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SUMMARY
The Ca2�-ryanodine receptor complex is a functional unit at the
terminal cistemae (TC) of the sarcoplasmic reticulum (SR) whose
proteins comprise the Ca2� release channels which may be
involved in excitation-contraction coupling. Ca2�, Mg2�, caffeine,
and adenine nucleotides, but not inositol 1 ,4,5-trisphosphate,
may exert their inotropic effects on skeletal muscle SR by direct
allosteric modulation of the [3Hlryanodine-binding site. Micro-
molar Ca2� is primarily responsible for activating [3H�ryanodine
binding by regulating receptor site density, affinity, and cooper-
ativity. Mg2� reduces the sensitivity to Ca2� activation by directly
competing with Ca24 for the activator site. However, inhibition
by Mg2� is overcome in the presence of f.�,�y-methyleneadenosine
5’-triphosphate (AMP-PCP; 1 mM) or caffeine (20 mM). Caffeine
dramatically increases the affinity of the Ca2� activator site for
Ca2�, whereas AMP-PCP or cAMP enhances the gating efficiency

or the lifetime of the open state of the TC SR channel. A kinetic
model is proposed for four functional domains of the Ca2�-
ryanodine receptor complex: 1) the Ca2�-regulatory domain
which binds Ca2� with �M affinity is primarily responsible for
gating the Ca2� channel of the TC SR in a cooperative manner,
and is inhibited by mM Mg2� by direct competition for the activator
site which appears to contain critical sulfhydryl groups; 2) a Ca2�-
activated alkaloid binding domain in close proximity to the chan-
nel which binds ryanodine with n�i affinity and rapidly occludes
upon complex formation; 3) a domain which binds caffine with
low (greater than mM) affinity and directly influences the sensitiv-
ity of the Ca2�-regulatory site; and 4) a domain which binds
adenine nucleotides with intermediate affinity (less than mM),
does not require phosphorylation, and intensifies the Ca2� signal
which triggers opening of the Ca2�-release channel.

Muscle contraction involves depolarization of the transverse

tubule membrane resulting in release of Ca2�’ from the TC of

the SR (1). This EC coupling may take place at putative ligand-
gat.ed Ca2� release channels localized at the triad junction of
the TC SR (1-3). Candidate chemical links in EC coupling
include Ca2’� (2-8), adenine nucleotides (9), and IP:� (10, 11).
Ca2� release from the SR of skeletal and cardiac intact and

skinned muscle fibers and isolated SR membrane vesicles can

be induced by a number of pharmacological probes including

caffeine (3, 12-16) and ryanodine (17-24). It is not clear
whether these diverse compounds exert their inotropic effects

by influencing unrelated and biochemically distinct sites or by

acting on a single channel gating mechanism.

[HjRyanodine binds with nM affinity at Ca2�-regulated sites
in skeletal muscle TC SR membrane vesicles (25-27) and

cardiac “heavy” SR preparations (25). Radioligand binding
occurs only with the Ca2�-activated open state of the TC SR
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channel which may be involved in release of the Ca2� necessary
to activate the contractile elements (hence the term Ca2�-
ryanodine receptor complex) (27). Formation of this complex

results in rapid occlusion ofthe ryanodine binding domain (27),

possibly preventing complete inactivation of the Ca2� release

channel (26, 28, 29).

This study examines the interactions of Ca2’�, MW�, caffeine,

adenine nucleotides, and IP3 with the Ca2�-ryanodine receptor

complex in a physiologically complete assay medium. It recog-
nizes four distinct effector binding domains, leading to a kinetic

model of the regulation of the Ca2�-activated channel of the

TC SR of skeletal muscle.

Experimental Procedures

Materials 19,21-3H2jRyanodine (>99% radiochemical purity, 60 Cu
mmol) was prepared in our laboratory (30). n-myo-Inositol trisphos-

phate (consisting predominantly of 1P3), caffeine, cAMP, AMP-PCP

(the nonhydrolyzable ATP analog), and DTNB were obtained from
Sigma Chemical Co. (St. Louis, MO).

