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Abstract The effect of glutathione on the influences of heavy metals affecting rubisco and rubisco

activase was studied in tobacco plants grown in vitro where the shoot explants of the tobacco plant

cultured on MS medium under aseptic conditions and two explants were placed in the control,

0.1 mM GSH, 1 mM GSH, 0.2 mM Cd, 0.2 mM Cu, 0.2 mM Zn, and a mixture of Cd and

GSH, Cu and GSH, Zn and GSH, respectively. The effect of GSH on the growth of the tobacco

plant was minimal, but the heavy metals clearly retarded its growth. GSH recovered the growth

retarded by heavy metals, and the concentration of GSH required to recover the growth differed

depending on the heavy metals. The content of chlorophyll in the plant increased through GSH

and Zn, and decreased through Cd and Cu. The chlorophyll content which decreased due to Cd

and Cu was recovered by GSH, and the content which increased due to Zn was decreased by

1 mMGSH. The content of rubisco decreased due to GSH and heavy metals, and the content which

decreased due to heavy metals was recovered by GSH, and when GSH was treated with Zn, the

increased rate was maximum compared to other heavy metals. The activity of rubisco was increased

due to GSH and heavy metals, and the activity increased by Cd and Zn decreased through GSH. In

the case of Cu, the activity of GSH increased even more. There was no effect of GSH on the influ-

ences of heavy metals on the content and activity of rubisco activase. The activity of rubisco

decreased by thiourea among six denaturing agents, and increased by L-cysteine, and in most cases

the activity level was recorded as high. The activity of rubisco activase all decreased as a result of six

denaturing agents, and the effect caused by EDTA and guanidine-HCl was the greatest, while the

effect caused by L-cysteine and urea was minimal.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.
1. Introduction

Rubisco [ribulose-1,5-bisphosphate (RuBP) carboxylase/
oxygenase; EC 4.1.1.39] is the most abundant protein in plants
(Ellis, 1979), and is an enzyme that catalyzes the CO2 fixation
reaction in photosynthesis forming phosphoglycerate (PGA)
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with the reaction of RuBP and CO2, and also catalyzes the
photorespiration forming the phosphoglycolate and PGA with
the reaction to O2 (Parry et al., 2003). The removal of a tightly

bound inhibitor such as CA1P (2-carboxyarabinitol-1-
phosphate) from the catalytic site of the carbamylated and
decarbamylated forms of rubisco requires rubisco activase

(Parry et al., 2008). Rubisco activase is one of a new type of
chaperones, which functions to promote the catalytic activity
of rubisco (Portis, 2003) in the presence of ATP and RuBP

(Portis, 1990). The rubisco activation by rubisco activase is
affected by environmental factors such as light intensity
(Perchorowicz et al., 1981), content of O2 and CO2 (Sage
et al., 1988; Schnyder et al., 1986), and temperature (Schnyder

et al., 1984). ATP/ADP ratio affects the activation of rubisco
activase (Robinson and Portis, 1989), which is regulated by
the extension of C-terminal in the large isoform of rubisco

activase (Shen et al., 1991).
Some of the heavy metals are used as essential trace ele-

ments in plants (Thormalley and Vasak, 1985), but their exis-

tence above a specific concentration in cells hinders the
physiological metabolism in plants (Jarvis et al., 1976). In
addition, the heavy metals accumulate either within vacuoles

(Okorokov et al., 1980) or occur as cytoplasmic granules in
plants (Christie and Costa, 1984). Among heavy metals cad-
mium (Cd), a soil pollutant with a strong toxicity (Waalkes,
2000), inhibits photosynthesis (Qian et al., 2009) and prevents

the growth of roots and stem. Cd inactivates some enzymes by
a strong affinity with the thiol group (Mendoza-Cozatl et al.,
2005) and it forms the active oxygens such as hydrogen perox-

ide (H2O2), superoxide anion (O�2� ), and hydroxyl radical
(�OH) (Romero-Puertas et al., 2004) together with lipid perox-
ide, causing damage to biopolymer and cell membrane by

