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Suspension-cultured cells of azuki bean (Vigna angularis) as well as the original root tissues were hypersensitive to Cd (,10
mm). Repeated subculturings with a sublethal level of Cd (1–10 mm) did not affect the subsequent response of cells to
inhibitory levels of Cd (10–100 mm). The azuki bean cells challenged to Cd did not contain phytochelatin (PC) peptides,
unlike tomato (Lycopersicon esculentum) cells that have a substantial tolerance to Cd (.100 mm). Both of the cell suspensions
contained a similar level of reduced glutathione (GSH) when grown in the absence of Cd. Externally applied GSH to azuki
bean cells recovered neither Cd tolerance nor PC synthesis of the cells. Furthermore, enzyme assays in vitro revealed that
the protein extracts of azuki bean cells had no activity converting GSH to PCs, unlike tomato. These results suggest that
azuki bean cells are lacking in the PC synthase activity per se, hence being Cd hypersensitive. We concluded that the PC
synthase has an important role in Cd tolerance of suspension-cultured cells.

Hayashi and his group (Murasugi et al., 1981;
Kondo et al., 1984) first discovered the Cd-binding
peptides “cadystins” in a fission yeast (Schizosaccha-
romyces pombe) exposed to Cd ions, and chemically
identified the structures to (gEC)nG (n 5 2, 3). Similar
(gEC)nG peptides (n 5 2–11) were then found in a
Cd-binding complex produced by higher plants and
named “phytochelatins“ (PCs) (Grill et al., 1985).
These Cd-binding peptides have been reported to
contribute to Cd tolerance in many higher plants as
well as in the fission yeast (for reviews, see Rauser,
1995; Zenk, 1996).

Possible roles of reduced glutathione (GSH) in PC
synthesis and Cd tolerance have been suggested us-
ing an inhibitor and some mutants. Buthionine sul-
foximine (BSO), a specific inhibitor of gEC synthetase
(EC 6.3.2.2) (Griffith and Meister, 1979), decreases the
levels of GSH and PCs, and reduces the Cd tolerance
in many plant cells (Steffens et al., 1986; Grill et al.,
1987; Scheller et al., 1987). Similarly, mutants lacking
either gEC synthetase or GSH synthetase (EC 6.3.2.3)
of fission yeast (Mutoh and Hayashi, 1988) and Ara-
bidopsis (Howden et al., 1995a; Cobbett et al., 1998)
are PC deficient and Cd hypersensitive. These results
suggest that the GSH biosynthesis is required for PC
synthesis and Cd tolerance of the organisms.

PC synthase that mediates the synthesis of PCs
from GSH has been reported in suspension cultures
of Silene cucubalus (Grill et al., 1989). It was charac-
terized as the gEC dipeptidyl transpeptidase (EC
2.3.2.15) that sequentially adds gEC-unit of GSH to

another GSH or PCs in vitro (Grill et al., 1989; Loef-
fler et al., 1989). This enzyme is constitutively ex-
pressed but requires Cd ion as the most efficient
activator of metal ions (Grill et al., 1989). Similar
enzyme activities have been reported in the other
plants (Howden et al., 1995a, 1995b; Klapheck et al.,
1995; Chen et al., 1997). More recently, PC synthase
genes were isolated in Arabidopsis (Ha et al., 1999;
Vatamaniuk et al., 1999) and wheat (Triticum aesti-
vum; Clemens et al., 1999). Homologous genes are
found in fission yeast and Caenorhabditis elegans.
These findings suggest that the PC synthase (gene)
may be more widespread and have more general
functions in organisms.

Studies on the Cd-sensitive phenotypes are also
very important to understand the roles of PCs and
PC synthase in many organisms. So far, some mu-
tants (cad1) of Arabidopsis that lack PC synthase
have been obtained after an artificial mutagenesis
(Howden et al., 1995b). However, little evidence has
been presented for the plants that are naturally lack-
ing in PC synthase. Previously we found that the
azuki bean (Vigna angularis) roots were very sensitive
to Cd (,10 mm) and might not produce a Cd-binding
PC complex (Inouhe et al., 1994). In the present
study, we examined the effects of Cd on growth and
PC synthesis in suspension-cultured cells derived
from azuki bean roots, to understand the biochemical
basis for the Cd-sensitive phenotype. We found that
the azuki bean cells are Cd hypersensitve, PC defi-
cient, and lacking PC synthase activity.