ABBREVIATIONS: IC, terminal cistemae; AMP-PCP, #{216},-y-methyleneadenosine 5’-triphosphate; Bh., binding site occupancy at near-saturating ligand
level; DTNB, 5,5’-dithiobis(2-nitro)benzoate; EC, excitation-contraction; EGTA, ethylene glycol bis(�11-aminoethyI ether)N,N,N,’N’-tetraacetic acid;
lP�,,inositol L4,5:trisphosphate as the major component in D-myo-inOSitol trisphosphate; SR, sarcoplasmic reticulum.
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Isolation of skeletal muscle membranes. The heavy SR fraction
from rabbit fast skeletal muscle homogenates (27) was diluted to 5 mg

of protein/ml (31), divided into 1-ml aliquots, rapidly frozen in liquid

nitrogen, stored at -70’, and thawed as needed, discarding unused

portions. These membranes were shown to be enriched in morpholog-

ical (displaying intact junctional processes) (27), biochemical (enriched
with calsequestrin and junctional proteins) (29), and physiological

(exhibiting Ca2�-induced Ca2� release) (29) markers of the TC SR.

Measurement of [3Hjryanodine equilibrium binding. The

physiologically complete assay medium contained 50 sg of SR protein

and 5 nM [3H]ryanodine in 115 mM KCI, 15 mM NaC1, 1 mM free Mg��
(2 or 1 mM MgCl2 in the presence or absence ofAMP-PCP, respectively,

or completely omitted in some experiments), 10% sucrose, and 40 mM

Tris-maleate at pH 7.1. Free Ca2� concentrations from 0.1 to 40 �M

were obtained by titrating with the chelating agent EGTA (20-900 MM)

in the assay medium containing 60 MM CaCl2 based on an apparent

affinity constant of 3.9 x 106 M’ at pH 7.1 (32). For free Ca2�’
concentrations of 60-300 MM, 10 Ml of a 100 X concentrated stock

solution of CaC12 was added directly into the assay medium.

The influence of caffeine (20 mM), adenine nucleotides (1 mM), and

1P3 (40 MM) on the Ca2� activation of [3H]ryanodine binding was

measured under competitive conditions (TC SR membranes added last
to initiate the reaction) by allowing samples to equilibrate 180 mm at

37’. Specific binding was determined by filtration assay (27). [3HJ

Ryanodine saturation experiments were performed at equilibrium (180

mm incubation) in the presence of 60, 40, 10, or 2 MM free Ca2� by

titrating unlabeled ryanodine with [3H]ryanodine to give final ligand

concentrations ranging from 0.3 to 65 nM in the presence or absence

of added test compounds.

Measurement of association/dissociation kinetics. The effect
of Ca2�, � caffeine, and AMP-PCP (or cAMP), singly or in corn-
bination, on the association kinetics of [3Hjryanodine (5 nM) binding

was measured by quenching the reaction by rapid filtration at times

ranging from 1 to 120 mm after the addition of TC SR membranes.

Dissociation of [3H]ryanodine from the receptor equilibrium complex

was determined by equilibrating 5 nM [3Hjryanodine with membranes
for 2 hr at 37’, adding unlabeled ryanodine, Ag�, or DTNB (10 MM final

concentration) to a portion of the incubation mixture, and determining
residual specific binding at subsequent times ranging from 30 sec to 8

hr.
Analysis of binding data. The effect of Ca2� concentration on

[3H]ryanodine binding in the presence or absence of test compounds
was analyzed by the method of Hill (33). A plot oflog (B/B,�,-B) versus
log [Ca2’j with values from 10% to 90% of maximum receptor occu-

pancy at the near-saturating (-80% of B,,,�) concentration of 5 nM

[3H]ryanodine (B,�) resulted in a straight line whose intercept with the

abscissa is a measure of the apparent affinity of the activator site for

Ca2’� (K�/Ca2i and whose slope (flH) reflects the degree of cooperativity

for Ca2� activation of [3H�ryanodine-binding sites. [3H]Ryanodine sat-
uration experiments were analyzed by linear regression of Hill plots as

described above to obtain K,� and �H values, whereas B,�, was estimated

directly from binding isotherms. The pseudo-first order association
rate constant for [3H]ryanodine binding (K4.1) was calculated as de-

scribed by Bennett (34) based on the dissociation rate constant k1

determined in this study using unlabeled ryanodine. All data are means
of triplicate determinations with repetition at least three times on

different days unless noted otherwise. The statistical significance of

differences in binding constants (Kd and nH) under various assay
conditions was assessed by directly comparing the two linear regression

models from which they were derived (35).