inducing the oxidative stress (Heyno et al., 2008).
Copper (Cu) is absorbed mainly through roots and causes

the physiological disturbances in plants (Påhlsson, 1989). The

excessively-absorbed Cu not only decreases the biomass by
inducing the chlorosis (Quartacci et al., 2000), but also inter-
feres with the electron transport system of photosynthesis (Pät-
sikkä et al., 2002). Zinc (Zn), chemically similar to Cd, is one of

the trace elements essential for the growth of plants. Zn inter-
feres with the diverse and essential physiological processes such
as the inhibition of plant growth and formation of the toxic lipid

peroxide (Panda et al., 2003) in a high concentration.
Glutathione, belonging to non-protein thiol, is synthesized

through two phases from glutamate, cysteine, and glycine (Hell

and Bergmann, 1990). In plants, glutathione exists mostly in a
reduced form (GSH), and also exists in a small proportion of
an oxidized form (GSSG) (Hell, 1997). Glutathione is present
at relatively high concentrations and occurs as an antioxidant

in all plant cells (Dixon et al., 1998). It acts as an antioxidant,
protects cell constituents against oxidation and eliminates the
oxygen radicals formed by products of photosynthesis together

with ascorbate (Mittler, 2002). In addition, glutathione has a
protective function for the plant in forming conjugates with
xenobiotics (Coleman et al., 1997), and acts as a precursor

for the synthesis of phytochelatins, which are involved in the
detoxification of heavy metals (Cobbett and Goldsbrough,
2002). Although there are many reports regarding the inhibi-

tory effects of heavy metals in plants (Márquez-Garcı́a et al.,
2012), the study of glutathione on effect of heavy metals affect-
ing the rubisco and rubisco activase which are the photosyn-
thesis enzymes has not been reported yet. In this research
work, the study on effectiveness of glutathione reducing the
inhibitory effects of Cd, Cu, and Zn was carried out by mea-
suring the growth, content of chlorophyll, content and activity

of rubisco and rubisco activase, and activity of denaturing
agent in tobacco plant cultured in vitro.
2. Materials and methods

2.1. Growth of tobacco plant

Tobacco (Nicotiana tabacum L.) seeds were germinated and
grown aseptically in cell culture vessel containing MS

(Murashige and Skoog, 1962) agar (0.8%) medium in the dark
at 26 ± 1 �C. Four week-old shoots were cut into 3 cm seg-
ments and used as explants. Two explants were placed on an

induction MS medium supplemented with control, 0.1 mM
GSH, 1 mM GSH, Cd, Cd + 0.1 mM GSH, Cd + 1 mM
GSH, Cu, Cu + 0.1 mM GSH, Cu + 1 mM GSH, Zn,
Zn + 0.1 mM GSH, and Zn + 1 mM GSH using 0.2 mM

CdCl2Æ2.5H2O, 0.2 mM CuSO4Æ5H2O, 0.2 mM ZnSO4Æ7H2O,
and GSH (0.1 mM, 1 mM), respectively. The plants were
maintained for 5 weeks on media at 26 ± 1 �C under a 16-h

light (800 lM/m2/s PFD) and 8-h dark photoperiod (Roh
et al., 1996).

Plant growth of each experiment was measured in terms of

total fresh weight and leaves weight, and then compared. Fully
expanded leaves from mature tobacco plants were used for
rubisco and rubisco activase experiments. Three samples were

used for each experiment and the data were analyzed
statistically.

2.2. Chlorophyll content

Frozen leaves were transferred to DMF and stored at 5 �C in
the dark. Extracts were centrifuged for 5 min at 8000g. Chlo-
rophyll contents in the supernatants were measured spectro-

photometrically using its specific absorption coefficients at
664.5 nm and 647 nm (Inskeep and Bloom, 1985).
2.3. Isolation of rubisco and rubisco activase

