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[3HlRyanodine binding to skeletal muscle and cardiac sarcoplasmic reticulum (SR) vesicles was compared 
under experimental conditions known to inhibit or stimulate Ca 2+ release. In the skeletal muscle SR, 
ryanodine binds to a single class of high-affinity sites (K d of 11.3 nM). In cardiac SR vesicles, more than 
one class of binding sites is observed (K d values of 3.6 and 28.1 nM). Ryanodine binding to skeletal muscle 
SR vesicles requires high concentrations of NaCI, whereas binding of the drug to cardiac SR is only slightly 
influenced by ionic strength. In the presence of 5'-adenylyl imidodiphosphate (p[NH]ppA), increased pH, 
and micromolar concentration of Ca 2+ (which all induce Ca 2+ release from SR) binding of ryanodine to SR 
is significantly increased in skeletal muscle, while being unchanged in cardiac muscle. Ryanodine binding to 
skeletal but not to cardiac muscle SR is inhibited in the presence of high Ca z + or Mg z + concentrations (all 
known to inhibit Ca 2+ release from skeletal muscle SR). Ruthenium red or dicyclohexylcarbodiimide 
modification of cardiac and skeletal muscle SR inhibit Ca 2+ release and ryanodine binding in both skeletal 
and cardiac membranes. These results indicate that significant differences exist in the properties of 
ryanodine binding to skeletal or cardiac muscle SR. Our data suggest that ryanodine binds preferably to 
site(s) which are accessible only when the Ca 2+ release channel is in the open state. 

Introduction 

The sarcoplasmic reticulum (SR) is a highly 
specialized membrane system in muscle cell, which 
regulates myoplasmic Ca 2 + levels, thereby control- 

Abbreviations: SR, sarcoplasmic reticulum; DCCD, di- 
cyclohexylcarbodiimide; Hepes, 4-(2-hydroxyethyl)-l-pipera- 
zineethanesulfonic acid; Pipes, 1,4-piperazinediethane- 
sulphonic acid; Mes, 4-morpholineethanesulfonic acid; Mops, 
4-morpholinepropanesulfonic acid; p[NH]ppA, 5"-adenylyl im- 
idodiphosphate. 

Correspondence: M. Miehalak, Department of Pediatrics, Uni- 
versity of Alberta, 6-106 Clinical Sciences Building, Edmonton, 
Alberta, Canada T6G 2G3. 

ling muscle contraction and relaxation [1]. Release 
of Ca 2+ from the SR triggers contraction while 
active Ca 2+ reuptake by the SR produces relaxa- 
tion [2]. SR Ca 2+ uptake, which is mediated by a 
membrane-bound CaZ+-ATPase, has been exten- 
sively studied in both cardiac and skeletal muscle 
[1-5]. On the other hand, the mechanism by which 
Ca 2+ is released from SR is not well understood 
[6,7]. A number of experimental models of Ca 2+ 
release have been studied, using both skinned 
muscle fibers and isolated SR vesicles [6,7]. The 
available data suggest that CaZ+-induced Ca 2+ 
release or depolarization of the SR membrane 
may be the most likely candidates for the physio- 
logical mechanism by which Ca 2+ is released from 
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SR membrane [6,7]. Ca 2+ release from the SR 
membrane may also be induced by other means, 
such as pH changes [8], sulfhydryl group reagents 
[9], heavy-metal ions [9,10], and adenine nucleo- 
tides [12,13]. Ca 2+ release from the SR membrane 
can be effectively inhibited by Mg 2+ and micro- 
molar concentrations of ruthenium red [6,7]. 

Recent studies suggest that the cardiac and 
skeletal muscle SR has a ligand-gated Ca 2÷ release 
channel, which is influenced by ryanodine [14-16]. 
Ryanodine is a neutral plant alkaloid with pro- 
found effects on muscle [17]. It is a potent inhibi- 
tor of contractile tension development in cardiac 
muscle, whereas in vertebrate skeletal muscle, the 
drug produces irreversible contracture [17]. It has 
been suggested that ryanodine may interact with 
the Ca 2÷ release channel of the SR [16,18-23]. 
Purification of the ryanodine receptor from 
skeletal SR vesicles has been recently reported 
[21-23]. Solubilization of the ryanodine receptor 
from cardiac SR vesicles has also been reported 
[24]. 

