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Abstract

Calpain, a calcium activated neutral protease, is involved in mediating neurotoxicity resulting from conditions of

oxidative stress and free radical formation, such as hypoxia and ischemia. Nitric oxide (NO) may also be involved in

modulating the cytotoxic effects of oxidative stress. We investigated the roles of reduced glutathione (GSH), oxidized

glutathione (GSSG), and NO in modulating calpain activity in PC12 cells. Cell extracts were treated with GSSG, GSH, or the

NO-donor S-nitroso-N-acetylpenicillamine. Calpain activity was determined by means of a fluorescent assay. Non-linear

regression analysis was used to determine the type of inhibition (competitive, uncompetitive, or non-competitive). GSH

displayed uncompetitive inhibition, with Ki¼ 7.0 ^ 2.0 mM (Mean ^ SEM) while GSSG exhibited competitive inhibition

withKi¼ 2.5 ^ 0.3 mM. NO was an irreversible inhibitor of calpain activity. These results suggest that both GSH and GSSG

may be important physiological modulators of calpain activity. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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Calpains are a family of calcium activated neutral

cysteine proteases that serve important intracellular signal-

ling functions. Interest in the modulation of calpain activity

has been spurred by work demonstrating its involvement in

mediating neurotoxic events. Previous studies show that

calpains play critical roles in mediating apoptosis [1] and

necrosis [9], as well as delayed cytotoxicity resulting from

hypoxia [7] and ischemia [10].

Calpains exist in at least two ubiquitous forms with m-

calpain being activated by micromolar concentrations of

calcium, and m-calpain requiring millimolar calcium

concentrations to remain in an active form. A muscle-speci-

fic form of calpain, p94, has also been described which has

intermediate calcium requirements for activation [16]. An

endogenous calpain inhibitor protein, calpastatin, is also

ubiquitously expressed [11].

Studies with papain-like cysteine proteases demonstrate

that several intracellular regulators modulate their activity.

These regulators include nitric oxide (NO) [19], reduced

glutathione (GSH) and oxidized glutathione (GSSG) [4]

and s-nitrosothiols [20]. Some of these regulators are

known to undergo changes in their levels of expression

during conditions of oxidative stress, such as during hypoxia

and ischemia [17]. Given the critical role of calpains in

mediating cell death, we examined whether GSH and/or

GSSG or NO modulate calpain activity as a first step in

understanding the mechanisms involved in oxidant-induced

cytotoxicity. Several studies [4,8,19,20] investigated the

roles of GSH/GSSG on calpains or closely related cysteine

proteases from different cell types, but with varying results.

So far no studies have focused on the effects of these puta-

tive modulators on calpain activity in rat pheochromocy-

toma cell lines (PC12).

Cell culture reagents were obtained from Invitrogen,

Carlsbad, CA. All other reagents were obtained from

Sigma, St. Louis, MO. For these experiments, PC12 cells

were cultured in RPMI 1640 with l-glutamine supplemen-

ted with 5% fetal bovine serum, 10% heat-inactivated horse

serum, and 50 mg/l gentamicin at 378C, 5% CO2. Cells were

detached with 3 mM EDTA and harvested by centrifuga-

tion. Cell pellets were suspended in 400 ml extraction buffer

containing 30 mM Tris (pH 6.8), 15 mM EDTA, 5 mM

EGTA, 0.1 mg/ml PMSF, 0.1 mg/ml AEBSF, and 1% Triton

X-100. After one cycle of freeze-thaw, the extract was

centrifuged at 14 000 £ g for 20 min at 48C, and the super-
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natant used for the assays. The protein concentration of the

supernatant was approximately 2 mg/ml.

Calpain-related enzymatic activity was measured using

the fluorescent calpain peptide substrate N-succinyl-leu-

tyr 7-amino-4-methylcoumarin as previously described

[3]. Five different substrate concentrations (0, 4, 16, 48,

144 mM) and five different inhibitor concentrations (0,

0.1, 1, 5 and 10 mM) for GSH, were used for kinetic deter-

minations. For GSSG assays, seven substrate concentrations

were used (0, 20, 40, 60, 120, 180, 360 mM) and seven

concentrations of GSSG (0, 0.2, 0.32, 1, 1.6, 5 and 10

mM). The reaction was initiated by the addition of 5 ml of

cell extract to the wells.