Results

Mechanism of Ca2� activation of the [3H]ryanodine-
binding site. Ca2� activation of TC SR membrane vesictes is
essential for specific binding of [3H]ryanodine to its receptor

site. The amount of radioligand bound at equilibrium is directly

related to the free Ca2� concentration in the assay medium
(Fig. 1). Ca2�, in the presence of physiological levels of Na’�,
K�, � and adenine nucleotide, activates [3H]ryanodine
binding by regulating the density (Bm�), the apparent affinity
(Kd), and the apparent cooperativity (flH) exhibited by the
alkaloid-binding site (Fig. 2). Reducing the free Ca2� from an
optimal 60 zM to 2 �M results in a 2.4-fold decrease in Bmaz

(from 4.4 to 1.8 pmol/mg of protein; significant at p < 0.001),

a 4.7-fold decrease in affinity (Kd from 1.6 to 7.5 nM; significant

at p < 0.001), and a 1.2-fold decrease in �H (from 1.6 to 1.3;

significant at P < 0.05) (Fig. 2).

Effect of Mg�� on Ca2� activation of [3Hjryanodine
binding. In the absence of � specific ligand binding is
evident below 1 MM Ca2�, whereas in the presence of physiolog-

ical Mg�� (1 mM), more than 2 jsM Ca2� is needed to detect

specific [3Hjryanodine binding (Fig. 1). At a near-saturating
level (5 nM) of [3H]ryanodine, Mg�� at 1 mM reduces Bes by
42% and significantly (p < 0.001) reduces the apparent affinity

of the activator site for Ca2� 2.9-fold without significantly
altering flit for Ca2� activation (Table 1). In [3H]ryanodine

saturation experiments in the presence ofoptimal (60 �M) Ca2�,
Mg�� at 1 mM significantly (p < 0.05) increases the value of Kd

and decreases the Bmes with a concomitant loss in cooperativity
at the ryanodine binding site (Fig. 3, Table 2).

Modulation of Ca2�-activated [3Hjryanodine binding
by caffeine and adenine nucleotides. Caffeine at 20 mM in

the presence of 1 mM Mg�� decreases the threshold for Ca24’
activation of [3H]ryanodine binding by -20-fold (Fig. 1) and

increases the apparent affinity of the activator site for Ca2� by
17- to 27-fold (range of three experiments) (Table 1). The

maximum receptor occupancy with near-saturating [3H]ryano-
dine (5 nM) increases in the presence of caffeine and Mg�� from
1.5 to 2.1 pmol/mg of protein but does not reach the level
observed in assay buffer alone (2.6 pmol/mg of protein) (Table
1). These effects ofcaffeine on Ca2’4’ activation are accompanied

by complete loss of cooperativity (n11 from 1.2 to 0.9) (Table

1), although Hill plots show marked deviation from linearity
below 40% and above 80% of Bes. At optimal Ca2� caffeine

increases the alkaloid-binding site affinity by 2-fold (Kd from
4.5 to 2.3 nM) and the B,,,,,� density by 27% (Bmax from 1.9 to

2.6 pmol/mg of protein; significant at p < 0.001), although not

to the density observed in the absence of Mg�� (3.1 pmol/mg

of protein) (Table 2). Despite the presence of � caffeine
restores positive cooperativity at the [3H]ryanodine-binding

site (nH from 1.1 to 1.7) (Fig. 3).
Unlike caffeine, AMP-PCP at 1 mM in the presence of Mg��

at 1 mM increases the apparent affinity of the activator site for
Ca2� only 2.4-fold and results in a 2.4-fold increase in Bes (From
1.5 to 3.6 pmol/mg of protein), a level above that observed in

the absence of Mg�� (2.6 pmol/mg of protein) (Table 1). AMP-
PCP elicits a complete loss of positive cooperativity in Ca24’

activation observed in its absence (Table 1, Fig. 1). This ade-

nine nucleotide in the presence of 1 mM Mg�� nearly triples the
alkaloid-binding site affinity (Kd from 4.5 to 1.6 nM) while

increasing the Bmax 2.5-fold (1.9 versus 4.7 pmol/mg of protein)
(Table 2). Like caffeine, AMP-PCP elicits strong positive coop-
erativity at the [3H]ryanodine-binding site (Table 2, Fig. 3).