RESULTS

Effects of Cd on Growth and Viability of Cells

In the previous study, we found that azuki bean
and tomato (Lycopersicon esculentum) seedlings exhib-
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ited the lesser tolerance to Cd (10–30 mm) than did
some monocotyledonous plants (100 mm), where 10
mm Cd inhibited the root growth by 85% and 40% in
azuki bean and tomato, respectively (Inouhe et al.,
1994). Here, we examined the effects of Cd on growth
of suspension cells originated from their root tissues.
Cd at various concentrations was added to the
Murashige-Skoog growth media just before cell inoc-
ulation (time 0). Cd at 50 to 100 mm did not inhibit the
growth of tomato cells for 12 d (Fig. 1), suggesting
that the suspension cells have the greater Cd toler-
ance than root tissues in tomato, as previously re-
ported (Inouhe et al., 1991, 1994). Cd at 150 and 200
mm strongly inhibited the initial growth of tomato
cells but the reduced growth rates restored after d 4
and 8 (Fig. 1). In contrast, Cd even at 10 mm strongly
inhibited growth of azuki bean cells and the inhibited
growth rates did not recover (Fig. 2). These results
suggest that azuki bean cells are much more sensitive
to Cd than tomato cells, and may not adapt to inhib-
itory levels of Cd further, unlike tomato cells (Inouhe
et al., 1991). Effects of Cd on growth and viability of
the both plants were further compared with the
larger population of cells, which had been grown for
3 d in the absence of Cd. Tomato cells at this stage are
known to have the highest PC synthase activity
(Chen et al., 1997). Under these conditions, growth of
azuki bean cells was strongly inhibited by 10 to 20 mm
Cd, whereas that of tomato cells was not inhibited at
100 mm Cd (Fig. 3). Viability of cells was determined
by the method of 2,3,5-triphenyltetrazolium chloride
(TTC) reduction (Fig. 4). Cd at 10 to 20 mm caused an
approximately 50% decrease in the cell viability in
azuki bean but viability in tomato cell cultures was

little affected at 100 mm Cd. These results together
suggest that azuki bean cells are hypersensitive to Cd
throughout the growth stage as compared with to-
mato cells. Figure 4 also shows that the treatment
with 1 mm GSH had no apparent effect on the cell
viability of azuki bean in the presence of 10 to 100
mm Cd.

Figure 3. Effects of Cd on growth of suspension-cultured cells of
tomato and azuki bean. The suspension cells were precultured for 3 d
in 30 mL of liquid Murashige-Skoog medium and then treated with
various concentrations of CdSO4 for 3 d in the same medium. Data
are expressed as percentage of control (means 6 SE, n 5 3). E,
Tomato; F, azuki bean.

Figure 1. Effect of Cd on growth of suspension-cultured cells of
tomato. Tomato cells (100 mg) were inoculated in 30 mL of liquid
Murashige-Skoog medium and treated with 0 to 200 mM CdSO4 for
12 d in the same medium. Cells were collected at a 2-d interval and
the dry weights were determined. Data are expressed as means 6 SE

(n 5 3).

Figure 2. Effect of Cd on growth of suspension-cultured cells of azuki
bean. Azuki bean cells (100 mg) were inoculated in 30 mL of liquid
Murashige-Skoog medium and treated with 0 to 100 mM CdSO4 for
12 d in the same medium. Cells were collected at a 2-d interval and
the dry weights were determined. Data are expressed as means 6 SE

(n 5 3).
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Production of PC Peptides in Cells

The heavy metal-binding PC peptides have been
reported to participate in the metal detoxification
and thus heavy metal tolerance in many plant cells
(Scheller et al., 1987; Mendum et al., 1990; Inouhe et
al., 1991; Reese et al., 1992; Chen and Goldsbrough,
1994). A typical example for tomato is shown in
Figure 5, where substantial levels of PCs are synthe-
sized in the RCd400 cells that have been accommo-
dated to 400 mm Cd (Inouhe et al., 1991). Therefore,
we determined the levels of PC peptide in tomato
and azuki bean cells grown under the same condi-
tions. The cells were precultured for 3 d in the ab-
sence of Cd, then exposed to 0 to 100 mm Cd for 3 d.
Under these conditions, tomato cells produced PCs
(n 5 2–4) proportional to the Cd concentration in
medium, however azuki bean cells were not capable
of producing PC peptides in response to Cd (Fig. 6).
These cells had been stored at 230°C for 1 to 5 d and
the extractions were carried out in the absence of
reducing agents. To ascertain that the lack of PCs in
azuki bean cells is not an artifact, we further ana-
lyzed PC peptides using more freshly prepared sam-
ples (frozen at 280°C in the presence of 100 mm
ascorbate), which had been exposed to 10 mm Cd for
3 d. The PC peptides (n 5 2–4) were sharply detected
in tomato (Fig. 7A) but not in azuki (Fig. 7B). We also
determined the PC contents in azuki bean roots that
had been exposed to 0 to 20 mm Cd for 3 d, as
described above. None of these roots contained de-
tectable levels of PC peptides (Fig. 7C; M. Inouhe and
S. Ninomiya, unpublished data), suggesting that the
PC deficiencies are not an artifact arising from the

generation of suspension cells. An alternative HPLC
assay (the precolumn method) also demonstrated
that azuki bean cells or root tissues are lacking in PC
peptides (data not shown). These results suggest that
the Cd-sensitive phenotype of azuki bean may be due
to a deficiency in PC synthesis.

