solution prior to the addition to 
the cell suspension.

Monitoring of [Ca2+]c

The changes in the cytosolic free Ca2+ con-
centration ([Ca2+]c) were monitored by Ca2+-
dependent emission of blue light from aequorin 
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as previously described (Kawano et al., 1998). 
The active form of aequorin was reconstituted 
by addition of 1 μM coelenterazine to the suspen-
sion culture of apoaequorin-expressing tobacco 
cells, 8 h prior to the measurements of [Ca2+]c. 
The aequorin luminescence was measured using 
a CHEM-GLOW photometer (American Instru-
ment Co., Silver Spring, MD, USA), equipped 
with a pen recorder and a luminometer (Lumi-
nescensor PSN AB-2200-R, Atto Corp., Tokyo, 
Japan), and expressed as relative luminescence 
units (rlu). The traces of [Ca2+]c signatures were 
obtained mostly using the former equipment and 
kinetic analyses were mostly carried out using 
the latter equipment.

Determination of cell death

Confl uent cultures maintained at 7-day-inter-
vals of sub-culturing were used to inoculate the 
fresh MS liquid medium (1 ml culture to 30 ml 

medium) and precultured for 5 d. These 5-day-old 
cultures were harvested and used for the experi-
ments.

Copper-induced cell death in the cell suspension 
culture was allowed to develop in the presence 
of the cell death staining dye Evans blue (0.1%, 
w/v). Evans blue was added to the cell suspen-
sion culture, following 10 min of calcium meas-
urements after Cu application. Cells were further 
incubated for 1 h in order to fully develope and 
detect the cell death as described by Kadono et al. 
(2006). After terminating the staining process by 
washing, stained cells were counted under micro-
scopes. For statistical analyses, 4 different digital 
images of cells under the microscope (each cov-
ering 50 cells to be counted) were acquired, and 
stained cells were counted.

Results and Discussion

Addition of copper resulted in a rapid and 
transient increase in [Ca2+]c

Aequorin was reconstituted from apo-protein, 
expressed in the cytosol of tobacco BY-2 cells, 
by adding coelenterazine to the culture 8 h 
prior to the experiments. Addition of CuSO4 
(from 0.03 μM to 10 mM) resulted in a rapid and 
transient increase in aequorin luminescence re-
fl ecting the acute increase in [Ca2+]c (Figs. 2A, 
B). Compared to the positive control for the 
Cu (0.35 mM)-induced increase in aequorin lu-
minescence, the cells pretreated with 1.25 mM 
dimethylthiourea (DMTU), a known scavenger 
of hydroxyl radicals, and two calcium channel 
blockers (LaCl3 and AlCl3, 5 mM and 2.5 mM, 
respectively) showed signifi cant inhibition of 
the Cu-dependent [Ca2+]c increase (Figs. 2B, C). 
Therefore, the Cu-induced increase in aequorin 
luminescence can be attributed to the infl ux of 
extracellular Ca2+ into the cytosolic space through 
activation and opening of calcium channels of 
the plasma membrane, which are responsive to 
hydroxyl radicals. However, addition of catalase 
(1000 units) was not effective enough to prevent 
the plant cells’ response to the addition of cop-
per (Fig. 2C), suggesting that Cu may penetrate 
deeper into the sites of the apoplastic cavity or 
intracellular space where macromolecules such 
as catalase could not reach. In this way, we un-
derstood the possible action mode for smaller 
scavenging molecule, such as DMTU.

Fig. 1. Copper-binding sites in human PrP. (A) Known 
Cu(II)-binding sites, corresponding amino acid sequenc-
es, and position numbers of anchoring His residues in 
human PrP. (B) Possible structure of Cu-bound peptide. 
The complex structure was estimated according to the 
works by Fang et al. (2004, 2006) on Ni- and Cu-binding 
peptides.
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Prevention of Cu-induced calcium infl ux by the 
PrP peptide

When the cells were treated with a peptide/
copper mixture (i.e. KTNMKHMA peptide and 
CuSO4), the Cu (0.35 mM)-induced [Ca2+]c was sig-
nifi cantly lowered by 0.15 mM peptide (Figs. 3A, 
B). The Cu-induced infl ux of Ca2+ was not only 
inhibited but also delayed for a signifi cant pe-
riod of time. While the increase in aequorin lu-
minescence induced in response to 0.35 mM Cu 
attained the peak level within 2 min of treatment, 
the presence of the peptide KTNMKHMA de-
layed the peaking time up to ca. 6 min, as shown 
in Fig. 3A (traces 3 and 4). The peptide-mediated 
inhibition of the copper action was shown to be 
dose-dependent (Fig. 3C). The above study is the 
fi rst demonstration that a PrP-derived peptide se-
quence shows some biological actions in a plant 
system.