Rubisco was isolated from the leaves of tobacco grown in vitro
(Wang et al., 1992). Frozen leaf tissue was pulverized in a mor-

tar under liquid nitrogen and then extracted in the extraction
buffer containing 50 mM BTP (pH 7.0), 10 mM NaHCO3,
10 mM MgCl2, 1 mM EDTA, 0.5 mM ATP, 10 mM DTT,
1 mM PMSF, 1 mM benzamidine, 0.01 mM leupeptin, 1.5%

PVPP and 3 mM MBT. Solution filtered from the leaf slurry
through cheesecloth and Miracloth was centrifuged at
16,000 rpm for 40 min. (NH4)2SO4 powder was slowly added

into the supernatant to 35% saturation and stirred for
30 min. The supernatant and pellet were collected by centrifu-
gation at 8000g for 8 min. The supernatant contains rubisco,

and the resuspended pellet contains rubisco activase. The
supernatant collected was brought to 55% saturation of
(NH4)2SO4 by the addition of powder. The pellet collected
by centrifugation at 8000 rpm for 8 min was resuspended in

5 ml of 50 mM Tricine (pH 8.0), 10 mM NaHCO3, 10 mM
MgCl2, 10 mM DTT, and 2 mM MBT (buffer A), and 50%
PEG-10K was added to a final concentration of 17%, stirred
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5 min. The resulting precipitate was collected by centrifugation
at 8000 rpm for 8 min and resuspended in buffer A. Resus-
pended solution was loaded onto a Q-Sepharose column equil-

ibrated with 20 mM Tris–HCl (pH 7.5). The column was
washed with the same buffer containing 0.1 M NaCl before
starting elution with a linear gradient from 0.1 to 0.5 M NaCl

at a flow rate of 1 ml/min. 3 ml fractions were pooled, and as-
sayed for rubisco content and activity.

Above obtained pellet was resuspended in 20 mM BTP (pH

7.0), 10 mM MgCl2, 0.2 mM ATP, and 2 mM MBT (buffer B)
and 50% (w/v) PEG-10 K was added to a final concentration
of 18%, stirred 5 min, and centrifuged at 8,000 rpm for 8 min.
The pellet was dissolved in 2.5 ml of buffer B. Solution was

cleared by spinning at 10,000 rpm for 10 min. Pellet was resus-
pended again in 2.5 ml buffer B and the solution cleared again.
The collected supernatants were loaded onto a 20 ml Q-Se-

pharose column equilibrated with 20 mM BTP (pH 7.0). The
column was eluted with 40 ml of 20 mM BTP (pH 7.0) at a
flow rate of 1 ml/min before continuing with 140 ml of a linear

gradient from 0 to 0.5 M NaCl in 20 mM BTP (pH 7.0). 3 ml
fractions were pooled, and assayed for rubisco activase content
and activity.

Unless indicated otherwise, all purification processes were
done at 4 �C.

2.4. Determination of rubisco and rubisco activase contents

Rubisco content was determined spectrophotometrically using
A280 · 0.61 = mg/ml by the method of Wishnick and Lane
(1971). Rubisco activase content was determined at 595 nm

using bovine serum albumin as a standard by the method of
Bradford (1976).

2.5. Assay of rubisco and rubisco activase activities

Rubisco activity was determined spectrophotometrically at
25 �C by monitoring NADH oxidation at 340 nm by the meth-

od of Racker (1962). The assay medium contained 1 M
Tris–HCl (pH 7.8), 0.006 M NADH, 0.5% glyceraldehyde-3-
phosphate dehydrogenase, 0.1 M GSH, 10 units/20 ll 3-phos-
phoglycerate kinase, 0.2 M ATP, 0.05% a-glycerophosphate
dehydrogenase-triose phosphateisomerase, 0.025 M RuBP,
0.5 M MgCl2, 0.5 M KHCO3, and isolated rubisco solution
in a final volume of 0.5 ml. One unit of enzyme was defined

as the amount of enzyme producing 1 lM of RuBP per min.
Rubisco activase activity was determined as the ability to pro-
duce ADP in an ATP-dependent reaction in absorption at

340 nm by the method of Robinson and Portis (1989). The iso-
lated rubisco activase solution was added to a total volume of
0.4 ml of the activation reaction mixture containing 50 mM

Tricine-KOH (pH 8.0), 20 mM KCl, 5 mM MgCl2, 2.5 mM
ATP, 1 mM phosphoenolpyruvate, 0.3 mM NADH, 40 units/
ml pyruvate kinase, and 40 units/ml L-lactic dehydrogenase.
One unit was defined as the amount that catalyzed the cleavage

of 1 lM ATP per min.