Other adenine nucleotides (e.g., cAMP; Table 1) exhibit the

same properties in modulating the [3H]ryanodine-binding site

with a potency order of AMP-PCP > cAMP > ADP’�-adenosine

> AMP.
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Fig. 1. Effects of Mg2�4’, caffeine, and adenine nucleotides singly or in combination on Ca2�-activated [3Hlryanodine (5 nM) binding as binding
isotherms and their respective Hill plots, where Bes IS utilized as B�, (see Experimental Procedures). These curves illustrate data used to determine
apparent affinities and cooperativity of Ca2� for the activator site summarized in Table 1.

Fig. 2. [3Hjryanodine saturation iso-
therms and their respective Hill plots
assayed in the presence of 1 m� free
Mg�� and 1 mM AMP-PCP at four levels
of free Ca2�. Hill plots show mean and
standard deviation of three experi-
ments.
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TABLE 1

Effects of Mg2�, caffeine, and adenine nucleotides on the apparent
affinity (kd/Ca2�) and cooperativfty (flH) for Ca2� activation and the
number of [3H]ryanodine-binding sites occupied (B,,,)
TC SR membranes (50 �g of protein) were incubated 1 80 mm at 37#{176}in assay
buffer (see Experimental Procedures) containing 5 n� [3H]ryanodine and 0.1-300

MM free Ca2�. Each Ca2� titration contained the indicated concentrations of free
Mg2�, caffeine, adenine nucleotides, and/or 1P3. Kd/Ca2� and flH were obtained
directly from linear regression of Hill plots. Data are means and standard deviations
of at least three experiments.

Additions K�/Ca2� flH B,,

pM �/mg Of p�oten

None 6.8 ± 1 .7 1 .3 ± 0.1 2.6 ± 0.2

Mg2� (1 mM)

Alone 19.8 ± 4.7 1.2 ± 0.2 1.5 ± 0.3
lP3(4OMM) 21.4 ±1 1.4±0.1 1.8±0.1
AMP-PCP (1 mM) 8.3 ± 4.1 1 .0 ± 0.1 3.6 ± 0.4
cAMP (1 mM) 7.5 ± 2.1 1 .2 ± 0.2 2.8 ± 0.5

Mg2� (1 mM) + caffeine

(20 mM)
Alone 0.9 ± 0.1 0.9 ± 0.3 2.1 ± 0.8
AMP-PCP (1 mM) 0.3 ± 0.1 3.7 ± 0.3 3.5 ± 0.3
cAMP (1 mM) 0.5 ± 0.1 3.0 ± 0.5 2.9 ± 0.1

The magnitude of stimulation of [3H]ryanodine binding by
caffeine and AMP-PCP is a function of their concentration in
the range in which they are physiologically active. Caffeine up

to 30 mM is much more effective than AMP-PCP up to 3 mM

when assayed at 2 MM Ca2� (increase from 0.04 to 0.39 and 0.15
pmol/mg of protein, respectively), whereas at 100 MM Ca2�4’

AMP-PCP is more stimulatory than caffeine (increase from

1.7 to 3.9 and 2.3 pmol/mg of protein, respectively) (Table 3).

Caffeine and AMP-PCP in combination stimulate 68-fold (to

2.7 pmol/mg of protein) when assayed in 2 MM Ca2�. Synergism

is not observed, however, at optimal Ca24’ (60-100 MM) where

the stimulation of 5 nM [3H]ryanodine binding is the same as

that induced by AMP-PCP alone (to 3.9 pmol/mg of protein

under both conditions) (Table 3) and no significant change in
Kd or Bmax �5 detected (Table 2). However, caffeine and AMP-

PCP in tandem, even in the presence of � cause a dramatic

62-fold increase in the affinity for Ca2� (Kd/Ca24�) (from 19.8 to

0.32 MM) with a concomitant increase in the apparent cooper-
ativity of Ca2�4’ activation (flH from 1.2 to 3.7) (Table 1).

Effect of 1P3 on [3H]ryanodine binding. 1P3 at 40 MM

does not alter the sensitivity ofCa2� activation or the occupancy

of [3H]ryanodine receptor sites under the present assay condi-
tions (Fig. 1, Table 1). There is also no observed change in [3H]

ryanodine binding with 1P3 at 40 MM in the presence of 1 mM
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C Half-time to reach equilibrium.
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Fig. 3. Modulation of [3H]ryanodine saturation isotherms by Mg2�4’, AMP-PCP, and caffeine singly or in tandem at optimal (60 MM) Ca2�. Scatchard
plots demonstrate the appearance of positive cooperativity at the alkaloid-binding site in the presence of Mg2�4’ and AMP-PCP or caffeine. Equilibrium
constants are summarized in Table 2.