GSH Levels in Cells

GSH is the substrate for PC synthesis. To confirm
whether an effect on GSH biosynthesis is involved in
the defective PC synthesis in azuki bean cells, we
determined the total GSH contents in the azuki bean
and tomato cells (Fig. 8). These cells grown in the
absence of Cd contained equivalent levels of GSH,
suggesting that the GSH biosynthesis in azuki bean
cells is not affected. The level of GSH in azuki bean
cells was slightly higher in the presence of 10 to 20
mm Cd than its absence. This might be due to an
enhanced synthesis of GSH by Cd, as reported pre-
viously (Chen and Goldsbrough, 1994). The de-
creased levels of GSH in azuki bean at 50 to 100 mm
Cd might be the result of cell death. In tomato cells,
Cd has been known to cause binary effects in GSH
metabolism, i.e. an increase of GSH level by en-
hanced GSH synthesis and a decrease by enhanced

Figure 5. Effect of storage temperatures and ascorbate on the PC
peptide contents in tomato cells. The RCd400 cells of tomato that
had been obtained by the subculturings with 400 mM CdSO4 in
Murashige-Skoog medium were harvested at a stationary stage (10 d
after cell inoculation). The cells (200 mg fresh weight) were frozen at
280°C in the presence of 100 mM sodium ascorbate and immedi-
ately extracted with 10% (w/v) SSA (A). The other cell samples (200
mg each) were stored for 7 d at 280°C or 230°C in the absence of
ascorbate (B and C), or at 230°C in the presence of 100 mM ascor-
bate (D), and then extracted with 10% (w/v) SSA. The extracted PCs
were analyzed by the post-column HPLC method (Mendum et al.,
1990). Arrows with numbers (2–5) represent the corresponding peaks
of (gEC)nG peptides (n 5 2–5).

Figure 4. Effects of Cd on cell viability in tomato and azuki bean.
The suspension cells were precultured for 3 d in 30 mL of liquid
Murashige-Skoog medium and then treated with various concentra-
tions of CdSO4 for 3 d in the same medium. Viability was determined
by the TTC reduction method. Data are expressed as percentage of
control (means 6 SE, n 5 3). E, Tomato; F, azuki bean; ƒ, azuki bean
pretreated with 1 mM GSH for 3 d.
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GSH consumption for PC synthesis (Scheller et al.,
1987; Mendum et al., 1990; Chen and Goldsbrough,
1994). However such an effect of Cd in tomato cells
was neither apparent in the present experiment.

Effects of GSH and BSO on Cell Growth

Exogenous GSH (50–1,000 mm) restores Cd toler-
ance in tomato cells affected by 30 to 200 mm BSO
(Scheller et al., 1987; Mendum et al., 1990). These
results were explained by an enhanced PC synthesis
due to the increased levels of intracellular GSH (ap-
proximately 3- to 5-fold increase after 500 mm GSH
application, even in the absence of BSO; Mendum et
al., 1990). We confirmed that 1 mm GSH enhanced
the tolerance of tomato cells to 150 to 400 mm Cd
(data not shown), but did not influence the sensitiv-
ity of azuki bean cells to 10 to 100 mm Cd (Fig. 4),
whereas it significantly increased internal GSH con-
centrations in both cells (data not shown). These
results implied that the azuki bean cells might be
lacking in some step(s) of PC synthesis after GSH
biosynthesis.

Table I shows a typical example of the effects of
BSO on the cell growth of azuki bean cells as affected
by lower concentrations of Cd. BSO (50 mm) caused
an approximately 50% inhibition of growth of azuki
bean cells only in the presence of 5 mm Cd. This
inhibition was completely recovered with the addi-
tion of 1 mm GSH (data not shown). GSH may there-
fore be essential for the Cd response of the cells, even

if it cannot be convertible to PCs and hence does not
contribute to further Cd tolerance of the cells.

PC Synthase Activities

PC synthase activities in the protein extracts ob-
tained from tomato and azuki bean cells were deter-
mined under same assay conditions (Fig. 9). Tomato
had a PC synthase activity, mainly producing
(gEC)2G, as reported previously (Chen et al., 1997),
however, azuki bean lacked such an enzyme activity
in vitro. The PC synthase activities were further de-
termined at different Cd concentrations (10 and 100
mm) in vitro, using protein extracts from freshly pre-
pared cells and roots (flash-frozen in liquid N2) (Fig.
10). Even under these conditions, PC synthase activ-
ities were detectable neither in suspension cells nor
root tissues of azuki bean. Tomato cells produced
(gEC)2G peptides in response to Cd concentrations in
the reaction mixtures (Fig. 10) and also in the absence
of Cd to lesser extent (data not shown). We conclude
that the lack of PC synthase may be the cause for the
PC-deficient and Cd-sensitive characteristics of azuki
bean cells.

