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Abstract

Selenium compounds, such as sodium selenite and Ebselen were shown to increase high affinity ryanodine binding to the skeletal

muscle type ryanodine receptor (RyR1) at nanomolar concentrations, and inhibit the receptor at low micromolar concentrations. This

biphasic response was observed in both concentration and time-dependent assays. Extensive washing did not reverse either the stimulation

or suppression of receptor binding, but both were prevented or reversed by addition of reduced glutathione, GSH. Selenium compounds

were also shown to induce Ca2þ release from the isolated sarcoplasmic reticulum vesicles. Sodium selenite and Ebselen stimulated the

skeletal muscle ryanodine receptor by oxidizing 14 of 47 free thiols per monomer on RyR1 (as detected with the alkylating agent 7-

diethylamino-3-(40-maleimidylphenyl)-4-methylcoumarin) (CPM). Oxidation of the remaining thiols by these selenium compounds

resulted in inhibition of the ryanodine receptor.
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1. Introduction

The calcium release channel/ryanodine receptor (RyR)

is a multi-ligand modulated ion channel, which rapidly

releases Ca2þ from sarcoplasmic reticulum (SR) to initi-

ate muscle contractions. It has been demonstrated that the

skeletal muscle RyR, RyR1, is modulated by such thiol-

reactive agents as glutathione, dithiothreitol (DTT), por-

phyrins, and quinones [1–3]. Oxidation of critical thiols

on the RyR1 opens the Ca2þ release channel, while

reduction of the disulfides formed closes the channel

back down [3]. Recent findings support a model in which

the local redox environment influences the sensitivity of

RyR1 to activation [4–6]. Moreover, oxidants have been

shown to exert biphasic control over the Ca2þ release

channel. At low concentrations, the Ca2þ release mechan-

ism is activated, while at higher concentrations it is

inhibited [2,7].

Low concentrations of selenium (Se) are essential for the

synthesis of selenocysteine-containing enzymes such as

glutathione peroxidase and thioredoxin reductase [8,9].

Deficiencies in Se have been linked to White Muscle

Disease in animals and Keshan disease, endemic cardio-

myopathy, muscular dystrophy, and cardiovascular disease

[10,11] in humans. An excess of Se is also toxic to both

animals and man. Many Se compounds are potent oxidants.

An excess of Se is likely to create an over oxidized

environment in cells and cause cell dysfunction and apop-

tosis [10]. It has been shown that almost one-third of the Se

in the body is in muscle [12]. The effects of Se on muscle

function have been controversial. Sodium selenite and

Ebselen, both used extensively in this study, were reported

to exert both negative and positive inotropic effects on

cardiac muscle contractions in a concentration-dependent

manner, and these effects were not reversed by washing
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[13–15]. Moreover, in adult mongrel dogs the intravenous

administration of 2 mg/kg sodium selenite produced an

initial increase in cardiac output followed by a decrease in

output [16]. In skeletal muscle, sodium selenite has also

been shown to be potent in inducing contraction of the

mouse diaphragm in a biphasic manner [17], which was not

affected by the external Ca2þ concentration. These findings

suggest that the Se-dependent contraction was induced by

the release of Ca2þ from internal Ca2þ pools, such as the

SR. Lin-Shiau et al. [18] observed that pretreatment with

reduced glutathione (GSH) blocked the sodium selenite

evoked contraction. They, therefore, postulated that the

sodium selenite induced contraction was caused by an

interaction with sulfhydryl groups on the calcium release

channel complex, which somehow triggered the release of

Ca2þ from the SR [18]. However, selenium’s interaction

with the Ca2þ release channel of SR has not previously

been directly studied.

In this manuscript, we demonstrate for the first time that

selenium compounds, including sodium selenite and Ebse-

len, stimulate calcium release from isolated SR vesicles,

and increase high affinity ryanodine binding at concentra-

tions from 10 nM to 1 mM. At higher concentrations, they

inhibit the ryanodine receptor. This pattern of a biphasic

stimulation and inhibition of the ryanodine receptor is

similar to that seen with other thiol oxidants [2,7]. Se-

dependent stimulation and inhibition of RyR1 were pre-

vented by GSH and the thiol alkylating agent, CPM. The

number of free thiols on the RyR1 (�47) decreased rapidly

in a Se concentration-dependent fashion. The Se-depen-

dent oxidation of one class of reactive thiols appears to

stimulate the Ca2þ release channel, while oxidation of a

second class of thiols induced by exposure to higher

concentrations of selenium compounds appears to close

the receptor down.