2.6. Assay of rubisco and rubisco activase activities by
denaturing agents

10 mM of L-cysteine, EDTA, urea, thiourea, guanidine-HCl,
and b-mercaptoethanol were used to determine the effects of
denaturing agents on rubisco and rubisco activase activity.
Results were calculated presuming the activity of denaturing
agent untreated control as 100%.

2.7. Statistical analysis

Treatment means were compared by the analysis of variance

using SPSS (SPSS ver. 21). Standard error between replicates
was also calculated.
3. Results

3.1. Effects of GSH and heavy metals on the growth of tobacco
plant

The growth was retarded in the presence of various heavy met-

als as expected, and there were no significant differences in the
growth of tobacco plant in the control, 0.1 mM GSH and
1 mM GSH. Different concentrations of GSH were necessary
to recover the growth of tobacco plant depending on heavy

metals. Among the trials, the growth of tobacco plant was
shown as the best in Cu + 1 mM GSH, and as the worst in
Cu + 0.1 mM GSH (Fig. 1). In order to confirm the above re-

sults, both total fresh weight of tobacco plant and weight of
only leaves were measured. As a result of measuring the total
fresh weight, the growth of tobacco plant in the control was

similar to that in 0.1 mM GSH, and was lower than that in
1 mM GSH. The growth of tobacco plant in heavy metals
showed no significant differences among heavy metals, but in

all cases, growth was lower than that in the control. The
growth was recovered in 0.1 mM GSH among mixture of Cd
and GSH, and was recovered in 1 mM GSH among mixture
of Cu and GSH, and was recovered in both 0.1 mM and

1 mM GSH among mixture of Zn and GSH (Fig. 2). The fresh
weight of leaves alone showed the same tendency as the fresh
weight of plants (Fig. 3).

3.2. Effects of GSH and heavy metals on chlorophyll content

In order to investigate the effects of GSH and heavy metals on

chlorophyll content, total chlorophyll content was calculated.
As a result, when GSH was treated, the content of chlorophyll
increased more than that in the control, but was higher in

0.1 mM GSH, and the content in Cd and Cu among heavy
metals decreased compared to the control and increased in
Zn. In mixture of Cd and GSH, as the concentration of
GSH became higher, the content increased, and in mixture

of Cu and GSH, the content increased when GSH was treated,
but the content in 0.1 mM GSH was higher. In mixture of Zn
and GSH, the content in 0.1 mM GSH was highest, and lowest

in 1 mM GSH, and that in 1 mM GSH was lower than that in
the control (Fig. 4).

3.3. Effects of GSH and heavy metals on the content and activity
of rubisco

Rubisco content in all trials was remarkably low compared to
the control. When GSH was treated in the control, as the con-

centration of GSH became higher, the content increased.
When the heavy metals were treated, the content was lower



Figure 2 The fresh weight of tobacco plants grown on MS

medium containing Cd, Cu, Zn, and GSH for 5 weeks.
Figure 3 The fresh weight of leaves of tobacco plants grown on

MS medium containing Cd, Cu, Zn, and GSH for 5 weeks.

Figure 1 In vitro induction of tobacco plants grown on MS medium containing Cd, Cu, Zn, and GSH for 5 weeks.
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than that in 0.1 mM GSH, the content was highest in Cu, and
lowest in Zn. When GSH was treated in mixture of Cd and
GSH, the content increased, but the content in 0.1 mM GSH

was highest. When GSH was treated in mixture of Cu and
GSH and Zn and GSH, the content increased as the concentra-
tion of GSH became higher (Fig. 5). When GSH was treated,
rubisco activity increased on comparison to the control, but
was highest in 0.1 mMGSH. When the heavy metals were trea-
ted, the activity was high in all cases in the control, and was
highest in Zn, and was lowest in Cu. When GSH was treated

in mixture of Cd and GSH and Zn and GSH, the activity de-
creased as the concentration of GSH became higher, but when
GSH was treated in mixture of Cu and GSH, the activity in-
creased as the concentration became higher (Fig. 6).