Recent studies using radiolabelled ryanodine 
demonstrate that the drug binds to the SR isolated 
form skeletal or cardiac muscle [18-20]. Binding is 
Ca2+-dependent, and is inhibited by ruthenium 
red or dantrolene. Preliminary comparison be- 
tween ryanodine binding to cardiac and skeletal 
muscle SR have already been reported [19]. In this 
report we extend these observations by comparing 
ryanodine binding to cardiac and skeletal muscle 
SR vesicles under conditions known to influence 
Ca 2+ release activity from SR membranes. 

Experimental procedures 

Materials. [3H]Ryanodine was obtained from 
New England Nuclear, unlabelled ryanodine was 
a generous gift from Dr. K.P. Campbell of the 
University of Iowa, Iowa. Ruthenium red was 
from Fluke AG, Buchs, Switzerland. Dicyclohe- 
xylcarbodiimide (DCCD), Hepes, Pipes, Mes and 
p[NH]ppA were obtained from Sigma. 

Isolation of SR membranes. Rabbit skeletal 
muscle SR was isolated and fractionated into heavy 
and light SR vesicles according to the method of 
Meissner [25]. Cardiac SR was isolated from sheep 
heart by the procedure of Chamberlain et al. [26], 
and subsequently fractionated on discontinuous 

sucrose gradient. Fraction banding at the 
25%/28% and the 28%/36% sucrose interphases 
were collected as light and heavy cardiac SR 
vesicles, respectively. Protein concentration was 
determined according to Lowry et al. [27]. 

[3H]Ryanodine binding assay. The heavy frac- 
tion of cardiac or skeletal muscle SR membranes 
(at a protein concentration of 2 mg/ml) was in- 
cubated with 20 nM [3H]ryanodine (spec. act. = 
55.3 Ci/mmol), unless otherwise specified, in a 
standard binding solution containing 0.5 M NaC1, 
10 mM Pipes (pH 7.1) and 50/~M CaC12, for 2 h 
at 37 ° C. As indicated in some experiments, NaC1 
was substituted for 0.2 M sucrose. The unbound 
ryanodine was separated from the protein-bound 
ryanodine by filtration of protein aliquots (20-40 
/~g) through PHWP 0.3 /~m Millipore filters, fol- 
lowed by washing three times with 5 ml of un- 
labelled buffer containing 0.2 M NaC1, 10 mM 
Pipes (pH 7.1) and 50 /LM CaCI 2. The counts 
retained on the filters were determined using 
standard liquid scintillation counting techniques. 
Ca 2÷ dependence of ryanodine binding to SR 
vesicles was measured at different free Ca 2+ con- 
centrations using an Ca2+-EGTA buffer. The free 
Ca 2+ concentration was based on the EGTA as- 
sociation constant reported by Fabiato and 
Fabiato [28], and the calculation of free Ca 2 ÷ was 
accomplished by the use of a computer program. 
Specific binding of ryanodine is defined as the 
difference between total binding (with [3H]- 
ryanodine alone) and nonspecific binding (with 
[3H]ryanodine and 10 #M unlabelled ryanodine). 
Nonspecific binding was approx. 8-10% and 
10-15% of a total binding in skeletal muscle and 
cardiac SR vesicles, respectively. Results are the 
average of duplicate samples which differed by 
5-8%. 

Results and Discussion 

Ryanodine binding 
Ryanodine binding to the heavy fractions of 

cardiac and skeletal muscle SR membrane is shown 
in Fig. 1. Scatchard analysis of specific ryanodine 
binding to skeletal muscle SR reveals a single class 
of high-affinity binding sites with a K d of 11.3 
nM (Fig. 1B). Cardiac SR, however, yields nonlin- 
ear Scatchard plots, indicating the presence of 
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Fig. 1. Specific binding of [3H]ryanodine to cardiac (A) and skeletal muscle (B) SR vesicles. Ryanodine binding was carried out  as 
described under Experimental Procedures. For Scatchard insets, Bm~ x and bound ligand are given as p m o l / m g  protein, and K d as 

nM. 

