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COPPER INDUCED OXIDATIVE STRESS

MODULATE ACTIVITIES OF CA2+ – DEPENDENT

ENZYMES IN NEUROSPORA CRASSA

Pavan K Manikonda1 and C Subramanyam1*

Research Paper

Employing the well-studied model of copper induced oxidative stress in Ascomycete fungus,
Neurospora crassa, the present investigation was conducted to ascertain the correlations
between copper induced oxidative stress and Ca2+-homeostasis. Transient exposure of a wild
strain of N. crassa to 0.5 mM copper lead to increased reactive oxygen species, lipid peroxidation,
activities of antioxidant enzymes including superoxide dismutase, catalase and glutathione
peroxidase and decreased the ratio of reduced to oxidized glutathione (p < 0.05). Presence of 5
mM H

2
O

2
 in culture media enhanced the copper induced oxidative stress conditions as well as

increased intracellular Ca2+ levels that could be attenuated by antioxidant, 10 mM N-acetyl cysteine
(NAC). Copper induced stress caused decrease in the activities of Ca2+-dependent protein kinase
C (PKC) and calcineurin (p < 0.05). On the contrary, there was no change in calmodulin and
calcineurin contents and the activity of Ca2+-calmodulin dependent protein kinase II in response
to copper. Those changes induced by copper enhanced by H

2
O

2
 and attenuated with NAC. In

light of these observations it may suggest that oxidative stress is indeed associated with
significant alterations of Ca2+-signaling enzymes involved in regulatory pathways in this lower
eukaryote.
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INTRODUCTION

Metal induced toxicity leads to the generation of

deleterious free radicals participating in the

oxidative deteriorations of biological

macromolecules and altered sulfhydryl

homeostasis in a variety of organisms (Fraga,

2005; Jamova and Valko, 2011; Malik and Bharti,

2011). Like other metals, toxic concentrations of
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copper are also alter cellular redox status

because Cu+ generates Reactive Oxygen

Species (ROS) via Fenton reactions

(Barbusinski, 2009). Even though, copper is an

essential transition metal and playing a key role

in metabolic and biosynthetic process, it caused

oxidative stress conditions when the organism

exposed to elevated levels of copper (Yasokawa
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et al., 2008; Contreras et al., 2009). The inherited

autosomal recessive disorder, Wilson disease as

well as Menke’s disease are associated with

copper toxicity in humans (Bull et al., 1993; Uriu-

Adams and Keen, 2005). In addition, copper

homeostasis disruption has been found to play a

key role in the etiology of neurological disorders

such as Alzheimer’s disease and Parkinson’s

disease (Bush and Curtain, 2008; Hung et al.,

2010). Furthermore, copper at higher

concentrations induced copper metallothionein

(CuMT) synthesis in Neurospora crassa (Munger

et al., 1987). CuMT (2.2 kDa) is cysteine (7

residues) rich 26 amino acid containing protein,

capable of scavenging 6 molecules of copper with

antioxidant property (Cai et al., 2005).

Subsequent studies revealed that CuMT gene

expression in N. Crassa induced only under toxic

concentrations of copper, but not with H
2
O

2

(Kumar et al., 2005).

Further, investigations with eukaryotes have

earlier indicated that ROS generated through

copper toxicity might be stimulating release of

Ca2+ from intracellular stores in yeasts (Rosenfeld

et al., 2010), animals (Suntres and Lui, 2006;

Manzl et al., 2004) and activity of Ca2+-dependent

protein kinases in plants (Gonalez et al., 2010).

Further, role of ROS and Ca2+ in mediating various

signal transduction pathways previously

demonstrated using inhibitors of protein kinases

and phosphatases (Leonard et al., 2004; Mattie

et al., 2008). Since Ca2+ acts as second

messenger, fluctuations of Ca2+ levels may have

a downstream effect upon regulatory

components such as calmodulin, PKC, Ca2+/

calmodulin-dependent protein kinase II and Ca2+/

calmodulin-dependent protein phosphatase 2B,

calcineurin resulted in altered gene expression

(Ermak and Davies, 2002; Musson and Smit,

2011). Consequently studies on calcium

ionophores (A23187), calmodulin antagonists

(trifluoperazine, W7, calmidazolium), PKC

inhibitor (H7) in rodents and cell lines altered MT

gene expression (Adams et al., 2002, Gunther et

al., 2012) indicating the existence of Ca2+-

calmodulin mediated regulation of MT gene

expression (Saydam et al., 2002). Further,

bioinformatic approaches have suggested that the

presence of Calcineurin Dependent Responsive

Element (CDRE) along with regulatory elements

such as Antioxidant Response Element (ARE)

and Metal Response Elements (MRE) in the -3730

bp upstream regions of CuMT gene in N. Crassa

(Andrews, 2000; Kumar et al., 2005). In addition,

regulatory subunit of calcineurin recognized as a

CDRE binding protein and playing a putative role

in regulation of CuMT gene expression (Kumar

et al., 2006). Despite such prior knowledge, the

role of copper induced oxidative stress in Ca2+-

signaling enzymes in N. crassa is not yet known.