Figure 4 Effects of heavy metals and GSH on total chlorophyll

content in leaves of tobacco plants grown on MS medium

containing Cd, Cu, Zn, and GSH for 5 weeks.

Figure 5 Effects of heavy metals and GSH on content of rubisco

in leaves of tobacco plants grown on MS medium containing Cd,

Cu, Zn, and GSH for 5 weeks.

Figure 6 Effects of heavy metals and GSH on activity of rubisco

in leaves of tobacco plants grown on MS medium containing Cd,

Cu, Zn, and GSH for 5 weeks.

Figure 7 Effects of heavy metals and GSH on content of rubisco

activase in leaves of tobacco plants grown on MS medium

containing Cd, Cu, Zn, and GSH for 5 weeks.
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3.4. Effects of GSH and heavy metals on the content and activity

of rubisco activase

When GSH and heavy metals were treated, the content of
rubisco activase increased compared to the control, was high-
est in Cu, and was the same in Cd and Zn. In mixture of Cd

and GSH, the content was highest in 1 mM GSH, and the con-
tent in 0.1 mM GSH was the same as that in Cd. When GSH
was treated in mixture of Cu and GSH, the content increased
as the concentration of GSH became higher, but the content

was highest in 0.1 mM GSH, and lowest in 1 mM GSH in mix-
ture of Zn and GSH. However, the content was high in all tri-
als compared to the control, showing no significant differences

(Fig. 7). The activity of rubisco activase, when GSH was trea-
ted, decreased compared to the control, but as the concentra-
tion of GSH became higher, the activity increased. When the

heavy metals were treated, the activity in Cd decreased com-
pared to the control, increased in Cu, and the activity in Zn
was the same as that in the control. In mixture of Cd and

GSH and Cu and GSH, the activity in 0.1 mM GSH was the
highest, and was the lowest in 1 mM GSH. When GSH was
treated in mixture of Zn and GSH, the activity increased,
but activity was higher in 0.1 mM GSH. However, there were
no significant differences in all trials compared to the control
(Fig. 8).

3.5. Effects of denaturing agents on the activity of rubisco

In the control, Cd + 1 mM GSH treated with six denaturing

agents, the activity increased in all cases, and the activity in-
creased most by EDTA in the control, and increased most
by L-cysteine in Cd + 1 mM GSH. In 0.1 mM GSH, the activ-
ity decreased by five denaturing agents except L-cysteine, de-

creased most by thiourea while in 1 mM GSH, the activity
increased by five denaturing agents except thiourea, and in-
creased most by EDTA. In Cd, mixture of Cu and GSH, Zn

and GSH, the activity decreased by all denaturing agents,
and the activity decreased most by b-mercaptoethanol in Cd,
Cu + 1 mM GSH, and decreased most by L-cysteine in

Cu + 0.1 mM GSH, decreased most by urea and guanidine-
HCl in Zn, and decreased most by thiourea in Zn + 0.1 mM
GSH, and decreased most by guanidine-HCl in Zn + 1 mM

GSH. In Cd + 0.1 mM GSH, the activity decreased greatly
by urea and thiourea, and increased by L-cysteine and b-
mercaptoethanol. In Cu, the activity increased by L-cysteine,
urea and guanidine-HCl, and decreased by b-mercaptoethanol,



Figure 8 Effects of heavy metals and GSH on activity of rubisco

activase in leaves of tobacco plants grown on MS medium

containing Cd, Cu, Zn, and GSH for 5 weeks.
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EDTA and thiourea. Though six denaturing agents affected
the activity of rubisco, in most cases, the activity was higher
than that in the control (Table 1).