multiple binding sites having greatly different af- 
finities for ryanodine (K d values of 3.6 and 28.1 
nM) (Fig. 1A). The nma x for skeletal muscle SR is 
10-times that of cardiac SR. Under optimal Ca 2÷ 
concentration, binding equilibrium is reached 
within 2 h at 37 °C (data not shown). The affinity 
of the receptor for ryanodine reported here, for 

both skeletal and cardiac SR, is much higher than 
that described previously [18,19]. This may result 
from differences in isolation of SR vesicles used 
by us and others [18,19]. Alternatively, it may also 
reflect differences in the conditions used for the 
ryanodine binding. 
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Fig. 2. Ca 2+ dependence of ryanodine binding to cardiac (A) and skeletal muscle (B) SR vesicles. Specific binding of ryanodine to SR 
vesicles and determination of free Ca 2 ÷ concentration was as described under Experimental Procedures. 
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Effects of  Ca 2+ and M g  2+ on ryanodine binding 
and Ca 2 + release 

Binding of ryanodine to the SR membranes 
requires the presence of Ca 2÷. Fig. 2 shows the 
Ca 2÷ dependence of ryanodine binding to both 
cardiac and skeletal muscle SR vesicles. The opti- 
mal concentrations of Ca 2÷ for ryanodine binding 
to skeletal muscle SR are in the range of 1-50 #M 
(Fig. 2B). Ryanodine binding to cardiac SR was 
maximal at 5 /~M [Ca2+], and in contrast to 
skeletal SR it did not decline at high Ca 2+ con- 
centrations (up to 5 mM). The dependence of 
ryanodine binding on Ca 2+ concentration is con- 
sistent with the observations of Pessah et al. [19]. 
We, as well as Alderson and Feher [29], however, 
did not observe a sharp decline in ryanodine bind- 
ing to cardiac SR vesicles at high Ca 2+ concentra- 
tions, as reported by Pessah et al. [19]. 

Mg 2+ at millimolar concentrations inhibits 
Ca 2+ release from skeletal muscle SR and to the 

TABLE I 

EFFECT OF Mg 2÷ A N D  R U T H E N I U M  R E D ON AL- 
KALINE p H - I N D U C E D  Ca 2 ÷ RELEASE F R O M  C A R D I A C  
OR SKELETAL SR VESICLES 

SR membranes  (5 m g / m l )  were passively loaded with 45CaC12 
in a solution containing 20 m M  Mops (pH 6.8), 100 mM  KCI 
and 5 m M  45CaC12, (5.107 c p m / m l )  for 2 h at 22°C.  Ca 2+ 
efflux was assayed by a 50-fold dilution of the loaded vesicles 
into a solution containing 100 mM  KC1, 1 m M  EGTA and 20 
m M  Mops (pH 6.8) or 20 m M  Tricine (pH 8.0) and the 
compounds  indicated in the table. Ca 2+ content was de- 
termined 20 s after dilution by filtering 200 #l samples through 
0.3 / tm nitrocellulose filters, and washing with 3 ml of a 
solution identical to the one used for dilution of the vesicles. 
Radioactivity on the filters was measured in a liquid scintilla- 
tion counter. Ca 2+ content of  the vesicles was 25.5 and 40 
n m o l / m g  protein for cardiac and skeletal membranes,  respec- 
tively. 

Condition Ca :  + release ( n m o l / m g  protein) 

cardiac SR skeletal SR 
vesicles vesicles 

pH 6.8 4.0 4.0 
pH 6.8 + Mg 2 ÷ (5 mM) 4.0 4.0 
pH 6.8 + ruthenium red 

(20 ~M) 3.5 3.0 
pH 8.0 15.5 27.0 
pH 8.0+ Mg 2+ (5 raM) 13.8 4.0 
pH 8.0 + ruthenium red 

(20/~M) 1.4 4.0 
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Fig. 3. Ryanodine binding to cardiac ( 0 )  and skeletal muscle 
(O) SR vesicles as a function of different Mg 2+ concentrations. 
Ryanodine binding to SR vesicles was carried out as described 
under Experimental Procedures at different Mg 2+ concentra- 

tions. 100% corresponds to binding in the absence of Mg 2 +. 