2. Materials and methods

2.1. Materials

Synthesis of D,L-40-seleninylphenylalanine was as

described by Ganther [19]. Benzeneseleninic acid was

purchased from Aldrich Chemical. [3H]-Ryanodine was

purchased from Perk-Elmer Life Sciences. CPM was

purchased from Molecular Probes. All other chemicals

were purchased from Sigma Chemical Co.

2.2. Isolation of SR membrane vesicles

SR was isolated from back and leg skeletal muscle from

New Zealand White rabbits by the method of MacLennan

with small modifications [20]. Fifty micromolar dithio-

threitol and 0.2 mg/ml leupeptin were added to all buffers

except for the final SR resuspension buffer. Samples were

stored in liquid N2.

2.3. Isolation of the purified RyR1

RyR1 was isolated from SR vesicles by a modification of

the method of Lai et al. [21]. Thirty milligrams of SR were

incubated with 10 ml of buffer containing 1 M NaCl,

150 mM CaCl2, 100 mM EGTA, 25 mM PIPES, 1.6%

CHAPS, 3 mg/ml PC, 0.5 mM PMSF, 1 mM DTT,

0.2 mg/ml leupeptin for 2 h on ice. It was then centrifuged

at 100,000 � g for 60 min at 4 8C. The supernatant was

placed on a 5–20% continuous sucrose gradient containing

1 M NaCl, 40 mM Tris, 0.9% CHAPS, 4 mg/ml PC,

150 mM CaCl2, 100 mM EGTA, 1 mg/ml leupeptin and

500 mM DTT and centrifuged at 25,000 rpm for 16 h in

a Beckman SW28 swinging bucket rotor. Fractions were

collected and stored in liquid N2.

2.4. [3H]-Ryanodine binding experiments

Binding of [3H]-ryanodine was carried out according to

the method of Pessah et al. [22]. SR vesicles (0.1 mg protein/

ml) were incubated with Se compounds at the designated

concentrations in 1 ml of assay buffer containing 250 mM

KCl, 15 mM NaCl, 20 mM PIPES, 99 mM CaCl2, 50 mM

EGTA, 1 nM [3H]-ryanodine, and 14 nM ryanodine, pH 7.1

at 30 8C for 6 h. Each assay was performed in duplicated and

repeated at least three times. The free Ca2þ concentrations,

in the presence of 50 mM EGTA, were calculated by Win-

Maxc [23]. The binding reaction was quenched by rapid

filtration through Whatman GF/B filters mounted on a 24-

well Brandel Cell Harvester. Filters were rinsed three times

with a wash buffer containing 50 mM Ca2þ, were then put

into scintillation vials, filled with scintillation fluid, shaken

overnight, and counted the following day.

2.5. Measurement of Ca2þ fluxes

Ca2þ fluxes across SR vesicles were monitored using a

dual wavelength spectrophotometer [24] by measuring the

differential absorbance changes of antipyrylazo III (APIII)

at 720–790 nm. Ca2þ uptake into SR vesicles (0.2 mg/ml)

was carried out in a buffer containing 100 mM KCl,

20 mM HEPES, 1 mM MgCl2, 20 uM free Ca2þ, and

200 uM APIII. Ca2þ uptake was initiated with the addition

of 0.5–1 mM Mg2þ-ATP. Upon completion of Ca2þ

uptake, at which time the Ca2þ concentration had reached

a steady state, Ca2þ release was initiated by the addition of

various concentrations of Ebselen or sodium selenite. In all

experiments, the free extravesicular Ca2þ concentration

was measured as a function of time. The Ca2þ efflux rate

was determined from the initial slope of the extravesicular

Ca2þ concentration versus time.

2.6. Washing of SR

0.2 mg/ml SR was incubated in 10 ml of buffer contain-

ing 250 mM KCl, 15 mM NaCl, 20 mM PIPES, 99 mM
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CaCl2, 50 mM EGTA, pH 7.1 and the designated concen-

trations of Se for different periods of time. Samples were

incubated in sodium selenite for 30 or 120 min, or with

Ebselen for 10 or 60 min at room temperature. After the

incubation, treated SR samples were centrifuged in a Ti-60

rotor at 35,000 rpm for 30 min at 2 8C. The supernatants

were discarded and the pellets were rinsed and re-sus-

pended at 0.1 mg/ml SR. [3H]-ryanodine binding was then

measured as a function of time, as determined above, in the

absence of added Se.

