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SUMMARY

Kinetic and equilibrium measurements of [*H]ryanodine binding
to the Ca®* release channel of rabbit skeletal and rat cardiac
sarcoplasmic reticulum (SR) are examined to ascertain the nature
of cooperative interactions among high and low affinity binding
sites and to quantitate their distribution. Equilibrium studies
reveal affinities of 1-4 nm for the highest affinity binding site and
of 30-50 nm, 500-800 nm, and 2-4 um for the lower affinity sites
in both preparations, with Hill coefficients of significantly <1, and
initial rates of association and dissociation increase with increas-
ing concentrations of ryanodine. SR vesicles are actively loaded
in the presence of pyrophosphate, and fluctuations in extravesi-
cular Ca®* are measured by the absorbance change of antipyr-
ylazo lll. The data demonstrate a biphasic, time- and concentra-
tion-dependent action of ryanodine on the release of Ca?*, with
an initial activation and a subsequent inactivation phase. Kinetic
analysis of the activation of Ca®* release by ryanodine, in con-
sonance with the binding data, demonstrates the existence of
multiple binding sites for the alkaloid on the channel complex,
with nanomolar to micromolar affinities. Based on the present
findings obtained by receptor binding analysis and Ca?* transport
measurements, we suggest a model that describes four, most

plausibly negatively cooperative, binding sites on the Ca?* re-
lease channel. Occupation of ryanodine binding sites produces
sequential activation followed by inactivation of the SR channel,
revealing the strong possibility of an irreversible uncoupling of
the native function of the receptor/channel complex by high
concentrations of ryanodine. A model relating ryanodine receptor
occupancy with SR Ca®* release stresses two important new
findings regarding the interaction of ryanodine with its receptor.
First, ryanodine binds to four sites on the oligomeric channel
compiex with decreasing affinities, which can be best described
by allosteric negative cooperativity. Second, binding of ryanodine
to its receptor activates the Ca?* release channel in a concentra-
tion-dependent and saturable manner in the range of 20 nm to 1
mm and produces a kinetically limited and sequential inactivation
of the Ca?* channel, with the concomitant attainment of full
negative cooperativity. The results presented suggest that driv-
ing of the complex toward full negative cooperativity with high
concentrations of ryanodine promotes a long-lived conforma-
tional state in which ryanodine is physically occluded and hind-
ered from free diffusion from its binding site.

The functional aspects of the ryanodine receptor-Ca®* release
channel complex of SR have been extensively studied in recent
years with isolated skeletal and cardiac membrane vesicles,
under both passive (1-5) and active (6-9) loading conditions.
Clearly, the SR channel protein comprises a number of binding
domains for physiologically relevant signal molecules (e.g.,
Ca?*, Mg**, and adenine nucleotides) and pharmacological
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probes (e.g., ryanodine, anthraquinones, caffeine, and ruthen-
ium red), which can modify its gating properties and thereby
alter the sensitivity of the channel to changing T tubule mem-
brane potential (10-13). There is general agreement that the
plant alkaloid ryanodine specifically binds to the SR Ca?*
release channel and markedly changes the Ca** transport prop-
erties of SR in a complex manner. At low concentrations
ranging from 10 nM to 10 uM, ryanodine apparently causes
activation of the Ca®* release channel, which is characterized
by a slow onset, whereas, at concentrations greater than 10 uM,
ryanodine appears to inhibit channel activation (14). Both the
potency and the qualitative change in SR permeability induced

ABBREVIATIONS: SR, sarcoplasmic reticulum; ECs,, concentration of compound resulting in 50% of maximal activation; HEPES, N-2-hydroxyethyl-

piperazine-N’-2-ethanesulfonic acid; ICso,
(N-morpholino)propanesulfonic acid.