Prevention of Cu-induced cell death by peptide 
treatment

Following the early events represented by the 
ROS-mediated increase in [Ca2+]c induced by 
Cu treatment, which are likely completed within 
10 min following application of Cu, an induction 
of cell death was allowed for additional 1 h. Then 
dead cells stained by Evans blue were counted 
under a microscope. Data suggested that cop-
per induces the cell death in a dose-dependent 
manner (Fig. 4A). As expected, addition of the 
synthetic peptide KTNMKHMA to the cell sus-

pension culture, prior to addition of copper, ef-
fectively blocked the induction of cell death by 
copper (Fig. 4B), further confi rming the plant-
protective nature of the peptide acting against 
the Cu toxicity.

Mechanism of peptide action

The action of the PrP neurotoxic peptide KT-
NMKHMA against Cu is likely attributed to the 
chelating activity of the peptide; Fig. 1B shows the 
likely structure of the peptide-Cu complex. How-
ever, there must be an additional mode of peptide 
action as supported by the lower molar ratio of 
peptide over Cu required for showing the peptide 
action (Fig. 3). The ratio of peptide concentration 
over that of Cu, required for blocking the Cu ac-
tion by ca. 80% demonstrated here, was smaller 
than unity, which is not high enough to be attrib-
uted solely to the chelating action of the peptide.

Recently, the antioxidative roles of the Cu-
bound form of PrPC (intrinsic cellular PrP) have 
been documented. It has been shown that E. coli 
cells expressing the PrP sequence (octapeptide 
repeats region) acquired resistance to Cu and 
 Cu-dependent oxidative damages, indicating that 
PrPC possibly contributes to the protection of 
cells from free Cu-catalyzed generation of ROS 
such as hydroxyl radicals (Shiraishi et al., 2000). 
Watt et al. (2005) suggested that the Cu-bound 
octarepeat-dependent progress in β-cleavage of 
PrPC is an early and critical event in the mecha-
nism of protecting cells by PrP acting against the 

Fig. 2. Effects of ROS scavengers and calcium channel inhibitors on the Cu-induced [Ca2+]c elevation in tobacco 
BY-2 cells expressing aequorin. (A) Effect of CuSO4 concentration ranging from 0.03 μM to 10 mM on the induction 
of [Ca2+]c increase. (B) Typical traces of Cu-induced increase in aequorin luminescence in the presence and absence 
of ROS scavengers and calcium channel blockers; vertical scale, relative luminescence unit (rlu). (C) Statistical 
analysis of the effects of various inhibitors; error bars, S.E. (n = 3, each).
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oxidative stress. Furthermore, it was shown that 
Cu-bound PrPC possesses some superoxide dis-
mutase (SOD)-like activity in vitro, and its ex-
pression likely contributes to the cellular response 
to oxidative damages to cells (Wong et al., 2001). 

Sauer et al. (1999) have proposed that PrPC ex-
pression in tumour spheroids is regulated by the 
internal redox statuses meeting the requirement 
to protect cells from ROS since they have ob-
served in tumour spheroids that an increase in 
ROS stimulates the production of PrPC and other 
ROS-scavenging enzymes such as Cu,Zn-SOD 
and catalase, while ROS-lowering treatments ef-
fectively down-regulate the expression of both 
ROS-scavenging enzymes and PrPC.

The above studies carried out in mammalian 
systems are indicative of the hidden fact that the 
Cu-binding peptide used in our present study may 
exhibit additional functions upon loading of Cu, 
and such function may be related to the removal 
of ROS produced by free Cu, thus applicable for 

Fig. 3. Relative peak height of aequorin luminescence in 
tobacco BY-2 cell suspension culture. (A) Typical traces 
of copper-induced increase in aequorin luminescence 
and its inhibition by the neurotoxic PrP peptide (KTN-
MKHMA); (1) water control; (2) addition of the pep-
tide only (0.15 mM fi nal concentration); (3) addition of 
CuSO4 only (0.35 mM fi nal concentration); (4) mixture 
of peptide (0.15 mM fi nal concentration) and CuSO4 
(0.35 mM fi nal concentration) added; vertical scale, rela-
tive luminescence unit (rlu). (B) Inhibitory effect of the 
peptide (KTNMKHMA) on the Cu-induced calcium 
infl ux; concentrations of the peptide and copper were 
identical with (A); error bars represent S.D. (n = 3). (C) 
Effect of peptide concentration on the inhibition of the 
Cu-induced [Ca2+]c increase.

Fig. 4. Protection of tobacco BY-2 cells from copper-
induced cell death by the peptide KTNMKHMA. (A) 
Effect of copper concentration on the induction of cell 
death. (B) Cell death induction by CuSO4 (0.3 and 
0.6 mM) and its prevention by pre-treatment with 3 mM 
KTNMKHMA; error bars represent S.D. (n = 3).
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the protection of plant cells from copper toxic-
ity. Further examinations of this hypothesis are 
required in future experiments, and this process 
may allow us to design better peptidic or bio-
chemical agents for the protection of plant cells 
from metal toxicity. Since the agent tested here 
is a peptide, genetic modifi cation of plants for 
overproduction and excretion of this or related 
peptidic agents is one of the possible choices in 

order to minimize the phytotoxicities of various 

metals in future environments.
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