Hence, the present study was conducted to

elucidate the copper induced oxidative stress

conditions and specific events of altered

Ca2+-homeostasis. Results presented herein

indicated that copper induced oxidative stress

associated with Ca2+-signaling events in this

lower eukaryote.

MATERIALS AND METHODS

Organism and Growth Conditions

A wild strain of Neurospora crassa (FGSC # 4200)

(Fungal Genetics Stock Center, Kansas Univ.,

USA) was cultured in 10 mL of 0.5x Vogel’s

medium at 100 rpm for 48 h at 28 ± 1ºC. Copper

(0.5 mM, as CuSO
4
 5H

2
O) was included

aseptically after 48 h of growth to the medium to

induce metallothionein synthesis. Either pro-

oxidant (5 mM H
2
O

2
) or antioxidant (10 mM N-
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acetyl cysteine; NAC) was included in the medium

2 h before addition of copper.

Warburg Respirometry

Oxygen consumption and carbon dioxide

liberation by N. crassa grown in presence and

absence copper were monitored in a Warburg

manometer as described by Jayashree and

Subramanyam (2000). Respiratory Quotient (RQ)

was calculated as the ratio of the volume of CO
2

liberated to that of O2 consumed.

Measurement of Reactive Oxygen Species

Mycelia (2 mg) grown under various conditions

were incubated with 10 mM DCFDA (dissolved

in 0.01% DMSO) in phosphate buffered saline pH

7.4 (PBS) for 20 min at 28oC ± 1 in the dark

(Davidson, 1996). Release of the fluorescent

dichlorofluorescein upon reaction with ROS was

monitored by steady state fluorimetry (Ex/Em =

490/520 nm) using steady state spectrofluorimeter

(Perkin Elmer spectrofluorimeter LS-50B, Boston,

USA).

Estimation of Metabolites and Antioxidant
Enzymes

Cytosolic extracts were prepared by

homogenization of the mycelia in liquid nitrogen

followed by centrifugation at 15000 ×g for 30 min

at 4oC in appropriate buffers (Jayashree and

Subramanyam, 2000) and protein content in the

extracts was determined (Bradford, 1979).

Products of lipid peroxidation were measured as

thiobarbituric acid reactive substances (TBARS)

employing malondialdehyde as the reference

standard (Ernster and Nordenbrand, 1967).

Reduced (GSH) and oxidized (GSSG) forms of

glutathione concentrations were determined by

measuring the fluorescence upon reaction o-

phthalaldehyde at Ex/Em = 350/420 nm (Hissin

and Hilf, 1976). Glutathione peroxidase (GPx)

activity in the microsomes was assayed by

estimating the content of GSSG released by the

action of GPx (Martinez et al., 1979). Super-Oxide

Dismutase (SOD) activity was assayed by

measuring the ability of the enzyme to inhibit

super-oxide anion-dependent auto oxidation of

pyrogallol (Marklund and Marklund, 1974).

Catalase activity was assayed by determining the

rate of decomposition of H2O2 (Aebi, 1984).

Measurement of Intracellular Ca2+ and
Assay of Ca2+ Signaling Enzymes

Mycelia (20 mg) were washed with PBS and

incubated with 10 µM calcium crimson (Molecular

Probes, Eugene, USA) in PBS for 30 min at 37

ºC ± 1 in the dark (Haugland, 1997). Fluorescence

intensity of Ca2+-bound dye was measured at Ex/

Em = 590/615 nm in spectrofluorimeter

employing the equation: [Ca2+] free = Kd [F-Fmin/

F
max

-F], where K
d
=187 nM for calcium crimson,

F is the fluorescence of the calcium crimson at

experimental calcium levels, F
min

 is the

fluorescence in presence of 1 mM EGTA, Fmax is

fluorescence in presence of 4 mM CaCl
2
.

Protein kinase C (PKC) activity assayed in

reaction mixtures (100 μl) containing 20 mM

Tris-HCl (pH 7.5), 10 mM MgCl
2
, 80 μg histone

III-S, 12.5 μM [γ-32P]-ATP (2 mCi/μmol), 4 μg

leupeptin, 10 μL lipid micelles (445 μM

phosphatidyl serine, 100 μM phorbol 12,13-

dibutyrate), 10 mM free Ca2+ and enzyme extract

(50 μg protein) (Huang et al., 1988). Simultaneous

assays were performed in presence of 1 mM

EGTA to differentiate between Ca2+-dependent

and independent activities of PKC.

Ca2+-calmodulin-dependent protein kinase II

(CaMK II) activity assayed in a reaction mixture

(50 μL) containing 50 mM Pipes, pH 7.0, 10 mM
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extracts were determined by competitive ELISA

method by employing respective monoclonal

antibodies (Sigma, St. Louis, USA) (Padma and

Subramanyam, 1999).

Statistics

Data were expressed as Mean ± SD obtained

from three independent experiments. Statistical

significance of obtained results was verified using

Student’s t test (Sigma Plot 11.0). The criteria for

statistical significance were p < 0.05.