2.7. CPM labeling

SR was labeled with 7-diethylamino-3-(40-maleimidyl-

phenyl)-4-methylcoumarin (CPM) as described by Xia and

coworkers [4]. SR at 0.1 mg/ml was incubated in buffer

containing 250 mM KCl, 15 mM NaCl, 20 mM PIPES,

1 mM CaCl2, 20 nM CPM, pH 7.1 at room temperature

with rigorous stirring for 3 min. The reaction was

quenched by addition of a 100-fold excess of glutathione

(2 mM), and EGTA was added to bring the free Ca2þ

concentration to 50 mM. Under conditions in which the

Ca2þ release channel is closed (1 mM Ca2þ), CPM binds

specifically to hyperreactive thiols. When this reaction is

carried out under conditions in which the Ca2þ channel is

open (50 mM Ca2þ), binding of CPM is slow, non-selective

[25], and does not block Se-dependent stimulation of

ryanodine binding. For those experiments carried out with

the isolated RyR1, CPM pretreatment was carried out with

10 mM CPM.

2.8. Protein free thiol measurement

0.25 mg/ml of the isolated RyR1 was incubated with

different concentrations of sodium selenite or Ebselen at

25 8C for 60 min in a buffer containing 250 mM KCl,

15 mM NaCl, 20 mM PIPES, pH 7.1. Ten micromolar

CPM was added to each assay solution and incubated

for 10 min. The fluorescence was then measured at an

excitation wavelength of 397 nm and an emission wave-

length of 465 nm. A standard calibration curve was gen-

erated by adding 10 mM CPM to known concentrations of

cysteine.

3. Results

3.1. Selenium compounds exert biphasic modulation

of the RyR1

Se compounds, including sodium selenite, Ebselen,

phenylalanine-40-seleninic acid (PSe), methylseleninic

acid (MSe), and benzene seleninic acid (BSe) were shown

to stimulate ryanodine binding at nanomolar concentra-

tions and to inhibit ryanodine binding at low micromolar

concentrations. This biphasic concentration dependence

was observed with both isolated SR vesicles (Fig. 1a

and Table 1) and with the isolated RyR1 (Fig. 1b). The

maximum stimulation of receptor binding occurs with

sodium selenite (a 2.8-fold enhancement of binding was
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Fig. 1. High affinity ryanodine binding is modulated by Na2SeO3 and

Ebselen. Ryanodine binding experiments were carried out in a standard

ryanodine binding buffer containing 250 mM KCl, 15 mM NaCl, 20 mM

PIPES, 99 mM CaCl2, 50 mM EGTA, 1 nM [3H]-ryanodine, and 14 nM

ryanodine, pH 7.1 at 30 8C for 6 h at a protein concentration of 0.1 mg/

ml, as described in Section 2. In (a), SR vesicles were incubated with

various concentrations of Na2SeO3 (*) or Ebselen (&) in the absence

(*, &) or following pretreatment with CPM (20 nM) (*, &) or 1 mM

GSH (~, Na2SeO3; !, Ebselen). In (b) binding measurements were

carried out with the purified ryanodine receptor under the same

conditions as indicated in (a), except that CPM and GSH treated

RyR1 were only shown in the presence of Na2SeO3. (*), Na2SeO3

as control; (&), Ebselen as control; (*), Na2SeO3 in the presence

of 10 mM CPM; (~), Na2SeO3 following pretreatment with 1 mM

GSH (n ¼ 6).

R. Xia et al. / Biochemical Pharmacology 67 (2004) 2071–2079 2073



observed). The degree of stimulation is defined as the

maximum ryanodine binding in the presence of the Se

compound divided by control binding (in the absence of

Se). BSe had the lowest EC50 (30 nM), followed by PSe,

MSe, Na2SeO3, and Ebselen. Ebselen had the lowest IC50,

followed by BSe, PSe, Na2SeO3, and MSe.