3.6. Effects of denaturing agents on the activity of rubisco
activase

Rubisco activase activity in all trials decreased by six denatur-

ing agents lower than that in the control, and decreased most
in Cd + 1 mM GSH, mixture of Zn and GSH. In the control,
the activity decreased least by b-mercaptoethanol, decreased

most by thiourea while in 0.1 mM GSH, the activity decreased
least by thiourea and decreased most by EDTA. In a mixture
of Cd and GSH, Cu, the activity decreased least by L-cysteine

while in mixture of Cd and GSH, the activity decreased most
by EDTA and in Cu, the activity decreased most by urea,
respectively. In 1 mM GSH, mixture of Cu and GSH,
Zn + 1 mM GSH, the activity decreased most by guanidine-

HCl while in 1 mM GSH, mixture of Cu and GSH, the activity
decreased least by urea, and in Zn + 1 mM GSH, the activity
decreased least by L-cysteine. In Zn, Zn + 0.1 mM GSH, the

activity decreased most by L-cysteine while in Zn, the activity
Table 1 Effects of denaturing agents on rubisco activity.

Rubisco activity (%)

Cd Cu Zn GSH No treatment L-cysteine b-
(mM)

0 0 0 0 100 106 10

0.1 117 118 11

1 107 112 10

0 178 107 92

0.2 0.1 106 111 11

1 98 115 10

0 111 141 10

0.2 0.1 160 107 11

1 162 113 10

0 223 109 10

0.2 0.1 187 116 10

1 163 112 10
decreased least by urea, and in Zn + 0.1 mM GSH, the activ-
ity decreased least by EDTA. In most cases, the activity de-
creased most by EDTA and guanidine-HCl, and decreased

least by L-cysteine and urea (Table 2).

4. Discussion

Glutathione is involved in detoxification through conjugation
with herbicide (Lamoureux and Rusness, 1989), and plays a
role of antioxidant (Gill and Tuteja, 2010). The heavy metal

ions showing the toxicity in plants (Nieboer and Richardson,
1980) are absorbed through roots, and thereafter metastasize
to stems or leaves, not only involving in the hindrance of ion

absorption, reduction of dry weight in lateral roots, main roots
and chlorophyll content (Kelly et al., 1979) but also in the inhi-
bition of the growth of roots (Kahle, 1993).

Considering the effects of Cd, Cu, and Zn on the growth of
tobacco plants, in 0.2 mM Cd, Cu, and Zn, the growths were
retarded more compared to the control, and the effect on
growth of plants was different depending on heavy metals.

The growth of Populus termula clone (Kieffer et al., 2008)
was retarded remarkably at 20 lM Cd, showing the tendency
of hindrance to growth at a relatively low concentration com-

pared to this study. In addition, the growth of maize seedling
(Rüegsegger and Brunold, 1992) was retarded remarkably at
200 lM Cd, showing the same as the result that the growth

was retarded at 0.2 mM Cd in this study. Cu is highly toxic
to plants even at a micromolar range of exposure (Cabral,
2003). There are reports that the growth of roots was retarded
even at 1 lM Cu of relatively low concentration (Schat and

Ten Bookum, 1992), and the report that fresh weight of
Populus · euramericana clone Adda was reduced at more than
100 lM Cu (Borghia et al., 2007), both of which were similar

to the result of this study showing that the growth was re-
tarded at 0.2 mM Cu even if there are some differences in
the concentration.

The growth of Brassica juncea and Cajanus cajan (Alia
et al., 1995) increased at a relative low concentration less than
0.05 mM Zn, but was retarded at more than 0.1 mM Zn, which

was similar to the result of this study showing that the growth
Mercapto ethanol EDTA Urea Thiourea Guanidine-HCl

6 110 103 107 105

4 108 107 101 110

9 118 107 106 110

109 109 102 111

7 101 99 99 103

9 106 105 103 104

9 109 121 108 133

2 110 115 111 115

8 110 110 118 110

9 126 87 112 98

6 110 107 105 109

5 109 110 104 102



Table 2 Effects of denaturing agents on rubisco activase activity.