TABLE 2
Effect of Mg2�, caffeine, and AMP-PCP on affinity (K,,), degree of
cooperativity (fl5), and receptor density (B,,,�) of [3H]ryanodine-
binding sites
K,, W�d rH were calculated from Hill plots and summarized as the means and
standard deviations of at least three experiments. B,�,, values and standard
deviations were obtained directly from binding isotherms.

Additions K,, flH B,,,,,

flu pool/mg of p.’atelfl

None 2.2 ± 0.2 1 .3 ± < 0.1 3.1 ± 0.2

Mg2� (1 mM)
Alone 4.5 ± 0.5 1.1 ± 0.2 1.9 ± 0.3
AMP-PCP (1 mM) 1 .6 ± 0.1 1 .6 ± 0.2 4.7 ± 0.7
cAMP (1 mM) 1 .9 ± 0.3 1 .7 ± 0.3 3.6 ± 0.4
Caffeine (20 mM) 2.3 ± 0.3 1 .7 ± 0.3 2.6 ± 0.4

AMP-PCP (1 mM) + 1 .7 ± 0.1 1 .5 ± 0.1 4.6 ± 0.8
caffeine (20 mM)

cAMP (1 mM) + caf- 2.6 ± 0.3 1 .3 ± 0.2 3.9 ± 0.6

feine (20 mM)

TABLE 3
Effects of caffeine and AMP-PCP singly and in combination on [3H]
ryanodine binding at suboptimal (2 MM) and optimal (100 MM) free
Ca2� levels

AdditiOns
[�HJRyanodine binckig’

2MMCa2C 100MMCa2�

mu pmol/mg of pd’oteifl

None 0.04 ± 0.02 1 .7 ± 0.2

Caffeine
1 0.05 ± >0.01 1 .6 ± 0.1

3 0.06 ± >0.01 2.2 ± 0.1
10 0.14 ± 0.02 2.1 ± 0.2
30 0.39 ± 0.06 2.3 ± 0.2

AMP-PCP
0.1 0.03 ± 0.01 1 .3 ± 0.1
0.3 0.04 ± <0.01 2.6 ± 0.1
1 .0 0.04 ± <0.01 3.3 ± 0.3
3.0 0.15 ± <0.01 3.9 ± 0.3

Caffeine + AMP-PCP
1 + 0.1 0.04 ± 0.01 1 .6 ± 0.1

3 + 0.3 0.08 ± <0.01 2.7 ± 0.2

10 + 1.0 1.3 ± 0.2 3.3 ± 0.1

30 + 3.0 2.7 ± 0.1 3.9 ± 0.3

a Binding was determined in assa y buffer with 1 m� Mg�� and 80 mm incubation.

AMP-PCP, cAMP, or caffeine at Ca2�4’ levels ranging from 2 to
300 uM.

Effect of modulators on [3H]ryanodine binding kinet-
ics. The pseudo-first order rate constant for association (k+1)

of [3H]ryanodine with its binding site in assay medium con-

taming 100 MM Ca2� but lacking Mg�� is 5.8 x 106 M1 min’
(t112 23.1 mm), whereas the presence of 1 mM Mg�� reduces

the k+1 to 3.6 x 106 M’ min’ (t112 = 36.5 mm) (Table 4, Fig.

4). Caffeine at 20 mM only partially restores k+1 (to 5.0 x 106

M’ min1) when assayed at optimal Ca2’4’ but elicits a dramatic

increase in k+1 in 10 MM Ca24’, i.e., from immeasurable levels of
specific [3Hjryanodine binding in the presence of 1 mM Mg��

to a h+1 = 4.4 x 106 M1 min’ (t112 = 30.1 mm) with addition

of 20 mM caffeine. In the presence of 1 mM AMP-PCP or

cAMP, the effects of Mg�� on k+1 are restored to a rate faster
than or not significantly different from that measured in the

absence of Mg�� (k+1 7.4 X 106 and 6.2 x 106 M’ min1,

TABLE 4

Effects of Mg2�, caffeine, and adenine nucleotides on the
association rate of [3H]ryanodine at suboptimal (10 MM) and optimal
(100 MM) Ca2� levels