DISCUSSION

The Cd-tolerance characteristics of plant cells have
been well described in the liquid suspension cultures

Figure 6. Effects of Cd on the levels of PC peptides in tomato and
azuki bean cells. The suspension cells were precultured for 3 d in 30
mL of liquid Murashige-Skoog medium and then treated with various
concentrations of CdSO4 for 3 d in the same medium. PC peptides
(n 5 2–4) were determined by the post-column HPLC method (Men-
dum et al., 1990). Data are expressed as means 6 SE (n 5 3). F, Total
PCs in azuki bean cells; ‚, (gEC)2G; E, (gEC)3G; M, (gEC)4G in
tomato cells.

Figure 7. Formations of PC peptides in suspension cells of tomato
and azuki bean and roots of azuki bean. The suspension cells of
tomato (A) and azuki bean (B) were precultured for 3 d in 30 mL of
liquid Murashige-Skoog medium and then treated with 10 mM CdSO4

for 3 d in the same medium. Azuki bean roots grown for 7 d (C) were
exposed to 10 mM CdSO4 for 3 d, as described in “Materials and
Methods.” The cells and root tissues were frozen at 280°C in the
presence of 100 mM sodium ascorbate and immediately extracted
with 10% (w/v) SSA. The extracts were analyzed by the post-column
HPLC method. Arrows with numbers (n 5 2–4) represent the elution
times of (gEC)nG peptides (n 5 2–4).
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as well as in roots of intact whole plants. Suspension
cells originated from tomato root in this study had a
substantial tolerance to Cd (Figs. 1 and 3) as reported
previously in tomato (Scheller et al., 1987; Inouhe et
al., 1991) and other plants (Jackson et al., 1984; Reese
and Wagner, 1987; Delhaize et al., 1989). These cells
exhibit tolerance to 100 mm Cd and can increase the
Cd tolerance after repeated subculturings with Cd, in
general. In the present study, we found that the
suspension-cultured cells of azuki bean were very
sensitive to Cd (Figs. 2–4), as observed in their orig-
inal root tissues (Inouhe et al., 1994). The cells were
not able to increase the Cd tolerance after repeated
subculturing with Cd (Fig. 2; N. Sasaola and M.
Inouhe, unpublished results). From these results, we
conclude that the plant is naturally Cd hypersensi-
tive. Such a Cd-sensitive response of suspension cells
has not been reported for other species or cultivars of
useful plants.

Biochemical and genetic bases of the Cd-tolerance/
resistance phenotypes of plants may involve both the
PC-dependent and PC-independent processes (Krotz
et al., 1989; Wagner and Krotz, 1989; Mehra and
Winge, 1990). The former also involves several dif-
ferent processes: the activation of PC synthase (Grill
et al., 1987; Chen and Goldsbrough, 1994), GSH bio-
synthesis (Ruegsegger and Brunold, 1992; Chen and
Goldsbrough, 1994), the accumulation of acid-labile
sulfides (Verkleij et al., 1990; Reese et al., 1992), and
sulfur assimilation (Nussbaum et al., 1988). All of
these would be required for the formation of the
more stable and functional Cd-binding complexes in
plants (Rauser, 1990; Steffens, 1990; Zenk, 1996). In

the present studies, we first demonstrated that azuki
bean cells are deficient in PC synthase activity (Figs.
6, 7, 9, and 10). This result strongly supports the idea
that the PC synthase is essentially required for Cd-
tolerance phenotype of plant cells (Howden et al.,
1995b).

The PC-deficient cad1 mutants of Arabidopsis are
also supersensitive to Cd (Howden et al., 1995b; Ha
et al., 1999). The lowest concentration of Cd to which
the cad1 mutants (cad1-3) were sensitive was 0.3 mm,
whereas suspension cells and roots of azuki bean
were not apparently sensitive to Cd at 5 and at 1 mm,
respectively (Figs. 3 and 4; M. Inouhe, unpublished
data). These data suggest that some PC-independent
processes might be involved in such a difference in
Cd responses of plants. Although the genetic back-
ground for the lacking of PC synthase is not yet
established, azuki bean can be used to study the
PC-dependent mechanisms as a negative control and
also to disclose the novel PC-independent mecha-
nisms in plants. Furthermore, such a naturally PC-
deficient cultivar or species is potentially important
for the biological assessment of Cd contamination
and for the agronomic productions of Cd-free crops
and vegetables in the fields. However, behaviors of
mature plants against lower levels of Cd but for
longer exposure should be examined in future, as a
model system for field experiments.