Rubisco activase activity (%)

Cd Cu Zn GSH No treatment L-Cysteine b-Mercapto ethanol EDTA Urea Thiourea Guanidine-HCl

(mM)

0 0 0 0 100 45 61 48 42 41 45

0.1 96 40 41 38 44 48 44

1 99 44 44 38 45 38 32

0 96 52 37 36 40 42 37

0.2 0.1 98 46 42 34 41 41 37

1 93 45 33 29 37 37 34

0 106 55 53 52 46 51 52

0.2 0.1 109 38 40 39 45 43 37

1 100 38 41 38 43 40 33

0 100 39 41 39 46 42 41

0.2 0.1 114 29 34 41 40 40 38

1 101 43 38 32 36 39 27
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was retarded at 0.2 mM Zn. In addition, in case of poplar
clone I-214 (Baccio et al., 2005), not only the growth but also

the number of leaves was decreased, which is considered due to
the fact that Zn at low concentrations stimulates the growth by
regulating the important metabolic process related to growth
and development of plants (Stiborová et al., 1987), and also

interferes with the metabolism essential for the growth of
plants (Van Assche and Clijsters, 1990). Comparing the heavy
metals in Cd, Cu, and Zn, GSH mixture of heavy metals and

GSH in order to investigate the effect of GSH on impact of
heavy metals affecting the growth of tobacco plant, the growth
controlled by Cd, Cu, and Zn was recovered by GSH, and the

concentration of GSH to recover the growth of plants was dif-
ferent depending on heavy metals. This is considered due to
the fact that GSH is involved in physiological adaptation to

environmental stress like a high heavy metal excess (Grill
et al., 1989), and that phytochelatin formed based on GSH
substrate (Wu et al., 2004) is involved in metabolism and
detoxification of metal ions like Cd, Cu, and Zn in cells (Grill

et al., 1985). In view of the report that GSH content decreased
by Cd, Cu, and Zn (Márquez-Garcı́a et al., 2012), we can see
the fact that glutathione is a major mechanism for the toxic ef-

fects of heavy metals, which is supported by the results that the
heavy metals and glutathione are closely connected, and
that GSH is related with the synthesis of phytochelatin

(Schützendübel and Polle, 2002).
On investigating the effects of Cd, Cu, and Zn on chloro-

phyll content and GSH effect, the content decreased by Cd
and Cu, and increased by Zn, showing a different result, with

an effect on the chlorophyll content of plants depending on
heavy metals. The content of chlorophyll decreased at 20 lM
Cd in pea (Sandalio et al., 2001) and at 50 lM Cd in Camellia

sinensis bud (Mohanpuria et al., 2007), in all of which cases the
concentration was very low compared to this study. This result
is considered due to the fact that Cd served as a strong inhib-

itor of chlorophyll accumulation (Padmaja et al., 1990). Unlike
the result of this study showing the decrease due to 0.2 mM
Cu, in case of Populus · euramericana clone Adda (Borghia

et al., 2007), the content of chlorophyll increased by Cu less
than 500 lM and decreased by 1000 lM Cu. In the case of
Zn at poplar clone I-214 (Baccio et al., 2005), the content of
chlorophyll decreased by Zn less than 10 mM and was not
changed at 10 mM, but there appeared the chlorosis, which
was different from this study showing the increased content

by 0.2 mM Zn.
The study at the level of secondary metabolites like jas-

monic acid and (Popova and Vaklinova, 1988), salicylic acid
(Pancheva and Popova, 1998) with regard to rubisco has been

conducted, and glutathione is reported to detoxify the effects
of heavy metals on enzymes. So, this study was carried out
for rubisco and rubisco activase. The effect of GSH on effects

of heavy metals investigated with comparing the content and
activity of rubisco induced by heavy metals and GSH. The
content of rubisco in all trials was remarkably low compared

to the control, but increased by GSH. In addition, in case of
Cd, Cu, and Zn, the content was all lower than that in
0.1 mM GSH, but the content of rubisco increased by mix-

ture of heavy metals and GSH, from which we could see that
GSH has recovered the hindrance due to heavy metals. This
is considered due to the detoxification effect of GSH on hea-
vy metals. The activity of rubisco was increased by GSH and