Additions k,,, (x 1O�)’ k+, (x 10’)” t

mirr’ W’ mifl’ mi,�

10 MM Ca2�
Alone 1 .4 ± 0.06 2.6 49.5
Mg2� (1 mM) <1.0
Mg2� (1 mM) + caffeine (20 2.3 ± 0.1 4.4 30.1

mM)
100 MM Ca2�

Alone 3.0±0.8 5.8 23.1
Mg2� (1 mM)
Mg2� (1 mM) + AMP-PCP

1 .9 ± 0.3
3.8

3.6
7.4

36.5
18.2

(1 mM)
Mg2� (1 mM) + cAMP (1 3.2 ± 0.2 6.2 21.6

mM)
Mg2� (1 mM) + caffeine (20 2.6 ± 0.4 5.0 26.7

mM)

Mg2� (1 mM) + AMP-PCP 3.7 ± 0.4 7.2 18.7
orcAMP(1 mM)+caf-
feine (20 mM)

a Data are means and standard deviations of at least three experiments or the
means of duplicate experiments.

a Pseudo-first order rate constant based on k, = 8.0 (± 0.9) x iO� (see Fig.
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3.2 . Association Dissociation
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2.4 � #{176}10MM Ag� or � 0MM Ryanodine
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Time (hr)

C

a The dissociation rate constant determined by addition of 1 0 MM compound to
the equilibrium complex containing 5 n� [3H]ryanodine, 1 mp.i � and 100 MM

Ca2� in the assay buffer.
a The calculated dissociation constant based on k�, = 3.6 x 10’ M1 min’ (see

Table 4).
C Ratio of the apparent K,, estimated from equilibrium experiment (4.5 nM) and

the calculated K,, from kinetic constants.
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Fig. 4. Association of[3H]ryanodine and subsequent dissociation brought
about by addition (�) of unlabeled ryanodine (1 0 MM) or Ag� (1 0 MM).

Equilibrium was established in assay buffer containing 1 00 MM Ca2� and
1 mM Mg2�. Natural logarithmic transformation yields k_1 for added
ryanodine and Ag� of 8.0 (±0.9) x 1O� and 0.15 ± 0.02 min1 for 75%
(±2%) of all binding sites, respectively (Table 5). The fast component for
added ryanodine yields k_1 of 0.006 ± 1 0%, whereas that for added Ag�
proceeds too rapidly for accurate determination by conventional filtration.

respectively). Caffeine and adenine nucleotides in tandem yield

a k+1 of 7.2 M’ min’(t112 = 18.7 mm), even in the presence of

1 mM Mg�� (Table 4).
Dissociation of the Ca2�4’-[3H]ryanodine receptor complex is

bi- or polyphasic with an extremely slow component (repre-

senting 75 ± 2% of all binding sites) when a 2000-fold level of

unlabeled ryanodine is added to the equilibrium complex (k1
= 0.00080 min’; t112 = 14.4 hr) (Fig. 4, Table 5). The calculated

Kd value based on kinetic rate constants is ‘-20 times lower

than the apparent Kd value obtained from the equilibrium
binding curves (0.22 versus 4.5 nM, respectively) (Tables 2 and

5). In contrast, addition of Ag�4’ at 10 MM to the equilibrium

complex results in rapid dissociation of [3H]ryanodine (h.1 =

0.151 min’), yielding a calculated Kd value 9 times higher than

that obtained from equilibrium experiments (41 versus 4.5 nM,
respectively), whereas addition of 10 MM DTNB results in a

of 0.017 min�, yielding a calculated Kd not significantly differ-

ent from equilibrium experiments (5.2 versus 4.5 nM, respec-

tively).

236 Pessah et a!.

1 �, N. Pessah, unpublished results.