There remains an important question to what ex-
tent GSH is involved in Cd tolerance of plants when
the PC synthesis is suppressed, since GSH itself can
protect against metal toxicity as a major antioxidant
or a metal acceptor in plants (Rennenberg, 1982; Noc-
tor and Foyer, 1998). In the present study, we found
that the endogenous level of total GSH in azuki bean
cells was identical to that in tomato cells (Fig. 8) and
that GSH treatment had no effect on the Cd response
of azuki bean cells (Fig. 4). These results simply
suggest that GSH cannot substitute for PCs in Cd
tolerance. However, BSO significantly decreased the
growth rate and viability of azuki bean cells in the

Figure 8. Effects of Cd on the total glutathione contents in tomato
and azuki bean cells. The suspension cells were precultured for 3 d
in 30 mL of liquid Murashige-Skoog medium and then treated with
various concentrations of CdSO4 for 3 d in the same medium. The
total GSH contents in the cells were determined as described in
“Materials and Methods.” Data are expressed as means 6 SE (n 5 3).
E, Tomato; F, azuki bean.

Table I. Effect of Cd on the growth of azuki bean cells as affected
by BSO

Azuki bean cells were grown in Murashige-Skoog medium in the
presence or absence of 50 mM BSO for 3 d, and they were treated
with 5 to 10 mM Cd for 3 d in the same media. Dry wt of the cells
were measured and percent inhibitions were calculated. Data rep-
resent means of three experiments 6 SE.

Treatment Dry Wt of Cells Inhibition

mg/mL culture %

0 mM BSO
1 0 mM Cd 6.5 6 0.3 0
1 5 mM Cd 5.9 6 0.4 9
110 mM Cd 3.7 6 0.2 43

50 mM BSO
1 0 mM Cd 6.2 6 0.2 5
1 5 mM Cd 3.3 6 0.3 49
110 mM Cd 2.1 6 0.3 68

Cd-Hypersensitive Azuki Bean Cells
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presence of 5 to 10 mm Cd (Table I). This suggests that
GSH itself may have a role in Cd tolerance and
detoxification in such a Cd-sensitive type of plant
cells. Cd at 10 to 20 mm caused a significant increase
in the level of total GSH in azuki bean cells (Fig. 8).
This result suggests that the biosynthesis might be
stimulated by Cd in azuki bean cells, as reported in
the other plants (Ruegsegger and Brunold, 1992;
Chen and Goldsbrough, 1994; Xiang and Oliver,
1998). However, there remains another possibility
that GSH is binding Cd, resulting in an increase in
total GSH levels but not through any regulatory ef-
fect in the PC-deficient plants and cells. It is to be
examined in future whether the over-expression of
genes for GSH biosynthesis can remedy the level of
Cd tolerance in azuki bean cells (Zhu et al., 1999).

MATERIALS AND METHODS

Plant Materials

Suspension-cultured cells of tomato (Lycopersicon escu-
lentum cv Palace) and azuki bean (Vigna angularis Owhi et
Ohashi cv Takara-Wase) were originated from callus tis-
sues of the roots, according to the standard protocols
(Dodds and Roberts, 1985). The suspension cells were
maintained by subculturings in 90 mL of liquid Murashige-
Skoog medium (Murashige and Skoog, 1962) in a 300-mL
flask at 10-d intervals. Usually, one-tenth of the volume of
original cultures was inoculated into new medium and the
suspension cells were grown with shaking at 80 rpm under
the weak white-light condition at 27°C. Seedlings of azuki
bean were grown for 7 d at 25°C and the roots were

exposed to 0 to 20 mm CdSO4 for 3 d, as described previ-
ously (Inouhe et al., 1994).

Growth Experiments

Sterilized CdSO4 solutions (1.0–10.0 mm) were added to
30 mL of liquid Murashige-Skoog media in 100-mL flasks
just before cell inoculations. Suspension cells (approxi-
mately 100 mg in fresh weight) were inoculated to each of
these media and grown for 10 d at 27°C. In some experi-
ments, the CdSO4 solutions were applied to the suspension
cells, which had been precultured in Cd-free Murashige-
Skoog media for 3 d after initial cell inoculation. Cell
growth was determined by changes in the fresh or dry
weights. Cell viability was determined by the method of
TTC reduction (Dodds and Roberts, 1985). Also cells were
collected, frozen in liquid N2, and stored at 230°C for the
following biochemical analyses. Storage of cells at 230°C
for at least 7 d caused no apparent degradation or oxida-Figure 9. PC synthase activities in the extracted protein fractions of

tomato and azuki bean cells. The suspension cells were precultured
for 3 d in 30 mL of liquid Murashige-Skoog medium. The PC synthase
activities in the cell extracts were determined for 5- to 30-min
reaction periods as described in the “Materials and Methods.” Data
are expressed as mmol sulfhydryl residue (SH) of GSH equivalents
(means 6 SE, n 5 3). Only (gEC)2G was formed in this assay. E,
Tomato; F, azuki bean.