heavy metals compared to the control. In the mixture of Cu
and GSH the activity increased, but in the mixture of Cd and
GSH, the activity decreased up to the level of the control,

and in the mixture of Zn and GSH, the activity decreased,
but did not reach the level of the control. It is considered that
GSH shows the effect of detoxification on heavy metals selec-

tively. In a study on the activity of rubisco by Cd, and inter-
action between glutathione and Cd, Pietrini et al. (2003)
reported that the facilitation of antioxidative activity by Cd
has something to do with the increase of glutathione, which

shows a relationship with the effect of GSH on Cd in this
study. They made a research on the effect of salicylic acid
on rubisco induced by Cd in tobacco plant, and reported that

SA serves the positive effect to improve the damage effect by
Cd (Wang and Roh, 2012), which showed differently from
the result of Cd in this study. In addition, unlike the result

of this study showing a remarkable increase of activity by
Zn, there is a report that the activity of rubisco decreases
by Zn (Van Assche et al., 1980).

In order to investigate whether the results of heavy metals
and GSH on rubisco are connected with rubisco activase due
to the fact that rubisco is activated by rubisco activase, we
studied the effect of GSH on the effects of heavy metals by
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measuring the content of rubisco activase. From the fact that
the effects due to heavy metals and GSH are determined as
non-existent as the content and activity of rubisco activase show

no significant differences in all trials of heavy metals and GSH,
it is considered that there is no detoxification effect by GSH on
the content and activity of rubisco activase. The result of this

study showed some differences compared to the result obtained
by Roh and Chin (2005) who reported that the content and
activity of rubisco activase decreased by Cd. In a report of

Wang and Roh (2012) who studied the effect of salicylic acid
on rubisco induced by Cd, the fact that the result on rubisco
was the same as that on rubisco activase, showed that the rubi-
sco and rubisco activase acted together in connection, which is

different from the present result. So it is considered that rubisco
is not attributable by rubisco activase.

It is known that L-cysteine and b-mercaptoethanol having

the thiol group break up the disulfide bond, and urea, thiourea
and guanidine-HCl cause the denaturation by forming a strong
hydrogen bond with protein (Wang and Roh, 2012), and urea

and guanidine-HCl decrease even the protein folding (Cama-
cho and Thirumalai, 1996). Study on the effect of denaturing
agent on rubisco activity showed that six denaturing agents af-

fected the activity of rubisco, but in most cases, the activity
was higher than that in the control. The activity in Cd de-
creased by all denaturing agents, but the activity in tobacco
(Wang and Roh, 2012) increased by L-cysteine and b-mercap-

toethanol and decreased by guanidine-HCl, showing the result
different from this study. In addition, the structural change of
rubisco occurred in spinach leaves by guanidine-HCl at rela-

tively high concentrations compared to this study, and the
activity decreased more than 50% by 0.2 M guanidine-HCl,
and decreased up to 100% by 0.4 M guanidine-HCl (Jiang

et al., 1997).
The activity of rubisco activase decreased by six denaturing

agents in all trials, lower than that in the control, and in most

cases, the activity decreased most by EDTA and guanidine-
HCl, and decreased least by L-cysteine and urea. Unlike the re-
sult of this study, there were no effects of denaturing agents on
the activity of rubisco activase in tobacco plant (Wang and

Roh, 2012).

5. Conclusion

In conclusion, from the present study, the recovery to inhibi-
tory effects of heavy metals is the result of the detoxification
effect by GSH, and the lack of effects of GSH and heavy met-

als on content and activity of rubisco activase is considered to
represent that the effect of GSH and heavy metals on rubisco is
not based on connection with rubisco activase.
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Schnyder, H., Mächler, F., Nösberger, J., 1986. Regeneration of

ribulose 1,5-bisphosphate and ribulose 1,5-bisphosphate carboxyl-

ase/oxygenase activity associated with lack of oxygen inhibition of

photosynthesis at low temperature. J. Exp. Bot. 37, 1170–1179.
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