RESULTS

Copper Induced Stress Enhanced the
Oxidative Stress in N. crassa

Transient exposure of N. crassa to copper

enhanced the metabolic rate without changing

RQ by increased overall consumption of oxygen

and liberation of CO
2
 accounting to 52% and 58%

increases respectively (Figure 1). Further, copper

MgCl2, 0.4 mM CaCl2, 5 μg/μL calmodulin, 1 mg/

mL BSA, 10 μM syntide 2, 20 μM [γ-32P]-ATP (2

mCi/μmol) and enzyme extract (50 μg protein)

(Hanson et al., 1989). Radioactivity incorporated

in presence of 5 μM calmidazolium considered

as blank.

For assaying the activities of Total Protein

Phosphatase (TPP) as well as of calcineurin,

mycelial extracts were made by centrifuging

(20,000 ×g, 30 min, at 4°C) the homogenates

made in a buffer containing Tris (50 mM pH 7.8),

3 mM MgSO
4
7H

2
O, 1 mM EGTA, 0.5 mM DTT,

0.02% sodium azide, 0.1 mM PMSF. TPP activity

was assayed according to Wang and Pallen

(1983) employing p-nitrophenyl phosphate as

substrate. Calcineurin specific activity was

assayed by measuring phosphate released from

the RII phosphopeptide using malachite green

employing a commercial kit (Calbiochem, CA,

USA). Calcineurin and calmodulin contents in the

Figure 1: Influence of copper induced stress on respiratory quotient in Neurospora crassa.
N. crassa was grown in Vogel medium containing 0.5 mM Cu2+ added at 48th hour and
harvested at 49th hour. The mycelial pads (1 cm diameter) of equal wet weights were
initially equilibrated at 27 ºC for 10 min in 2 ml of culture medium devoid of glucose.

Oxygen consumption (O
2
) was monitored over a 60 min period in presence of 1 M

glucose. Release of CO
2
 in presence and absence of 2% KOH was measured.

Respiratory quotient (RQ) was calculated as the ratio of the volume of CO
2
 liberated

to that of O
2
 consumed. *p<0.05 in comparison to controls as obtained

from three independent experiments
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toxicity significantly (p < 0.01) enhanced ROS

(67%) (Figure 2), TBARS (90%), decreased GSH/

GSSG (59%) and increased SOD (103%),

catalase (38%) and GPx (21%) activities

respectively as compared to untreated controls.

Pre-incubation with H
2
O

2
 alone also caused

increase in ROS (14%) and TBARS (27%);

decrease in GSH/GSSG (30%) and increase in

activities of SOD (62%), catalase (20%) and GPx

(11%). However, pre-incubation with H
2
O

2

followed by addition of copper N. crassa cultures

enhanced the ROS production (96%; p < 0.005)

as well as lipid peroxidation (156%; p < 0.01) and

activities of SOD (131%; p < 0.005), catalase

(67%; p < 0.01) and GPx (53%; p < 0.01) but

lessen the GSH/GSSG (70%; p < 0.005) when

compared to untreated controls. In contrast, pre-

incubation of the organism with NAC, resulted in

decreased ROS production (25%) and attenuated

the copper-induced oxidative stress conditions

(Table 1).

Copper Induced Stress Caused
Alterations in Ca2+ Signaling Enzymes

Transient exposure of N. crassa to copper

resulted in increased intracellular Ca2+ levels

(43%) as opposed to 16% increase caused by

H
2
O

2
 as compared to untreated controls (Figure

3). Pre-incubation of cultures with H
2
O

2
 followed

by exposure to copper resulted in further increase

in Ca2+ levels and accounted to 75 nM. In contrast,

NAC did not alter the Ca2+ levels but alleviated

the copper mediated increase in Ca2+ levels.

Copper induced stress as wells as H
2
O

2
 or NAC

did not show significant alterations in intracellular

calmodulin and calcineurin contents, accounted

~65 and 110 ng/mg protein respectively (data not

shown). Likewise, CaMK II activity did not alter

either in presence of copper or H2O2 or NAC.

Figure 2: Influence of copper induced stress on ROS accumulation. ROS levels in
mycelia was monitored by steady state spectrofluorometry (λλλλλ

Ex
/λλλλλ

Em
 = 490/520 nm)

upon formation of the fluorescent dichlorofluorescein and depicted as relative
fluorescent intensity (RFI) per mg mycelial growth. *p<0.005 in comparison to

controls as obtained from three independent experiments
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Table 1: Influence of Copper Induced Stress on Oxidative Stress Indicators

Stress Conditions TBARS (nmoles/min/mg protein) GSH/GSSG SOD(Units) Catalase(Units) GPx(Units)