Figure 10. PC synthase activities in the extracted protein fractions of
suspension cells and azuki bean roots. The suspension cells grown
for 3 d in Murashige-Skoog medium or roots tissues excised from
7-d-old azuki bean seedlings were frozen at 280°C and then imme-
diately extracted in the presence of 100 mM sodium ascorbate. The
protein extracts were reacted with 10 mM GSH in the presence of 10
or 100 mM Cd for 30 min at 27°C. The reaction products were
analyzed by the post-column HPLC method. Arrow and arrowhead
represent the elution times for (gEC)2G and (gEC)3G, respectively.
PCs are synthesized only in the tomato protein extracts.
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tion of PC peptides in tomato (Fig. 5). However, to mini-
mize such an artificial effect, some samples of suspension
cells and root tissues were frozen at 280°C in the presence
of 100 mm sodium-ascorbate (pH 7.0), then immediately
subjected to the following assays.

HPLC Analysis of PC Peptides and Assay for
Glutathione Contents

Suspension cells were extracted with an equal volume (1
mL g21 fresh weight) of 10% (w/v) 5-sulfosalicylic acid
(SSA) at 0°C, as described previously (Mendum et al.,
1990). The extracts were centrifuged at 10,000g for 1 min
and the supernatants were kept at 0°C for 30 min just
before HPLC analysis. The separation of PCs was carried
out by the post-column method of Mendum et al. (1990)
with some modification. In brief, 20-mL samples were in-
jected to a reverse-phase column (Hibar Lichrosorb RP-18,
Cica-Merck, Darmstadt, Germany) and connected to an
HPLC pump (L-7110, Hitachi, Tokyo), and the column was
eluted with a linear gradient of acetonitrile in 0.1% (w/v)
trifluoroacetic acid at flow rate of 0.5 mL min21. The gra-
dient program of acetonitrile was 0% for 4 min, 0% to 10%
in 4 min, and then 10% to 20% (v/v) in 40 min. The column
eluant was derivatized with 75 mm 5,59-dithiobis (2-
nitrobenzoic acid) in 50 mm potassium phosphate (pH 7.6)
at flow rate of 1 mL min21 and monitored at 412 nm (Grill
et al., 1987; Mendum et al., 1990), using a UV-visible de-
tector (L-7420, Hitachi). The retention times of PC peptides
were identified with corresponding authentic (gEC) nG
peptides (n 5 2–5) (Matsumoto et al., 1990). The PCs con-
tents were expressed as millimoles of sulfhydryl equivalent
per kilogram fresh weight of cells, using GSH as standard.
A precolumn method introduced by Scheller et al. (1987)
was also adopted as an alternative method to detect PC
peptides produced by cells (Inouhe et al., 1996). The total
glutathione contents (glutathione 1 glutathione disulfide)
in cell extracts were measured by the glutathione reductase
recycling assay (Anderson, 1985).

Assay for PC Synthase Activity

Frozen cells were packed into two-layered nylon mesh
and thawed at below 4°C. The cytoplasmic solution of the
materials was pressed out into the test tube with gloved
fingers and a pair of nose pliers. The insoluble materials in
the solution were removed by membrane filtration (pore
size, 0.45 mm). Cytoplasmic proteins in the filtrates were
concentrated by ultrafiltration (USY-1, Advantec, Tokyo)
under N2 and used for enzyme assays. Assays for PC
synthase activities were carried out according to the
method of Grill et al. (1987): Approximately 50 mg of the
total proteins prepared from tomato or azuki bean cells
were reacted in a 300-mL mixture solution containing 10
mm GSH, 0.1 mm Cd(NO3)2, and 90 mm HEPES (4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid)-HCl (pH
8.0) for 30 min at 27°C. After each 10-min interval, a part of
the reaction mixture (50 mL) was taken and treated with 50
mL of 10% (w/v) SSA at 0°C to cease reaction. PC peptides

in the reaction product (20 mL) were determined by HPLC
as described above. Some cells (or root tissues) were frozen
at 280°C in the presence of 100 mm sodium ascorbate and
the protein extracts were directly subjected to assays for PC
synthase as described above.

ACKNOWLEDGMENTS

We wish to thank to Toshimi Inoue for his contribution
in the present study and Prof. Tetsuo Murayama for his
invaluable discussion.

Received November 23, 1999; accepted February 21, 2000.