Fluorescence was measured on a SpectraMAX Gemini

spectrofluorometer (Molecular Devices, Sunnyvale, CA)

using the SoftMax PRO software program for data capture

and slope determination. Data consisting of relative fluores-

cence units (RFU) was obtained every 2 min for 1 h. Data

was analyzed based on initial rate, defined as the slope of the

linear increase of the obtained RFU value up to a maximum

of 10 min. Data from n ¼ 7 (GSSG and GSH) separate

experiments per inhibitor was used for kinetic analysis.

Each experimental point was determined as the mean of

six replicates. Maximal rate was obtained in the presence

of 4 mM calcium.

Steady state kinetic data were fit to a series of model

equations describing competitive, non-competitive, and

uncompetitive inhibition. Regression with an adaptive

non-linear squares algorithm was employed for the analyses

utilizing NLREG software, written by Phillip H. Sharrod

[2]. Model sufficiency was evaluated based on parameter

convergence with a tolerance factor of 1 £ 10210, the overall

F-value for the regression, and the magnitude and sign of

the parameters obtained after convergence.

We chose the following sets of kinetic equations based on

the assumption that GSH and GSSG might interact with the

enzyme at the active site and would therefore inhibit product

formation. To account for the fact that cell extracts obtained

on different days may have contained slightly differing

amounts of enzyme activity, the kinetic parameters were

based on the ratio r:

r ¼
Vi

Vm

where Vi is the velocity in the presence of the inhibitor and

Vm is the velocity in the absence of the inhibitor. This

scheme is a modification of a previously described method

useful in characterizing enzyme kinetics using fluorescence-

based techniques [15].

We used the following equations in our kinetic analyses

to represent the competitive, uncompetitive, and non-

competitive inhibition.

r ¼
A 1 Ka

A 1 Ka 1 1
I

Ki

� � ðCompetitive InhibitionÞ

r ¼
A 1 Ka

A 1 1
I

Ki

� �
1 Ka

ðUncompetitive InhibitionÞ

r ¼
A 1 Ka

A 1 1
I

Kii

� �
1 Kia 1 1

I

Kis

� � ðNon 2 competitive InhibitionÞ

where Ka is the Michaelis–Menten constant, Ki is the disso-

ciation constant for the enzyme-inhibitor complex, Kia is the

dissociation constant for the enzyme-substrate complex, and

Kii is the dissociation constant for the enzyme- substrate-

inhibitor complex.

GSH and GSSG inhibited total calpain activity uncompe-

titive and competitive manners respectively, with

Ki ¼ 7.0 ^ 2.0 mM (Mean ^ SEM) for GSH and

Ki ¼ 2.5 ^ 0.3 mM for GSSG (Mean ^ SEM) with P-

values of , 0:0001 for the non-linear regressions. Since

the cell extraction procedure results in a 240-fold dilution

of the cytosol volume used for enzyme assay, the maximal

amount of residual GSH or GSSG in the assay system would

have been ,20 mM, which might have introduced a small

downward bias error in the final Ki values.

It is possible that the uncompetitive inhibition of GSH

might be due to an interaction with residual calpastatin.

However, since both calpastatin and GSH occur in cells, it

does not diminish the validity of the results, which will need

to be extended to define the mechanism of inhibition.

To assure that changes in calpain activity was not due to

decreases in calpain, protein extracts was treated with

GSSG or GSH (10 mM) for 5 min. Protein extracts were

loaded onto 8% Tris/Glycine gels (Invitrogen, Carlsbad,

CA) for a total of 15 mg of protein per lane. Loading buffer

was then added to the samples, which were boiled for 3 min.

Gel electrophoresis was performed for 2 h at 126 V. Proteins

were transferred onto nitrocellulose membranes at 26 V for

90 min. Membranes were blocked for 1 h in a casein block-

ing buffer, then incubated overnight in mouse anti m-calpain

and anti-m-calpain primary antibody (Affinity Bioreagents,

Golden, CO) and washed and incubated with horseradish

peroxidase conjugated secondary antibody (Jackson

Laboratories) for 2 h. Protein bands were developed with

H2O2 and diaminobenzidine with cobalt chloride enhance-

ment and band density analyzed using NIH image after

scanning. The results are shown in Fig. 1. Neither GSH

nor GSSG at 10 mM exposure resulted in any alteration in

m-calpain or m-calpain levels, nor any change in protein

mobility on the gel.