Control 82 ± 4.3 2.69 ± 0.15 0.418 ± 0.01 0.55 ± 0.05 26.15 ± 0.6

0.5 mM Cu 156 ± 7.3* 1.13 ± 0.1* 0.852 ± 0.03* 0.76 ± 0.04* 31.85 ± 0.6*

5 mM H
2
O

2
105 ± 5.6* 1.86 ± 0.04* 0.675 ± 0.03* 0.66 ± 0.04* 29.13 ± 0.8*

5 mM H
2
O

2
 + 0.5 mM Cu 210 ± 10.3* 0.67 ± 0.03* 0.968 ± 0.01* 0.92 ± 0.01* 35.45 ± 0.3*

10 mM NAC 88 ± 4.9 2.5 ± 0.18 0.424 ± 0.02 0.52 ± 0.02 24.75 ± 0.3

10 mM NAC + 0.5 mM Cu 92 ± 5.3 2.28 ± 0.02 0.564 ± 0.01 0.59 ± 0.01 27.75 ± 0.3

Note: Thiobarbituric acid reactive substances (TBARS) measured employing malondialdehyde as reference standard and depicted as nmoles/

min/mg protein. Glutathione levels reduced (GSH) and oxidized (GSSG) levels measured employing o-phthalaldehyde and denoted the

ratio as GSH/GSSG. One unit of super oxide dismutase (SOD) represents the amount of enzyme that inhibits 50% of the rate of auto-

oxidation of pyrogallol/min/mg protein. One unit of catalase activity is defined as the amount that decomposes one mmol of H
2
0
2
/min/

mg protein. One unit of glutathione peroxidase (GPx) activity corresponds to the amount of formed GSSG in μg/min/mg protein. All

values are represented as Mean ± SD. *p< 0.05 in comparison to controls as obtained from three independent experiments.

Figure 3: Influence of copper induced stress on intracellular Ca2+ levels. Increase in
fluorescence intensity resulting from binding of crimson red to Ca2+ was measured

in mycelia grown in various conditions. Ca2+ contents, expressed in nM, derived from
dissociation constant (K

d
 = 187 nM). *p< 0.05 in comparison to controls as

obtained from three independent experiments
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However, combined presence of H
2
O

2
 and copper

resulted in 38% increase of CaMK II activity.

Conversely, decrease in total PKC activity (23%)

was observed in under the copper induced stress

conditions, but decreases (44%) in activity of

Ca2+-dependent PKC (Ca2+-PKC) was more

noteworthy (p < 0.02). Further, combined

presence of copper and H2O2 in cultures caused

56% decrease in Ca2+-PKC activity when

compared to untreated controls. On the other

hand, NAC resulted in ~33% increase of both PKC

and Ca2+-PKC activities under similar incubations

indicated the restoration of PKC activity. However,

Ca2+-PKC, which normally contributes to ~47%

of total PKC activity, was reduced upon transient

exposure of copper and accounted for about 34%.

But, pre-incubation with H2O2 caused marginal

decrease (11%) in Ca2+-PKC (Table 2).

In addition to decrease in PKC activity, TPP

activity was also decreased 38 and 26% in

presence of copper and H
2
O

2
 in cultures

respectively when compared to untreated

controls. In comparison to this, a decrease in the

specific activity of calcineurin (52%) was more

noteworthy (p < 0.02). Calcineurin specific activity

was also decreased (33%) upon exposure to H2O2

alone and further decreased its activity to 60% in

addition of copper. Nevertheless, an antioxidant,

NAC restored the activity of TPP which was

decreased due to copper induced stress with 17%

increase in calcineurin activity. However,

combined presence of NAC and copper in media

attenuated the decrease of calcineurin activity

caused by copper.

DISCUSSION

It is well documented that toxic concentrations of

metals induce metallothioneins (MT) which are

having antioxidant property, to prevent the oxidative

damage caused by the metals. The redox metal,

0.5 mM copper induces metallothionein (CuMT)

upon transient exposure of N. crassa to copper,

but not by other stress factors unlike in higher

eukaryotes (Kumar et al., 2005). Hence, this

bread mold was chosen to study the role of

protein kinases and phosphatases involved in

Table 2: Influence of Copper Induced Stress
on Ca2+-Dependent Protein Kinases and Phosphatases

Control 4.59 ± 0.14 2.18 ± 0.1 0.09 ± 0.009 0.17 ± 0.008 1.73 ± 0.09*

0.5 mM Cu 3.51 ± 0.02* 1.22 ± 0.05* 0.104 ± 0.007 0.082 ± 0.007* 1.07 ± 0.06*

5 mM H
2
O

2
4.16 ± 0.3 1.81 ± 0.09 0.1 ± 0.004 0.114 ± 0.08* 1.28 ± 0.08*

5 mM H
2
O

2
 + 0.5 mM Cu 2.61 ± 0.01* 1.02 ± 0.03* 0.125 ± 0.007 0.068 ± 0.06* 1.06 ± 0.05*

10 mM NAC 6.12 ± 0.2* 2.9 ± 0.13* 0.088 ± 0.001 0.199 ± 0.03 1.82 ± 0.09

10 mM NAC + 0.5 mM Cu 4.53 ± 0.2 1.99 ± 0.12 0.094 ± 0.007 0.161 ± 0.04 1.68 ± 0.078