LITERATURE CITED

Anderson ME (1985) Determination of glutathione and
glutathione disulfide in biological samples. Methods En-
zymol 113: 548–555

Chen J, Goldsbrough PB (1994) Increased activity of
g-glutamylcysteine synthetase in tomato cells selected
for cadmium tolerance. Plant Physiol 106: 233–239

Chen J, Zhou J, Goldsbrough PB (1997) Characterization
of phytochelatin synthase from tomato. Physiol Plant
101: 165–172

Clemens S, Kim EJ, Neumann D, Schroeder JI (1999)
Tolerance to toxic metals by a gene family of phytoch-
elatin synthases from plants and yeast. EMBO J 18:
3325–3333

Cobbett CS, May MJ, Howden R, Rolls B (1998) The
glutathione-deficient, cadmium-sensitive mutant, cad2-1,
of Arabidopsis thaliana is deficient in g-glutamylcysteine
synthetase. Plant J 16: 73–78

Delhaize E, Jackson PJ, Lujan LD, Robinson NJ (1989)
Poly (g-glutamylcysteinyl) glycine synthesis in Datura
innoxia and binding with cadmium. Plant Physiol 89:
700–706

Dodds JH, Roberts LW (1985) Cell suspension cultures. In
Experiments in Plant Tissue Culture, Ed 2. Cambridge
University Press, New York, pp 104–112

Griffith OW, Meister A (1979) Potent and specific inhibi-
tion of glutathione synthesis by buthionine sulfoximine
(S-n-butyl homocysteine sulfoximine). J Biol Chem 25:
7558–7560

Grill E, Loffler S, Winnacker E-L, Zenk MH (1989) Phy-
tochelatins, the heavy-metal-binding peptides of plants,
are synthesized from glutathione by a specific g-
glutamylcysteine dipeptidyl transpeptidase (phytochela-
tin synthase). Proc Natl Acad Sci USA 86: 6838–6842

Grill E, Winnacker E-L, Zenk MH (1985) Phytochelatins:
the principal heavy-metal complexing peptides of higher
plants. Science 230: 674–676

Grill E, Winnacker E-L, Zenk MH (1987) Phytochelatins, a
class of heavy-metal-binding peptides from plants, are
functionally analogous to metallothioneins. Proc Natl
Acad Sci USA 84: 439–443

Ha S-B, Smith AP, Howden R, Dietrich WM, Bugg S,
O’Connell MJ, Goldsbrough PB, Cobbett CS (1999)
Phytochelatin synthase genes from Arabidopsis and the
yeast Schizosaccharomyces pombe. Plant Cell 11: 1153–1163

Cd-Hypersensitive Azuki Bean Cells

Plant Physiol. Vol. 123, 2000 1035



Howden R, Andersen CR, Goldsbrough PB, Cobbett CS
(1995a) A cadmium-sensitive, glutathione-deficient mu-
tant of Arabidopsis thaliana. Plant Physiol 107: 1067–1073

Howden R, Goldsbrough PB, Andersen CR, Cobbett CS
(1995b) Cadmium-sensitive, cad1 mutants of Arabidopsis
thaliana are phytochelatin deficient. Plant Physiol 107:
1059–1066

Inouhe M, Mitsumune M, Tohoyama H, Joho M, Mu-
rayama T (1991) Contributions of cell wall and metal-
binding peptides in suspension-cultured cells of tomato.
Bot Mag Tokyo 104: 217–229

Inouhe M, Ninomiya S, Tohoyama H, Joho M, Murayama
T (1994) Different characteristics of roots in the
cadmium-tolerance and Cd-binding complex formation
between mono- and dicotyledonous plants. J Plant Res
107: 201–207

Inouhe M, Sumiyoshi M, Tohoyama H, Joho M (1996)
Resistance to cadmium ions and formation of a
cadmium-binding complex in various wild-type yeasts.
Plant Cell Physiol 37: 341–346

Jackson PJ, Roth EJ, McClure PR, Naranjo CM (1984)
Selection, isolation, and characterization of cadmium-
resistant Datura innoxia suspension cultures. Plant
Physiol 75: 914–918

Klapheck S, Schlunz S, Bergmann L (1995) Synthesis of
phytochelatins and homo-phytochelatins in Pisum sati-
vum L. Plant Physiol 107: 515–521

Kondo N, Imai K, Isobe M, Goto T, Murasugi A, Wada-
Nakagawa C, Hayashi Y (1984) Cadystin A and B, major
unit peptides comprising cadmium-binding peptides in-
duced in a fission yeast—separation, revision of struc-
tures and synthesis. Tetrahedron Lett 25: 3869–3872

Krotz RM, Evangelou BP, Wagner GJ (1989) Relationships
between cadmium, zinc, Cd-peptide, and organic acid in
tobacco suspension cells. Plant Physiol 91: 780–787