lesser extent from cardiac SR vesicles (Table I and 
Refs. 6, 7, 30 and 31). We, therefore, tested the 
effect of Mg 2+ on ryanodine binding to cardiac 
and skeletal muscle SR vesicles. Ryanodine bind- 
ing to skeletal muscle SR was sharply inhibited at 
millimolar concentrations of Mg 2÷, while binding 
to cardiac SR was only slightly inhibited by Mg 2÷ 
concentrations up to 50 mM (Fig. 3). Inhibitory 
effects of Ca 2+ and Mg 2+ on ryanodine binding to 
skeletal muscle SR presented in Figs. 2 and 3 were 
not due to the change in the K d of the binding but 
to the Bm~ x only (data not shown). The results 
presented in Table I and Fig. 3 indicate a signifi- 
cant difference in the mechanism by which Mg 2+ 
affects the ryanodine binding and Ca 2÷ release 
processes in these two muscle types. Combined 
with the observed effects of Mg 2+ on Ca 2÷ re- 
lease, they suggest that Mg a+ inhibition of 
ryanodine binding correlates with its inhibitory 
effects on Ca 2÷ release activity. The effect of 
Mg 2÷ on Ca 2+ release from skeletal muscle SR 
has been extensively studied [6,7]. It is suggested 
that Mg 2+ may compete with Ca 2+ for a binding 
to the Ca 2+ channel, thereby increasing the con- 
centration of Ca 2+ required to trigger Ca 2+ re- 
lease. Mg 2+ may also block the C a  2+ channel, as 
shown by a Mg2+-induced decrease in the maxi- 
mal rate of C a  z+ release at optimum C a  2+ c o n -  

c e n t r a t i o n .  



DCCD inhibition of Ca 2+ release and ryanodine 
binding 

DCCD is a potent inhibitor of Ca 2÷ release 
from SR vesicles [8,33,34]. Table II shows that 
DCCD modification of cardiac and skeletal SR 
vesicles inhibits both Ca 2 ÷ release and 
[3H]ryanodine binding in both membranes. 
Ryanodine binding was inhibited to a greater de- 
gree than C a  2÷ release activity (Table II). This 
may be due to the residual low concentrations of 
DCCD still present during the ryanodine-binding 
assay. DCCD inhibition of C a  2+ release induced 
by either alkaline pH or by external Ca 2+ was 
demonstrated previously for skeletal [8,32] and 
cardiac [34] SR vesicles. The inhibitory effect of 
DCCD on ryanodine binding may be due to its 
blockage of Ca 2+ release channel [8,33,34]. This 
would support our concept that ryanodine binding 
requires an open channel state. However, it is also 
possible that DCCD inhibition of ryanodine bind- 

TABLE II 

EFFECT OF DCCD - MODIFICATION OF SR MEM- 
BRANES ON Ca 2+ RELEASE AND [3H]RYANODINE-BI- 
N D I N G  ACTIVITIES 

Cardiac or skeletal SR membranes (1 mg/ml)  were incubated 
without (control) or with DCCD at 22 ° C  in a solution con- 
taining 20 mM Mes (pH 6.1), 100 mM KC1 and 0.5 mM 
EGTA. After 30 rain, the membranes were collected by centri- 
fugation at 100000 x g for 20 rain and the pellets were resus- 
pended in a solution containing 20 mM Mops (pH 6.8) and 
100 mM KC1 at a final concentration of 10 nag protein/ml.  
Ca 2+ release activity was measured as described in Table I. 
Ca 2+ content of the passively loaded vesicles (100%) was 66 
and 78 nm o l /m g  protein for cardiac and skeletal SR vesicles, 
respectively. [3 H]Ryanodine binding was assayed as described 
under Experimental Procedures. Ryanodine binding (100%) 
was 4.4 and 2.9 p m o l / m g  protein for cardiac and skeletal 
membranes, respectively. 

Membrane Ca 2+ released [3H]Ryano- 
per 30 s dine binding 
(% of control) (% of control) 

Cardiac SR 
control 85 100 
treated with DCCD (25/~M) 64 43 
treated with DCCD (50 #M) 44 22 

Skeletal SR 
control 75 100 
treated with DCCD (25 #M) 50 37 
treated with DCCD (50/~M) 31 20 

591 

ing may be a result of its direct effect on the 
ryanodine-binding site. 