Note: 5 mM H
2
O

2
 or 10 mM N Acetyl cysteine (NAC) was included in the medium 2 h before addition of 0.5 mM copper (1 h, Cu). Ca2+-

dependent protein kinases and phosphatases were measured in mycelia harvested after 49 hours. One unit of protein kinase C or Ca2+

dependent PKC activity (Ca2+-PKC) corresponds to pmoles of [γ-32P]-ATP incorporated into histone III S/min/mg protein. One unit of

Ca2+-calmodulin dependent protein kinase II (CaMK II) activity denotes the incorporation of 1 x 106 dpm of [γ-32P]-ATP into syntide-

2/min/mg protein. One unit of total protein phosphatase (TPP) activity denotes μmole of p-nitrophenol released from the p-nitrophenyl

phosphate/min/mg protein. One unit of calcineurin specific activity denotes μmole of free phosphate released from the RII peptide/min/

mg calcineurin. All values are represented as Mean ± SD. *p< 0.05 in comparison to controls as obtained from three independent

experiments.

Stress Conditions
Protein kinase C (pmoles/min/mg Protein)

Total Ca2+-PKC

CaMK II
1x106dpm/min/mg

Protein)

TPP
(μμμμμmoles/min/mg

Protein)

Calcineurin
(μμμμμmoles/min/mg

Protein)
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Ca2+-dependent phosphoprotein cascade on

copper induced oxidative stress indicators under

the conditions of CuMT induction.

Copper Induced Oxidative Stress is
Concomitant with Altered Ca2+-Signaling

Transient exposure of the Neurospora to copper

caused higher metabolic rate (Figure 1) and was

found to be concomitant with oxidative stress as

evidenced by increased ROS accumulation

(Figure 2), lipid peroxidation and unregulated the

activities of antioxidant enzymes such as SOD,

catalase and GPx (Table 1). Further, decreased

GSH/GSSG indicated the intracellular antioxidant,

GSH acting against copper toxicity. Our results

are consistent with earlier reports where copper

mediated toxicity increased lipid peroxidation

(Mattie et al., 2008), depletion of GSH levels

(Suntres and Lui, 2006; Speisky, 2009) and up-

regulation antioxidant enzymes (Culotta et al.,

1995; Yasokawa et al., 2008) in various eukaryotic

systems. Recent observations made with certain

diseases, cancer (Gupta and Mumper, 2009),

atherosclerosis (Haidari et al., 2001) and

cardiovascular damage (Cooper et al., 2009) has

shown that elevated extracellular levels of copper

associated with oxidative stress in human

patients. Further, copper toxicity caused higher

metabolic rate with increased oxygen

consumption and CO
2
 liberation. In addition, a

prooxidant, H2O2 alone caused mild oxidative

stress conditions and it potentiates copper

induced production of ROS significantly (p <

0.005), lipid peroxidation (p < 0.01) and activities

of GPx (p < 0.01), SOD (p < 0.005) and catalase

(p < 0.01) and decrease in GSH/GSSG (p < 0.005)

in N Crassa (Table 1). Such copper mediated

toxicity is mitigated with an antioxidant, NAC.

Recent reports equally made with NAC,

attenuated copper overload oxidative damage in

rat brain (Ozcelik et al., 2012).

Further, copper induced toxicity are known to

cause changes in Ca2+ flux patterns (Manzl et

al., 2004; Suntres and Lui, 2006; Gonalez et al.,

2010; Rosenfeld et al., 2010) in various

organisms. In present study, we have noted that

copper toxicity elevated intracellular Ca2+ levels

and further enhanced by pretreatment with H
2
O

2

(Figure 3). Those levels could be mitigated by

NAC ascribed to Ca2+ release from intracellular

stores through copper mediated stress.

Interestingly the cellular content of the Ca2+-

modulator, calmodulin and activity of CaMK II was

unaffected despite the elevated intracellular Ca2+

levels. However, activities of PKC including that

of Ca2+-PKC were contrarily decreased in

cultures exposed transiently to copper with similar

observations made in H2O2 treated cultures

(Table 2). These findings gain support from

previous observations revealing complete

inactivation of PKC under oxidative stress

conditions (Chu et al., 2004). While TPP activity

was decreased, activity of calcineurin was

decreased more notably in copper mediated

stress conditions without modulating the protein

levels of calcineurin. Considering copper

mediated oxidative stress conditions, it is to be

noted that calcineurin is the only phosphatase

among Ca2+-signaling enzymes, which is highly

vulnerable to ROS (Ullrich et al., 2003; Lee et al.,

2007; Carruther et al., 2008) due to presence of

Fe2+-Zn2+ center in its catalytic subunit

(Namgaladze et al., 2002). In present study, the

decreased calcineurin activity and PKC could be

through free radical mediated inactivation since

those activities were restored with NAC treatment.