TABLES

Dissociation of the Ca2�-[�H]ryanodlne receptor equilib#{241}um
complex by 10 MM unlabeled ryanodine, Ag�, or DTNB

�ssdeating agent

(1OMM)

k ‘

-1
K�5

k� apparent/
k�,calculatef

Ryanodine

mis1

8.0 (±0.9) xlO4

nu

0.22 20
Ag� 1.5 (±0.2) x10’ 41 0.1
DTNB 1 .7 (±0.1) x102 5.2 0.9

ments in the sarcoplasm and hence may constitute a funda-

mental unit of the EC coupling process. Ca2’4’-induced Ca2�4’
release from the SR is implicated with EC coupling in both

skeletal and cardiac muscle, but its physiological role remains

to be firmly established especially in skeletal muscle (1-8).
There is a close parallel between regulation of the [3H]ryano-

‘ dine-binding sites found in muscle membrane preparations and

of the Ca2�-induced Ca2�4’ release channels of skinned and intact
muscle fibers and SR vesicle preparations including: localiza-

tion at the TC SR; activation and inactivation by Ca2�; modu-
lation by � adenine nucleotides, and caffeine; and inhibi-

tion by ruthenium red (25-28). Furthermore, nM levels of

ryanodine promote 45Ca24’ efflux (or inhibit its reuptake) from
actively or passively loaded vesicles of skeletal or cardiac origin

‘ I , I i I . -I and directly interfere with the inactivation of Ca2�-induced
0 2 4 6 8 release of Ca2 from actively loaded skeletal vesicles, suggesting

Hr that the alkaloid’s primary lesion is to interfere with the

complete inactivation of the channels involved (26, 28, 29).

The mechanism by which Ca2’4’, � caffeine, and adenine
nucleotides influence the Ca2�4’ activation site and the alkaloid

(Ry)-binding site serves as a basis for a proposed model for the

regulation of channel (Ch) gating (Scheme 1).
The following discussion sequentially considers each step in

this model. Ca2�, in the presence of physiological levels of Mg��

and adenine nucleotide, is essential for activating (or unmask-

ing) the [3H]ryanodine-binding sites to a state which will

recognize the alkaloid and permit its binding by regulating their

number, affinity, and degree of cooperativity in binding the

ligand (Fig. 2; Refs. 25 and 27). Ag� induces Ca2’4’ release from

heavy SR vesicles apparently by interacting with critical sulfhy-

dryl moieties at the Ca2�4’ trigger site (36). Results with [3H]

ryanodine support this hypothesis. Dissociation of the Ca24’-

[3H]ryanodine receptor equilibrium complex is markedly influ-

enced by Ag’4’ probably acting as a nonspecific sulfhydryl-

derivatizing reagent; DTNB (Table 5) and other aryldisulfides’
have a similar but apparently more specific effect on thiols at

the Ca24’ activator site. Whereas this equilibrium complex is

only slowly reversed by excess unlabeled ryanodine (suggesting

an occluded alkaloid-binding domain), derivatization of specific

thiols with DTNB, possibly at the more accessible Ca2tregu�

latory site, results in rapid dissociation of the equilibrium

complex and agreement between the apparent Kd (from equilib-

rium binding curves) and the calculated Kd from kinetic con-

DIscussion stants (Table 5). These results suggest that Ag�-induced Ca2�

Putative ligand-gated Ca2� channels at the SR are involved

in releasing the Ca24’ required to activate the contractile ele-
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AMP-PCP and cAMP also modulate the Ca24’-ryanodine

Mg2’ odenine

Ca2’� � Ch caffeine nucleotides� [Ca2�Ch] [Co2�Ch]
closed � open

Scheme 1.

Ry ryonoids

� 2+� � [Ca ChRy]
open

�- � [Co2�chRy]
occluded

release proceeds via an open state of the TC SR channel not

recognized by ryanodine.

Mg�� at physiological levels inhibits [3H]ryanodine equilib-

rium binding by decreasing both the affinity (Kd) and the

number of alkaloid-binding sites (B,,� and B,,,,,1) by altering the

apparent affinity of the activator site for Ca24’ (Kd/Ca24’). It
also significantly retards the association kinetics of ligand

binding. These properties indicate that Mg�� inhibits the Ca24’-
gated open state of the TC SR channels (i.e., the state which

exposes the ryanodine binding domain) by direct competition

between Mg�� and Ca2� for the activator site, in agreement

with findings with skinned cardiac fibers (37). Mg�� may act to

reduce the sensitivity of TC SR channels to the Ca2� signal,

especially when the localized levels of ATP drop.