Effects of NaCI and pH 
The effect of different NaC1 concentration on 

ryanodine binding to skeletal and cardiac muscle 
SR is shown in Fig. 4. Almost no binding of 
ryanodine to skeletal SR was obtained in the 
absence of NaC1. Under the same conditions, 
ryanodine binding to cardiac SR was about 80% 
of that observed in the presence of NaC1, indicat- 
ing that NaCI had little effect on ryanodine bind- 
ing to cardiac SR. The effects of monovalent 
cation on ryanodine binding are not clear. It may 
stimulate the binding either indirectly, by screen- 
ing fixed negative charges present in SR mem- 
branes [34] thereby affecting the ryanodine recep- 
tor, or directly by interacting with the receptor 
and stabilizing the ryanodine-receptor complex. 

An increase of the pH of the external medium 
stimulates Ca 2+ release from skeletal [8] and 
cardiac SR vesicles (Tables I and II). The effects 
of increasing pH on ryanodine binding to SR 
vesicles is shown in Table III. Ryanodine binding 
to both skeletal muscle and cardiac SR was in- 
creased as pH of the binding medium increased. 
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Fig. 4. NaCI concentration dependence of ryanodine binding 
to cardiac (o )  and skeletal muscle (o) SR vesicles. Ryanodine 
binding to SR vesicles was carried out as described under 
Experimental Procedures at different NaC1 concentrations. At 
low NaCl concentrations (0-100 raM), 0.2 M sucrose was 
included in the binding medium. 1005g corresponds to binding 

at 500 mM NaC1. 
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Effects of p[NHlppA 
Adenine nucleotides profoundly affect Ca 2+ re- 

lease from SR membranes by increasing the rate 
of Ca2+-induced Ca 2+ release [6,7]. We, therefore, 
tested the effects of p[NH]ppA on ryanodine bind- 
ing to SR vesicles. Increasing the concentration of 
p[NH]ppA resulted in a significant increase of 
ryanodine binding to skeletal muscle SR, but had 
no effect on ryanodine binding to cardiac SR (Fig. 
5). Recently, Campbell et al. [22] reported in- 
creased ryanodine binding in the presence of ATP 
to the immuno-precipitated ryanodine-binding 
protein from skeletal muscle SR. This effect of 
ATP cannot be due to ATP hydrolysis a n d / o r  
protein phosphorylation, since the stimulation of 
ryanodine binding is observed in the presence of 
nonhydrolyzable analog of ATP (p[NH]ppA) (Fig. 
5). The involvement of adenine nucleotides in 
C a  2+ release has been suggested for both skeletal 
and cardiac SR [5,6,12,13,30]. Adenine nucleo- 
tides, in millimolar concentrations, enhance the 
rate of Ca 2+ release from cardiac and skeletal 
muscle SR vesicles being more effective in stimu- 
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Fig. 5. Ryanodine binding to cardiac (o)  and skeletal muscle 
(e) SR vesicles in the presence of varying concentration of 
p[NH]ppA (AMP-PNP). Ryanodine binding to SR vesicles was 
carried out as described under Experimental Procedures. Free 
Ca 2+ concentration was kept at 50 #M, taking into account 
Ca 2+ bound to p[NH]ppA. 100% corresponds to binding in 

the absence of p[NH]ppA. 

TABLE III 

EFFECT OF INCUBATION pH ON RYANODINE BIND- 
ING 

SR membranes (2 mg/ml) were incubated with 20 nM 
[3H]ryanodine for 2 h at 37~C. Bound ryanodine was de- 
termined by Millipore filtration as described under Experimen- 
tal Procedures. At pH values from 6.1 to 7.5 and 8.0 to 8.6, 20 
mM Pipes or 20 mM Tris were used, respectively. The binding 
at pH 7.1 was taken as 100%. 

pH [3 H]Ryanodine binding (pmol/mg protein) 

cardiac SR skeletal muscle SR 

6.1 0.61 (33%) 0.33 (12%) 
6.5 1.50 (80%) 1.85 (68%) 
7.1 1.87 (100%) 2.70 (100%) 
7.5 1.64 (88%) 2.76 (102%) 
8.0 1.78 (98%) 3.09 (114%) 
8.6 2.04 (109%) 3.05 (113%) 

lating Ca 2+ release from skeletal than cardiac SR 
vesicles [30,31[. 