The biphasic profiles of Se-dependent stimulation at low

concentrations and inhibition at higher concentrations

were also present in time-dependent ryanodine binding

experiments, as shown in Fig. 2. At stimulating concen-

trations of 1 mM of Na2SeO3 or 3 mM Ebselen only a time-

dependent enhancement of ryanodine binding was

observed. At inhibiting concentrations of 100 mM Na2SeO3

or 30 mM Ebselen, a rapid increase of ryanodine binding

was followed by a slower decrease of receptor binding.

3.2. The biphasic effects of selenium compounds were

prevented by GSH

Both the concentration-dependent stimulation and the

inhibition phases of equilibrium ryanodine binding

induced by Na2SeO3 and Ebselen were eliminated by

the presence of 1 mM of the thiol reducing agent GSH.

This was observed with either SR vesicles (Fig. 1a or

Table 1) or the isolated RyR1 (Fig. 1b). Time-dependent

stimulation followed by inhibition of ryanodine binding

was also eliminated by 1 mM GSH (data not shown). All of

the Se-containing compounds tested had no significant

affect on the Ca2þ dependence of ryanodine binding.

Neither, the EC50 or IC50 of Ca2þ-dependent ryanodine

binding was altered by any of the five selenium com-

pounds tested (data not shown). Previous studies have

shown that addition of some oxidizing agents such as

GSSG have no effect on the Ca2þ dependence of ryanodine

Table 1

Selenium compounds are potent activators and inhibitors of RyR1

Bmax (pmol/mg) Kd (nM) EC50 (mM) IC50 (mM) Degree of stimulation

Control 2.2 � 0.4 11.8 � 0.6 – – –

Na2SeO

3 mM 3.5 � 0.3 9.8 � 0.3 0.3 � 0.1 31 � 4 2.82 � 0.08

50 mM 2.0 � 0.4 10.9 � 0.3

þ1 mM GSH 2.3 � 0.3 11.1 � 0.4 25 � 4 100 � 11 1.37 � 0.04

Ebselen

3 mM 3.8 � 0.5 11.7 � 0.4 0.22 � 0.04 9 � 2 2.50 � 0.07

50 mM 0.76 � 0.06 15.3 � 0.6

þ1 mM GSH 2.0 � 0.2 12.2 � 0.5 12 � 3 80 � 6 1.12 � 0.03

PSe

0.1 mM 4.8 � 0.5 7.0 � 0.4 0.05 � 0.02 30 � 4 1.83 � 0.06

50 mM 2.9 � 0.6 6.4 � 0.3

þ1 mM GSHa 2.3 9.8 30 110 1.26

MSe

1 mM 3.8 � 0.4 8.1 � 0.5 0.29 � 0.05 0.8 � 0.1 1.80 � 0.0 6

50 mM 2.4 � 0.3 8.8 � 0.5

BSe

0.1 mM 3.25 � 0.08 15.7 � 0.5 0.03 � 0.01 12 � 2 1.44 � 0.05

5 mM 1.48 � 0.04 6.7 � 0.4

þ1 mM GSHa 2.1 10.9 10 45 1.15

EC50, IC50, and degree of stimulation were calculated from ryanodine binding experiments carried out as a function of selenium compound concentration.

Bmax and Kd were calculated from Scatchard plots. Binding experiments were carried out as a function of ryanodine concentration and were repeated at least

three times.
a n ¼ 2, these data sets are the average of two experiments.
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Fig. 2. Time-dependent ryanodine binding is modulated by Na2SeO3

and Ebselen. Time-dependent ryanodine binding was carried out in the

standard ryanodine buffer as described in Fig. 1, containing 0.1 mg/ml of

SR at 30 8C for up to 6 h. The reactions were stopped at the indicated time

points. Assays were carried out in the absence of selenium compounds

(*), or in the presence of 1 mM Na2SeO3 (&), 100 mM Na2SeO3 (&),

3 mM Ebselen (!), or 30 mM Ebselen (5) (n ¼ 4).
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binding [1,4], while other thiol oxidizing reagents, such as

hydrogen peroxide [7] and hypochlorous acid [26] sensi-

tize the receptor to activation at lower Ca2þ concentra-

tions.

Scatchard plots (Fig. 3) showed that the administration

of stimulating concentrations of either Na2SeO3 or Ebselen

resulted in an increase in Bmax, while addition of inhibiting

concentrations of these compounds resulted in a decrease

in Bmax. The affinity of the receptor for ryanodine, was not

significantly affected by the presence of Na2SeO3 or

Ebselen.