Loeffler S, Hochberger A, Grill E, Winnacker E-L, Zenk
MH (1989) Termination of the phytochelatin synthase
reaction through sequestration of heavy metals by the
reaction product. FEBS Lett 258: 42–46

Matsumoto Y, Okada Y, Min K-S, Onozaka S, Tanaka K
(1990) Amino acids and peptides: XXVII. Synthesis of
phytochelatin-related peptides and examination of their
heavy metal-binding properties. Chem Pharm Bull 38:
2364–2368

Mehra RK, Winge DR (1990) Metal ion resistance in fungi:
molecular mechanisms and their regulated expression.
J Cell Biochem 45: 1–11

Mendum ML, Gupta SC, Goldsbrough PB (1990) Effect of
glutathione on phytochelatin synthesis in tomato cells.
Plant Physiol 93: 484–488

Murashige T, Skoog F (1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultures.
Physiol Plant 15: 473–479

Murasugi A, Wada C, Hayashi Y (1981) Purification and
unique properties in UV and CD spectra of Cd-binding
peptides 1 from Schizosaccharomyces pombe. Biochem Bio-
phys Res Commun 103: 1021–1028

Mutoh N, Hayashi Y (1988) Isolation of mutants of Schizo-
saccharomyces pombe unable to synthesize cadystin, small

cadmium-binding peptides. Biochem Biophys Res Com-
mun 151: 32–39

Noctor G, Foyer CH (1998) Ascorbate and glutathione:
keeping active oxygen under control. Annu Rev Plant
Physiol Plant Mol Biol 49: 249–279

Nussbaum S, Schmutz D, Brunold C (1988) Regulation of
assimilatory sulfate reduction by cadmium in Zea mays L.
Plant Physiol 88: 1407–1410

Rauser WE (1990) Phytochelatins. Annu Rev Biochem 59:
61–86

Rauser WE (1995) Phytochelatins and related peptides:
structure, biosynthesis, and function. Plant Physiol 109:
1141–1149

Reese RN, Wagner GJ (1987) Effects of buthionine sulfoxi-
mine on Cd-binding peptide levels in suspension-
cultured tobacco cells treated with Cd, Zn, or Cu. Plant
Physiol 84: 574–577

Reese RN, White CA, Winge DR (1992) Cadmium-sulfide
crystallites in Cd-(gEC) nG peptide complexes from to-
mato. Plant Physiol 98: 225–229

Rennenberg H (1982) Glutathione metabolism and possi-
ble biological roles in higher plants. Phytochemistry 21:
2771–2781

Ruegsegger A, Brunold C (1992) Effect of cadmium on
g-glutamyl-cysteine synthesis in maize seedlings. Plant
Physiol 99: 428–433

Scheller HV, Huang B, Hatch E, Goldsbrough PB (1987)
Phytochelatin synthesis and glutathione levels in re-
sponse to heavy metals in tomato cells. Plant Physiol 85:
1031–1035

Steffens JC (1990) The heavy metal-binding peptides of
plants. Annu Rev Plant Physiol Plant Mol Biol 41:
553–575

Steffens JC, Hunt DF, Williams GB (1986) Accumulation
of non-protein metal-binding polypeptides in selected
cadmium resistant tomato cells. J Biol Chem 261:
13879–13882

Vatamaniuk OK, Mari S, Lu Y-P, Rea PA (1999) AtPCS1, a
phytochelatin synthase from Arabidopsis: isolation and in
vitro reconstitution. Proc Natl Acad Sci USA 96:
7110–7115

Verkleij JAC, Koevoets P, Van’t Reit J, Bank R, Nijdam Y,
Ernst WHO (1990) Poly-g-glutamylcysteinylglycines or
phytochelatins and their role in cadmium tolerance of
Silene vulgaris. Plant Cell Environ 13: 913–922

Wagner GJ, Krotz PM (1989) Perspectives on Cd and Zn
accumulation, accomodation and tolerance in plant cells:
the role of Cd-binding peptide versus other mechanisms.
In DH Hamer, DR Winge, eds, Metal Ion Homeostasis:
Molecular Biology and Chemistry. Alan R. Liss, New
York, pp 325–336

Xiang C, Oliver DJ (1998) Glutathione metabolic genes
coordinately respond to heavy metals and jasmonic acid
in Arabidopsis. Plant Cell 10: 1539–1550

Zenk MH (1996) Heavy metal detoxification in higher
plants: a review. Gene 179: 21–30

Zhu YL, Pilon-Smits EAH, Jouanin L, Terry N (1999)
Overexpression of glutathione synthetase in Indian mus-
tard enhances cadmium accumulation and tolerance.
Plant Physiol 119: 73–79

Inouhe et al.

1036 Plant Physiol. Vol. 123, 2000