To test the effect of NO on calpain activity, the NO-donor

S-nitroso- N-acetylpenicillamine (SNAP) at varying

concentrations was used in the same experimental paradigm

except that extracts were pre-incubated with the agent at

room temperature for 5 min. The activity assays were run

using low and high concentrations of calcium to preferen-

tially activate m-calpain or both isoforms respectively. The

results of these experiments are shown in Table 1. Para-
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meters resulting from an ANOVA were used to test for

significant differences in the means, with the significance

level adjusted to P , 0:01 due to multiple means testing.

To assess the effect of intrinsic NO production on calpain

activity, cells were treated with the non-specific NO synthase

inhibitor N-methyl-L-arginine (NMLA) (1mM) and incu-

bated for 10 min at room temperature, followed by extract

preparation and assay. There was no alteration in calpain

activity under these conditions, as shown in Table 1.

Both GSH and GSSG are inhibitors of calpains at concen-

trations found in cell cytoplasm, suggesting that the regula-

tion of calpain activity is a complex process which may not

depend solely on the endogenous inhibitor calpastatin. The

current results may serve to explain why, under certain

conditions, oxidative stress appears to inhibit calpain activ-

ity in calcium-permeabilized cells, [5,6] whereas in other

studies increases in calpain-induced alterations in cell struc-

ture [12] and cell death occur after exposure to pro-oxidants

which can be prevented by treatment with calpain inhibitors

or GSH. In PC12 cells, oxidative stress is known to activate

calpain activity under conditions resulting in GSH deple-

tion, though the mechanism is unknown [13]. Taken

together with the current results, one explanation for pro-

oxidant mediated cell injury may be depletion of GSH and

or GSSG with subsequent activation of calpain-mediated

proteolysis. This in turn suggests that GSH may be playing

a dual role, under some conditions protecting calpain from

oxidative inhibition, and in other conditions acting as a

negative modulator of activity.

SNAP-associated inhibition of calpain activity was steep

and complete, occurring at concentrations between 100 nM

and 1 mM. The complete abolition of any calpain activity at

the higher concentration of the agent, the maintenance of

inhibition at assay time points as long as 1 h after addition of

the agent, well after any additional NO production by the

agent should have ceased, and the lack of effect of increas-

ing calcium concentrations on calpain activity suggests that

NO-mediated inhibition under these conditions was not

reversible. The current results support previous work

providing evidence for NO-mediated irreversible inhibition

of m-calpain [8].

To determine if basal production of NO might have

altered calpain activity, cells were treated with an NO

synthase inhibitor prior to extraction. Since extract obtained

from these cells had the same calcium-stimulated calpain

activity as untreated cells, we conclude that basal NO does

not significantly alter calpain activity within the resolution

limits of the assay.

Levels of GSH and GSSG in rat neurons and glia have

been estimated to be in the range of 2.5 mM and 3.8 mM

respectively [14]. The current results suggest that under

physiological conditions, GSH and GSSG may play a role

in modulating calpain activity, while basal NO production is

not involved in this modulation. GSH, and to a lesser extent

GSSG may also function as reversible inhibitors of other

proteinases [18]. This introduces the possibility that GSH

and GSSG may play a role in modulating not only calpain-

associated protease activity, but also the activity of non-

cysteinyl proteases.
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Table 1

Effects of SNAP and NMLA on Calpain Activitya

Calcium (mM)

SNAP log(nM) 0.00 0.14 1.40
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4 8472 (243) 8381 (192)* 10566 (248)*

NMLA 1 mM 10850 (735) 27103 (720) 33055 (1575)

a Data expressed as Vmax (RFU/min). *Significantly different

from control, P , 0:01 n ¼ 4–6.

Fig. 1. Representative Western blot of m-calpain and m-calpain

after exposure of extract to 10 mM of either GSH or GSSG for 5

min. Results of density measurements from three separate

experiments are as follows, expressed as density units ^ SEM.

Control, GSH, and GSSG, respectively: m-calpain, 46.1 ^ 2.0,

45.5 ^ 1.6, and 37.0 ^ 4.5; m-calpain, 49.0 ^ 10.3, 44.0 ^ 7.6,

and 41.00 ^ 8.4. No significant differences in the means were

found under either experimental condition, P . 0:21 using para-

meters derived from ANOVA.
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