3.3. Se compounds induced Ca2þ efflux from actively

loaded SR vesicles

In Fig. 4, the Ca2þ release rate induced by Ebselen was

measured from SR vesicles actively loaded with Ca2þ. The

concentration of Ebselen that stimulated the Ca2þ release

rate to 50% of maximum was 34 mM. The maximum initial

release rate induced by Ebselen was 12 nmol/mg/s.

Sodium selenite was more effective than Ebselen at indu-

cing rapid release of Ca2þ from actively loaded SR vesi-

cles. Addition of 2 mM Na2SeO3 induced Ca2þ release at
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Fig. 3. Scatchard plots in the presence of Na2SeO3 or Ebselen. Scatchard plots were derived from concentration-dependent ryanodine binding assays to SR in

the absence (*), or presence of 3 mM Na2SeO3 (&), 50 mM Na2SeO3 (&), 3 mM Ebselen (~), or 30 mM Ebselen (~). The x-intercept is Bmax, while the

inverse slope is Kd. The ryanodine binding conditions are described in Section 2 (n ¼ 4).
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Fig. 4. Ebselen induced Ca2þ release from SR vesicles. The initial Ca2þ release rate from actively loaded SR vesicles was plotted vs. Ebselen concentration

(*), in the presence of 5 mM ruthenium red (*), 2.2 mM Mg2þ (~), or in the presence of 100 mM GSH (&). The results were presented as the mean � S:E:

(n ¼ 5). The measurements were carried out as described in Section 2.
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an initial rate of 54 nmol/mg/min (not shown). Addition of

100 mM GSH inhibited the release rate induced by addition

of 40 mM Ebselen to �7% of the control. Additions of

other RyR1 inhibitors, such as 2.2 mM Mg2þ or 5 mM

ruthenium red, inhibited the release rates to �45 or �33%

of the control, respectively.

3.4. Selenium-dependent stimulation of RyR1 was not

reversed by washing

To determine if washing reversed selenium-dependent

enhancement of ryanodine binding, time-dependent rya-

nodine binding experiments were carried out following

exposure to either Na2SeO3 (Fig. 5a) or Ebselen (Fig. 5b).

The SR was then spun down and resuspended in a buffer

containing no selenium compound. Ryanodine was then

added and the time dependence of ryanodine binding was

examined. As shown in Fig. 5, controls show a time-

dependent increase in binding of ryanodine, but no inacti-

vation of the receptor is observed. In the presence of either

50 mM Na2SeO3 or 30 mM Ebselen a rapid activation phase

is followed by an inhibition of receptor binding. Removal

of free Na2SeO3 or Ebselen by centrifugation and washing,

following exposure to Na2SeO3 for 30 min or Ebselen for

10 min, resulted in a time-dependent stimulation phase

somewhat similar to control binding with a complete loss

of time-dependent inhibition of receptor binding. However,

exposure for longer periods of time (Na2SeO3—4 h or

Ebselen—1 h) resulted in an overall inhibition of receptor

binding, which was not reversed by removal of the free

selenium compound. It is clear that both the effects of

stimulation and inhibition of Na2SeO3 and Ebselen were

not removed by washing.

3.5. Selenium compounds oxidized the RyR1

functional thiols

In ryanodine binding experiments, pretreatment of either

the SR (Fig. 1a) or the isolated receptor (Fig. 1b) with CPM

prevented stimulation of the receptor by Se compounds.

Treatment with CPM in the absence of either Na2SeO3 or

Ebselen had no affect on ryanodine binding. However, as

shown in Fig. 6a, treatment of the RyR1 with either

Ebselen or Na2SeO3 resulted in a concentration-dependent

loss of CPM titratable thiols. These results suggest that

reactive thiols on the RyR1 are involved in selenium-

dependent stimulation of the receptor. In the absence of

selenium-containing compounds, the RyR1 contained an

average of 47 � 5 free thiols. This number decreased at low

concentrations of either Na2SeO3 or Ebselen. At concen-

trations above 30 mM of either Na2SeO3 or Ebselen, almost

all CPM detectable free thiols were oxidized and equili-

brium ryanodine binding was reduced to negligible levels.

The concentration of Na2SeO3 that resulted in loss of 50%

of the free thiols on RyR1 was 0.7 mM, while the IC50 for

Ebselen was 14 mM.