In this report, ryanodine binding to cardiac and 
skeletal muscle SR vesicles was compared under 
different experimental conditions. The ryanodine 
receptor is believed to be related to the SR Ca 2+ 
release channel [14-23]. We therefore, investigated 
ryanodine binding in the presence of Mg 2+, Ca 2+, 
p [NH]ppA,  different  pH values, and in 
DCCD-modified membranes, all of which are 
known to affect Ca z+ release from the SR mem- 
brane [6-8,32,33]. The binding of ryanodine to SR 
membranes appears to be dependent on whether 
the Ca 2+ release channel is present in an open or 
closed configuration. It is demonstrated in this 
study, that conditions which induce opening of the 
SR Ca 2 + channel, such as the presence of adenine 
nucleotides, elevated pH (>  6.8), and micromolar 
Ca 2+ concentrations, lead to an increased ryano- 
dine binding to cardiac and skeletal muscle SR. 
On the other hand, ryanodine binding to the SR 
vesicles is strongly inhibited by conditions that 
inhibit Ca 2+ release, such as high Ca 2+ concentra- 
tions, millimolar Mg 2+ concentrations, low pH 
(less than 6.8), micromolar concentrations of 
ruthenium red and DCCD modification of the 
membranes. These results indicate that ryanodine 
may be binding to site(s) which are accessible only 
in the open state of the Ca 2+ release channel. 

The differences in the class of binding sites, 



and inhibitory effects of Mg e÷ and Ca 2÷ on 
ryanodine binding, between cardiac and skeletal 
muscle SR vesicles reproted in this work indicate 
that not only the ryanodine receptor-Ca 2+ channel 
system(s), but also the mechanism for the release 
of Ca 2+ from cardiac and skeletal muscle SR may 
be different. This correlates well with several im- 
portant differences observed in the extent to which 
the cardiac and skeletal muscle Ca 2÷ channels are 
activated by Ca 2÷ and adenine nucleotide and 
inhibited by Mg 2÷ [30,31]. As reported recently by 
Meissner [30,31], micromolar concentrations of 
Ca 2+ stimulate Ca 2÷ release in the absence of 
Mg 2÷ and nucleotides to as much as 50% of the 
optimal rate, whereas only 1-3% of the optimal 
rate could be achieved in skeletal vesicles in the 
absence of nucleotide and Mg 2÷ [31]. In contrast, 
adenine nucleotides are more effective in stimulat- 
ing Ca 2÷ release from skeletal SR, as opposed to 
cardiac SR vesicles. This difference is particularly 
apparent at low Ca 2÷ concentrations. Ca 2+ efflux 
from cardiac vesicles is also less sensitive to Mg 2÷ 
inhibition than from skeletal vesicles (Table I and 
Ref. 30). 

In cardiac muscle, earlier ultrastructural studies 
[35] indicate a correlation between the sensitivity 
of the muscle to ryanodine and the presence of a 
transverse tubular system. Moreover, it has been 
suggested [35] that ryanodine inhibits contraction 
in heart muscle by dissociating the T-tubules from 
the SR and thus, uncoupling excitation from con- 
traction. This is in agreement with the recent 
observation that ryanodine may be binding to the 
'feet '  structures of skeletal SR membrane [21,22]. 
The relationship between the 'feet' structure, 
ryanodine receptor and Ca 2÷ release channel in 
SR membrane has not been clearly determined. 
Different properties of the ryanodine-binding 
site(s) in heavy SR isolated from the two types of 
muscle reported here, as well as its different ef- 
fects on skeletal and cardiac muscle [17], may be 
related to the ultrastructural differences between 
these two types of muscle [36]. 

In conclusion, our data indicates that there are 
significant differences in ryanodine binding to 
cardiac and skeletal muscle SR vesicles. In ad- 
dition, not only the ryanodine receptor a n d / o r  
Ca 2÷ channel, but also Ca 2+ release mechanisms 
may be significantly different in these two muscle 
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types. Clarification of these points will require 
further studies on the Ca 2+ release mechanism in 
cardiac SR membrane, as well as isolation and 
characterization of the functional ryanodine re- 
ceptor /Ca 2÷ release channel from both skeletal 
and cardiac SR membrane. 
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