It well known that calcineurin shown a

regulatory function upon its ability to



72

Int. J. Pharm. Med. & Bio. Sc. 2014 C Subramanyam and Pavan K Manikonda, 2014

dephosphorylate transcriptional factors during

stress responses with sustained elevation of

CDRE response depends on intracellular Ca2+

and calcineurin activity (Yoshimoto et al., 2002;

Li et al., 2011). CDRE plays a vital role in

regulation of ethanol or salt stress adaptation

through Crz1p/calcineurin-pkc/Slt2 pathways in

yeast (Ruiz et al., 2003; Deng et al., 2006; Araki

et al., 2009). Further, calcineurin play role in

protection from cadmium induced testicular

toxicity in mice through its inhibition (Martin et al.,

2007). Results obtained in the present study

suggest that oxidative stress induced by copper

is indeed associated with significant decreases

in activities of PKC and calcineurin in this lower

eukaryote. Further experimentation in this regard

is certain to yield important information on the

gene regulatory transcription factors mediated by

Ca2+-signaling phosphoprotein cascade that

involved in CuMT gene expression.

ACKNOWLEDGMENT

This research was supported by Department of

Science and Technology, New Delhi though a

research project (SP/SOA69/1997) granted to

CS.

REFERENCES

1. Adams T K, Saydam N, Steiner F, Schaffner

W and Freedman J H (2002), “Activation of

gene expression by metal responsive signal

transduction pathways”, Environ Health

Perspect. Suppl., Vol. 110, pp. 813-817.

2. Aebi H (1984), “Catalase”, In: L. Packer

(Ed.), Methods in Enzymology, Academic

press, Orlando, Vol. 105, pp. 121-126.

3. Andrews G K (2000), “Regulation of

metallothionein gene expression by oxidative

stress and metal ions”, Biochem.

Pharmacol., Vol. 59, pp. 95-104.

4. Araki Y, Wu H, Kitagaki H, Akao T, Takagi H

and Shimoi H (2009), “Ethanol stress

stimulates the Ca2+-mediated calcineurin/

Crz1 pathway in Saccharomyces

cerevisiae”, J. Biosci. Bioeng., Vol. 107, pp.

1-6.

5. Barbusinski K (2009), “Fenton reaction—

controversy concerning the chemistry”,

Ecol. Chem. Eng., Vol. 16, pp. 347-358.

6. Bradford M M (1976), “A rapid sensitive

method for the quantitation of microgram

quantities of protein utilizing the principle of

protein dye binding”, Anal. Biochem., Vol.

72, pp. 248-254.

7. Bull P C, Thomas G R, Rommens J M, Forbes

J R and Cox D W (1993), “The Wilson disease

gene is a putative copper transporting P-type

ATPase similar to the Menkes gene”, Nat.

Genet., Vol. 5, pp. 327-337.

8. Bush A I and Curtain C C (2008), “Twenty

years of metallo-neurobiology: where to

now?”, Eur. Biophys J., Vol. 37, pp. 241-245.

9. Cai L, Xiao-Kun L, Ye S and Cherian M G

(2005), “Essentiality, toxicology and

chelation therapy of zinc and copper”, Curr.

Med. Chem., Vol. 12, pp. 2753-2763.

10. Carruther N J and Stemmer P M (2008),

“Methionine oxidation in the calmodulin-

binding domain of calcineurin disrupts

calmodulin binding and calcineurin

activation”, Biochemistry, Vol. 47, pp. 3085-

3095.

11. Chu F, Chen L H and O’Brian C A (2004),

“Cellular protein kinase C isozyme



73

Int. J. Pharm. Med. & Bio. Sc. 2014 C Subramanyam and Pavan K Manikonda, 2014

regulation by exogenously delivered

physiological disulfides—implications of

oxidative protein kinase C regulation to

cancer prevention”, Carcinogenesis, Vol. 25,

pp. 585-96.

12. Contreras L, Mella D, Moenne A and Correa

J A (2009), “Differential responses to copper-

induced oxidative stress in the marine

macroalgae Lessonia nigrescens and

Scytosiphon lomentaria (Phaeophyceae)”,

Aquat.Toxicol., Vol. 94, pp. 94-102.

13. Cooper G J, Young A A, Gamble G D,

Occleshaw C J, Dissanayake A M, Cowan

B R, Brunton D H, Baker J R, Phillips A R,

Frampton C M, Poppitt S D and Doughty R

N (2009), “A copper(II)-selective chelator

ameliorates left-ventricular hypertrophy in

type 2 diabetic patients: a randomised

placebo-controlled study”, Diabetologia, Vol.

52, pp. 715-722.

14. Culotta V C, Joh H D, Lin S J, Slekar K H

and Strain J (1995), “A physiological role for

Saccharomyces cerevisiae copper/zinc

superoxide dismutase in copper buffering”,

J. Biol Chem., Vol. 270, pp. 29991-7.

15. Davidson J F, Whyte B, Bissinger P H and

Schiestl R H (1996), “Oxidative stress is

involved in heat induced cell death in

Saccharomyces cerevisiae”, Proc. Natl.

Acad. Sci., Vol. 93, pp. 5116-5121.

16. Deng L, Sugiura R, Takeuchi M, Suzuki M,

Ebina H, Takami T, Koike A, Iba S and Kuno

T (2006), “Real-time monitoring of

calcineurin activity in living cells: Evidence

for two distinct Ca2+-dependent pathways

in fission yeast”, Mol. Biol. Cell., Vol. 17, pp.