4. Discussion

Selenium compounds have been shown to cause an

increase in the intracellular Ca2þ concentration, to stimu-

late and inhibit muscle contracture, and to induce cell

apoptosis [27,28]. However, the direct effects of selenium

compounds on the ryanodine receptor have not previously

been studied. In this paper, we demonstrate for the first

time that selenium compounds affect Ca2þ homeostasis by

directly interacting with the calcium release channel in

skeletal muscle sarcoplasmic reticulum. The present study

reveals that selenium compounds oxidize functional thiol

groups of the RyR1, which results in a biphasic modulation

of the Ca2þ release protein/ryanodine receptor.
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Fig. 5. The effects of Na2SeO3 and Ebselen were not reversed by washing.

In (a) SR vesicles were treated in the absence (*), or presence of 50 mM

Na2SeO3 (&), and ryanodine binding was measured as a function of time

as in Fig. 2. Samples were exposed to Na2SeO3 for either 30 min (~) or

4 h (!). They were then pelleted by centrifugation, washed and exposed to

[3H]-ryanodine for various period of time. In (b) SR were treated in the

absence (*) or presence of 30 mM Ebselen (&). They were then

centrifuge, washed, following an incubation time of 10 min (~), or 1 h

(!) (n ¼ 3).
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4.1. Biphasic modulation of RyR1

Many selenium compounds are strong oxidants. Pre-

vious studies have shown that selenium compounds

induced skeletal muscle contraction in a biphasic manner

[17,18]. The mechanism by which these compounds

affected cytosolic Ca2þ homeostasis and muscle function

can be explained by their interaction with the RyR1.

Figs. 1–3 and Table 1 showed that Na2SeO3, Ebselen,

PSe, MSe and BSe, exert similar biphasic concentration-

and time-dependent effects on the RyR1. These com-

pounds were very potent. The EC50 for each of these

compounds were in the nanomolar concentration range.

The most effective stimulator of the RyR1 was BSe with an

EC50 of 30 � 10 nM. The biphasic effects indicate that Se

compounds interact with the RyR1 at two distinct classes

of sites—high affinity site(s), which stimulate the receptor,

and low affinity site(s), which closes down the receptor.

The increase in ryanodine binding induced by selenium

compounds was caused by an increase in the number of

available receptor binding sites, Bmax, not by a change in

the affinity of these sites for ryanodine, Kd (Fig. 3 and

Table 1). Both Ebselen and Na2SeO3 (not shown) triggered

Ca2þ release from actively loaded SR vesicles (Fig. 4).
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Fig. 6. Na2SeO3 and Ebselen modulate ryanodine binding to purified RyR1 by oxidizing free thiols. The number of thiols per monomer of RyR1 was

determined by addition of 10 mM CPM to RyR1 (0.25 mg/ml) following pretreatment with varying concentrations of either Na2SeO3 (*, &) or Ebselen (*,

&) as described in Section 2. In (a) the number of free thiols/monomer was plotted vs. the concentration of either Na2SeO3 (*) or Ebselen (*) (left y-axis).

The amount of bound ryanodine was also plotted vs. the concentration of Na2SeO3 (&), or Ebselen (&) (right y-axis). In (b) ryanodine binding was plotted

vs. the number of oxidized thiols following treatment with different concentrations of Na2SeO3 (*) or Ebselen (*). The data presented in (b) were derived

from the data shown in (a).
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In ryanodine binding assays using isolated RyR1 (Fig. 1b),

Na2SeO3 and Ebselen also displayed a biphasic concentra-

tion-dependent stimulation and inhibition of the receptor in

a manner similar to experiments carried out with SR

vesicles (Fig. 1a). It appears as if the sites responsible

for stimulation and inhibition of the RyR1 are localized on

the receptor protein or a protein that co-purifies with it (i.e.

FKBP12). The previously observed effects of selenium

compounds on cardiac muscle [13–16], and skeletal mus-

cle [17] contractility, and the observed rise in intracellular

Ca2þ concentrations appear to be caused by oxidation

of reactive thiols localized on the ryanodine receptor

described in this manuscript.