Caffeine stimulates [3H]ryanodine binding primarily by in-
creasing the affinity of the activator site for Ca2� which, even
in the presence of physiological levels of � nearly restores

the [3H]ryanodine-binding site density and fully restores the

affinity to the level observed in the absence of � In fact,
caffeine does not significantly influence the formation of the
Ca2�-ryanodine receptor complex in the absence of Mg�� and

in the presence of optimal Ca2� (27). Caffeine therefore appears

to act on a domain which allosterically modulates the sensitivity

of the Ca24’ activator site for Ca2�, reversing Mg�� inhibition by

selectively increasing the apparent affinity of the Ca2�4’ binding

site for Ca2�. This action of caffeine on formation of the Ca2�-

ryanodine receptor complex parallels its effect on Ca24’-induced

release of Ca2�4’ from skinned muscle fibers and membrane
vesicles (12-15), providing further evidence that [3H]ryanodine

binding reflects the functional Ca2�-release channel at the TC

SR.

Fig. 5. Schematic diagram of Ca2�-ryanodine
receptor complex in its activated state, i.e., the
Ca2� channel is open and the [3H]ryanodine-
binding site is accessible. This model concep-
tualizes possible relationships of protein com-
ponents interacting with modulators of [�H]ry-
anodine binding and hence channel opening
and closing. The ryanodine binding domain is
placed proximal to the channel and undergoes
rapid occlusion of the alkaloid to a form mac-
cessible for exchange with ryanoids. The Ca2�
binding domain is positioned peripherally since
Ag�- and DTNB-sensitive sulfhydryl groups at
the Ca2� binding domain remain accessible
upon formation of the Ca2�-ryanodine receptor
complex. Two addftional domains allosterically
modulate [3H]ryanodine binding. The first binds
caffeine, thereby having a direct influence on
the sensitivfty of the Ca2� activator site to Ca2�,
whereas the second binds adenine nucleotides,
influencing the efficiency of channel opening.
These modulatory domains possibly overlap as
indicated by the significant synergistic effect at
suboptimal Ca2�.

receptor complex apparently by noncovalent (i.e., not involving

phosphorylation) interaction with a site allosteric to the alka-
bid binding domain. ATP levels in the sarcoplasm may there-

fore play an important physiological role in modulating the

Ca2�4’ release channel. Adenine nucleotides stimulate [3H]ryano-

dine binding by a mechanism different from that of caffeine in

causing a dramatic increase in B,�, to a level above that observed

in the absence of Mg�� while having much less effect on the

affinity of the activator site for Ca2�. These results suggest that

adenine nucleotides exert their stimulation at a site distinct

from the caffeine (and Mg�) modulatory domains. Unlike

caffeine, AMP-PCP (or cAMP) completely restores the asso-
ciation rate of complex formation to a level observed in the

absence of � We propose that, unlike caffeine and �

which influence the alkaloid binding domain indirectly by

modulating the Ca2� activator site, adenine nucleotides influ-

ence the kinetics of channel opening once Ca2�4’ is bound to the

activator site either by increasing the efficiency of the gating

mechanism or by increasing the duration of the open state of

the channel. However, the expression of these modulatory

domains on the [3H]ryanodine-binding site are strongly influ-

enced by each other, especially at suboptimal free Ca2� and/or

nonsaturating alkaloid levels as demonstrated by the dramatic

rise in the positive cooperativity in Ca24’ activation of [3HJ

ryanodine binding (Table 1). Under these conditions, pro-

nounced synergism between caffeine and adenine nucleotides

suggests that these domains are in close proximity to or par-

tially overlap with one another.

Our findings with [3Hjryanodine and skeletal muscle TC SR
membrane preparations demonstrate the highly regulated na-

ture of the Ca2�4’-ryanodine receptor complex whose properties

closely parallel those of the Ca24’-induced Ca2� release channel
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of physiological significance in cardiac muscle. We recognize

that at least four functional domains comprise the Ca2�4’-ryano-

dine receptor complex (Fig. 5): 1) a regulatory domain respon-

sible for gating the Ca2�4’ channel which binds Ca24’ (and Mg�4’)

and contains critical sulfhydryl moieties; 2) an alkaloid binding

domain in close proximity to the channel which binds ryano-

dine only in its Ca2�4’-activated state and rapidly occludes upon

complex formation; 3) a domain which binds caffeine and

directly influences the sensitivity of the Ca24’ regulatory site to

Ca2�; and 4) a domain which binds adenine nucleotides and

influences the gating efficiency or lifetime of the open channel.

Cooperative regulation of the Ca2�-ryanothne receptor complex

and its elution as a high molecular weight oligomer (27) may

reflect a functional aggregation of TC SR proteins constituting

the channels involved in Ca2� release.
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