4790-4800.

17. Ermak G and Davies K J (2002), “Calcium

and oxidative stress: from cell signaling to

cell death”, Mol. Immunol., Vol. 38, pp. 713-

21.

18. Ernster L and Nordenbrand K (1967),

“Microsomal lipid peroxidation”, Met.

Enzymol., Vol. 10, pp. 574-580.

19. Fraga C G (2005), “Relevance, essentiality

and toxicity of trace elements in human

health”, Mol. Asp. Med., Vol. 26, pp. 235-

244.

20. Gonzalez A, Trebotich J, Vergara E, Medina

C, Morales B and Moenne A (2010),

“Copper-induced calcium release from ER

involves the activation of ryanodine-sensitive

and IP3-sensitive channels in Ulva

compressa”, Plant Signal Behav., Vol. 5, pp.

1647-1649.

21. Gunther V, Waldvogel D, Nosswitz M,

Georgiev O and Schaffner W (2012),

“Dissection of Drosophila MTF-1 reveals a

domain for differential target gene activation

upon copper overload vs. copper starvation”,

Int. J. Biochem. Cell Biol., Vol. 44, pp. 404-

411.

22. Gupte A and Mumper R J (2009), “Elevated

copper and oxidative stress in cancer cells

as a target for cancer treatment”, Cancer

Treat. Rev., Vol. 35, pp. 32-46.

23. Haidari M, Javadi E, Kadkhodaee M and

Sanati A (2001), “Enhanced susceptibility to

oxidation and diminished vitamin E content

of LDL from patients with stable coronary

artery disease”, Clin. Chem., Vol. 47, pp.

1234-1240.

24. Hanson P I, Kapiloff M S, Lou L L, Rosenfield



74

Int. J. Pharm. Med. & Bio. Sc. 2014 C Subramanyam and Pavan K Manikonda, 2014

M G and Schulman H (1989), “Expression

of a multifunctional Ca2+/calmodulin

dependent protein kinase and mutational

analysis of its auto regulation”, Neuron, Vol.

3, pp. 59-70.

25. Haugland R P (1997), “Handbook of

fluorescent probes and research

chemicals”, Molecular Probes, Eugene,

Oregon.

26. Hissin P and Hilf R A (1976), “Flourimetric

method for determination of oxidized and

reduced glutathione in tissues”, Anal.

Biochem., Vol. 74, pp. 214-226.

27. Huang K P, Huang F L, Nakabayashi H and

Yoshida Y (1988), “Biochemical

characterization of rat brain protein kinase

C isozymes”, J. Biol. Chem., Vol. 263, pp.

14839-14845.

28. Hung Y H, Bush A I and Cherny R A (2010),

“Copper in the brain and Alzheimer’s

disease”, J. Biol. Inorg. Chem., Vol. 15, pp.

61-76.

29. Jayashree T and Subramanyam C (2000),

“Oxidative stress as a prerequisite for

aflatoxin production by aspergillus

parasiticus”, Free Rad. Biol. Med., Vol. 29,

pp. 981-985.

30. Jomova K and Valko M (2011), “Advances

in metal-induced oxidative stress and

human disease”, Toxicology, Vol. 283, pp.

65-87.

31. Kumar K S, Dayananda S and

Subramanyam C (2005), “Copper alone, but

not oxidative stress induces copper

metallothionein gene expression in N.

crassa”, FEMS Microbiol. Lett., Vol. 242,

pp. 45-50.

32. Kumar K S, Kumar B R, Siddavattam D and

Subramanyam C (2006), “Characterization

of calcineurin-dependent response element

binding protein and its involvement in

copper-metallothionein gene expression in

Neurospora”, Biochem. Biophys. Res.

Commun., Vol. 345, pp. 1010-1013.

33. Lee J E, Kim H, Jang H, Cho, E J and Youn

H D (2007), “Hydrogen peroxide triggers the

proteolytic cleavage and the inactivation of

calcineurin”, J. Neurochem., Vol. 100, pp.

1703-1712.

34. Leonard S S, Harris G K and Shi X (2004),

“Metal-induced oxidative stress and signal

transduction”, Free Rad. Biol. Med., Vol. 37,

pp. 1921-1942.

35. Li H, Rao A and Hogan P G (2011),

“Interaction of calcineurin with substrates

and targeting proteins”, Trends Cell Biol., Vol.

21, pp. 91-103.

36. Malik C P and Bharti J (2011), “Evaluation

of biochemical parameters under arsenic

stress in salt-resistant variety of Brassica

Juncea L. Czern and Cross”, The IUP J.

Life Sci., Vol. 4, No. 4, pp. 66-72.

37. Manzl C, Enrich J, Ebner H, Dallinger R and

Krumschnabel G (2004), “Copper-induced

formation of reactive oxygen species

causes cell death and disruption of calcium

homeostasis in trout hepatocytes”,

Toxicology, Vol. 196, pp. 57-64.