Comparing Fig. 1a and b, it is observed that Ebselen is a

more effective inhibitor of binding to the SR, while

Na2SeO3 is more effective at inhibiting ryanodine binding

to the isolated RyR1 at high concentrations. The IC50s for

these two selenium compounds are in reversed order: IC50

for Na2SeO3 (31 mM) is higher than that of Ebselen (9 mM)

in Fig 1a, but is lower than that of Ebselen in Fig. 1b (7 mM

versus 16 mM). This difference may be due to an altered

protein conformation in the isolated RyR1 sample, or it

may reflect an alteration in the ability of these compounds

to transfer electrons in the native versus the isolated

receptor environment.

4.2. Se modulates the RyR1 by oxidizing two groups

of the RyR1 functional thiols

The skeletal muscle ryanodine receptor contains 101

cysteine residues per monomer, about half of which readily

react with monobromobimane [6] or CPM. Reagents that

oxidize sulfhydryl groups have been shown to stimulate

RyR1, while thiol reducing agents close down the Ca2þ

release channel and inhibit ryanodine binding [1,2,4,6,29].

In this paper, it was demonstrated that the number of

reactive thiols on the RyR1 decreases as the concentration

of selenium compounds increase. In a manner similar to

that observed by Sun et al., redox active molecules such at

oxidized glutathione, nitric oxide, and increased oxygen

tension stimulate the ryanodine receptor by interacting

with a class of reversible thiols. However, more extensive

oxidation irreversibly inhibits the ryanodine receptor [6].

Selenium compounds tested in this study exerted bipha-

sic control of the RyR1, in a manner similar to other

oxidizing agents including naphthoquinines, oxidized glu-

tathione, H2O2 [1,2,7], and HOCl [26]. The data presented

in this paper strongly suggest that these compounds mod-

ulate the RyR1 channel and muscle contractility by oxidiz-

ing functional thiols on the RyR1. This is supported by the

following observations:

(1) GSH strongly inhibits selenium-dependent modifica-

tion of the RyR1 (Figs. 1a, b and 2 and Table 1) in

both concentration and time-dependent measurements

of ryanodine bindings. The EC50 and IC50 for

selenium-dependent stimulation and inhibition of the

receptor shifts to much higher concentrations in the

presence of 1 mM GSH. GSH either maintains these

thiols in a reduced state or it directly interacts with the

added selenium compounds (Table 1).

(2) In the presence of GSH, the measured values of Bmax

for selenium-dependent stimulation comes back to

that of the control (Table 1), and Ca2þ release from

SR vesicles induced by Ebselen is inhibited (Fig. 4).

(3) Although Na2SeO4 is more oxidized than Na2SeO3, it

is known not to oxidize thiols, and it has been

observed not to affect ryanodine receptor binding (not

shown).

(4) CPM, by alkylating free thiols on the RyR1, prevents

oxidation of these thiols and prevents stimulation of

the receptor by Na2SeO3 or Ebselen (Fig. 1).

(5) Centrifuge washing does not reverse the Se-dependent

effects since washing cannot reduce disulfide bonds.

It appears as if short-term exposure of the SR to either

Na2SeO3 or Ebselen results in the oxidation of thiols

associated with activation of the receptor (14 thiols),

while long-term exposure results in the oxidation of a

second group of thiols that irreversibly inhibits the

receptor (33 thiols) (Fig. 6).

Selenium is a trace element, which is an essential com-

ponent of selenocysteine-containing enzymes such as glu-

tathione peroxidase and thioredoxin reductase. However, it

is toxic to humans at high doses. In skeletal muscle, Se-

containing compounds stimulate muscle contractions at low

concentrations, and inhibit contractility at higher concen-

trations. It is proposed on the basis of the work presented in

this paper, that the rise in intracellular Ca2þ concentration

previously observed [17] was caused by the direct interac-

tion between Na2SeO3 and the calcium release channel in

skeletal muscle SR. This hypothesis is supported by the

observations that selenite, selenate and selenomethione are

readily taken up or transported across erythrocytes and

plasma membranes. Moreover, most forms of selenium

restore glutathione peroxidase activity in muscle from Se-

depleted animals, which indicates that Se reaches intracel-

lular sites where protein synthesis occurs [30].

Our results demonstrate that, in skeletal muscle, the

calcium release channel/RyR1 is highly sensitive to oxi-

dative stress induced by low concentrations of selenium

compounds. While low (nanomolar concentrations) stimu-

late the ryanodine receptor (Ca2þ release mechanism),

higher concentrations close down the ryanodine receptor.

The oxidation of multiple thiols (14), responsible for

receptor stimulation, can be prevented by GSH.
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