38. Marklund S and Marklund G (1974),

“Involvement of superoxide anion radical in



75

Int. J. Pharm. Med. & Bio. Sc. 2014 C Subramanyam and Pavan K Manikonda, 2014

the auto oxidation of pyrogallol and a

convenient assay for superoxide

dismutase”, Eur. J. Biochem., Vol. 47, pp.

469-474.

39. Martin L J, Chen H, Liao X, Allayee H, Shih

D M, Lee G S, Hovland D N, Robbins W A,

Carnes K, Hess R A, Lusis A J and Collins

M D (2007), “FK506, a Calcineurin inhibitor,

prevents cadmium-induced testicular

toxicity in mice”, Toxicol. Sci., Vol. 100, pp.

474-485.

40. Martinez J I R, Launay J M and Dreux C

(1979), “A sensitive fluorimetric assay for

glutathione activity: Application to human

blood platelets”, Anal. Biochem., Vol. 98, pp.

154-159.

41. Mattie M D, McElwee M K and Freedman J

H (2008), “Mechanism of copper-activated

transcription: activation of AP-1, and the

JNK/SAPK and p38 signal transduction

pathways”, J. Mol. Biol., Vol. 383, pp. 1008-

1018.

42. Munger K, Germann U A and Lerch K (1985),

“Isolation and structural organization of the

Neurospora crassa copper metallothionein

gene”, EMBO J., Vol. 4, pp. 2665-2668.

43. Musson R E and Smit N P (2011),

“Regulatory mechanisms of calcineurin

phosphatase activity”, Curr. Med. Chem.,

Vol. 18, pp. 301-315.

44. Namgaladze D, Hofer H W and Ullrich V

(2002), “Redox control of calcineurin by

targeting the binuclear Fe2+–Zn2+ center at

the enzyme active site”, J. Biol. Chem., Vol.

277, pp. 5962-5969.

45. Ozcelik D, Uzun H and Naziroglu M (2012),

“N-Acetyl cysteine attenuates copper

overload-induced oxidative injury in brain of

rat”, Biol. Trace Elem. Res., Vol. 147, pp.

292-298.

46. Padma S and Subramanyam C (1999),

“Extracellular calcineurin: Identification and

quantification in serum and amniotic fluid”,

Clin. Biochem., Vol. 32, pp. 491-494.

47. Rosenfeld L, Reddi A R, Leung E, Aranda

K, Jensen L T and Culotta V C (2010), “The

effect of phosphate accumulation on metal

ion homeostasis in Saaccharomyces

cerevisiae”, J. Biol. Inorg. Chem., Vol. 15,

pp. 1051-1062.

48. Ruiz A, Yenush L and Arino J (2003),

“Regulation of ENA1 Na+-ATPase gene

expression by the Ppz1 protein phosphatase

is mediated by the calcineurin pathway”,

Eukaryot. Cell, Vol. 2, pp. 937-48.

49. Saydam N, Adams T K, Steiner F, Schaffner

W and Freedman J H (2002), “Regulation

of metallothione in transcription by the metal-

responsive transcription factor MTF-1”, J.

Biol. Chem., Vol. 277, pp. 20438-20445.

50. Speisky H, Gomez M, Burgos-Bravo F,

Lopez-Alarcon C, Jullian C, Olea-Azar C

and Aliaga M E (2009), “Generation of

superoxide radicals by copper-glutathione

complexes: redox consequences

associated with their interaction with

reduced glutathione”, Bioorg. Med. Chem.,

Vol. 17, pp. 1803-1810.

51. Suntres Z E and Lui E M (2006),

“Prooxidative effect of copper—

metallothionein in the acute cytotoxicity of

hydrogen peroxide in Ehrlich ascites tumour

cells”, Toxicology, Vol. 217, pp. 155-68.



76

Int. J. Pharm. Med. & Bio. Sc. 2014 C Subramanyam and Pavan K Manikonda, 2014

52. Ullrich V, Namgaladze D and Frein D (2003),

“Superoxide as inhibitor of calcineurin and

mediator of redox regulation”, Toxicol. Lett.,

Vol. 139, pp. 107-110.

53. Uriu-Adams J Y and Keen C L (2005),

“Copper, oxidative stress, and human

health”, Mol. Asp. Med., Vol. 26, pp. 268-

298.

54. Wang J H and Pallen C J (1983),

“Calmodulin stimulated dephosphorylation

of p-nitrophenyl phosphate and free

phosphotyrosine by calcineurin”, J. Biol.

Chem., Vol. 258, pp. 8550-8553.

55. Yasokawa D, Murata S, Kitagawa E,

Iwahashi Y, Nakagawa R, Hashido T and

Iwahashi H (2008), “Mechanisms of copper

toxicity in Saccharomyces cerevisiae

determined by microarray analysis”,

Environ. Toxicol., Vol. 23, pp. 599-606.

56. Yoshimoto H, Saltsman K, Gasch A P, Li H

X, Ogawa N, Botstein D, Brown P O and

Cyert M S (2002), “Genome-wide analysis

of gene expression regulated by the

calcineurin/Crz1p signaling pathway in

Saccharomyces cerevisiae”, J. Biol.

Chem., Vol. 277, pp. 31079-31088.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