concentration of compound resulting in 50% of maximal inhibition; mAU, milli-absorbance unit; MOPS, 3-
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by ryanodine are greatly influenced by the ligands that inher-
ently alter channel function (4). This is not surprising, because
the binding of [*H]ryanodine to its high affinity sites on the
channel complex is highly sensitive to the same ligands that
modulate SR channel activation/inactivation (15-18). The ex-
act mechanism by which ryanodine produces its heterogeneous
effects on SR permeability to Ca?* remains controversial. Re-
constituted SR channels in planar bilayer preparations have
revealed that ryanodine concentrations of =10 uM are required
to lock the channel in a persistent subconductance state (the
apparent consequence of ryanodine binding to “high affinity”
sites), whereas concentrations in excess of 1 mM are needed to
completely block single-channel activity (the apparent conse-
quence of ryanodine binding to “low affinity” sites) (14, 19).
The quantitative discrepancy between ryanodine receptor bind-
ing and the ability of the alkaloid to influence the gating of the
purified channel in an artificial bilayer has been attributed to
its slow association kinetics. Mechanistically, the coupling be-
tween ryanodine receptor occupancy and channel function re-
mains unclear. The important question concerning the coop-
erative nature among ryanodine receptor sites and the mecha-
nism responsible for coupling of ryanodine receptor occupancy
and modification of channel function has not been addressed
in detail. [*H]Ryanodine binding studies have shown the pres-
ence of multiple classes of specific interacting binding sites for
[*H]ryanodine on the skeletal and cardiac receptor protein
complex. Initial reports have suggested that skeletal SR mem-
branes comprise a single class of high affinity (having nanom-
olar K,) noninteracting [*H]ryanodine binding sites, whereas
cardiac SR membranes exhibit high and low (K, ~30-400 nM)
affinity sites (15, 20, 21). More recently, [*H]ryanodine binding
sites having very low affinity (K;, ~3-5 uM) have been detected
in both skeletal and cardiac SR, when assayed under high salt
conditions (1 M KCI or NaCl) (14, 22). McGrew et al. (22) have
suggested that positive cooperativity among binding sites may
explain the slow dissociation of [*H]ryanodine observed by
Pessah et al. (17) when an excess of unlabeled ryanodine is
added to the equilibrium complex. Lai et al. (14) have demon-
strated that [*H]ryanodine binding sites having low affinity
show a strong tendency for negative cooperativity.

This paper characterizes in detail the kinetic and equilibrium
binding interaction of [°H]ryanodine with its receptor sites in
SR membranes from rabbit skeletal and rat ventricle muscle,
to ascertain the nature of cooperative interactions among bind-
ing sites and to quantitate the distribution among high and low
affinity sites, and utilizes the method developed by Palade (7)
to correlate Ca?* transport across SR membrane vesicles under
active loading conditions and in the presence of pyrophosphate,
to directly address the relationship between ryanodine receptor
occupancy and Ca?* channel function. Our findings strongly
suggest 1) that multiple binding sites for ryanodine (possibly
four) exist on the channel protein, 2) that the binding of
ryanodine among these sites can be best described by allosteric
negative cooperativity, and 3) that ryanodine receptor occu-
pancy is coupled to the Ca®* release channel by a sequential,
time- and concentration-dependent, activation/inactivation
wechanism.

Materials and Methods

Preparation of SR membranes. Junctional SR membranes from
rabbit back (fast) skeletal muscle were isolated by the method of Saito

et al. (23). Junctional SR vesicles were rehomogenized in 0.3 M sucrose,
5 mM imidazole buffer, pH 7.4, at approximately 3 mg/ml protein, and
aliquots were rapidly frozen in liquid No.

SR membrane vesicles from rat heart ventricles enriched in ryano-
dine receptor were isolated by sucrose density gradient centrifugation,
as previously described (24), whereas Ca®* transport measurements
were performed with a cruder preparation (25) having higher ATPase
activity, which facilitated Ca®* loading (24). Protein concentrations
were determined by the method of Lowry et al. (26), after removal of
HEPES buffer by precipitation of protein with 2% perchloric acid,
centrifugation at 30,000 X g, and dissolving of the pellet in 1 M NaOH.

Spectrophotometric determination of Ca®* release. Ca** load-
ing of SR vesicles and subsequent release of intravesicular Ca’* were
measured by a slight modification of the method of Palade (7), which
utilizes pyrophosphate as a precipitating anion. Skeletal or cardiac SR
membrane vesicles (50-80 ug of protein, ~20 ul) were placed in a
cuvette, thermostated at 37°, containing 980 ul of 95 mm KCl, 20 mM
K-MOPS, 7.5 mM sodium pyrophosphate, 250 uM antipyrylazo III, 1.5
mM MgATP, 25 ug/ml creatine phosphokinase, 5 mM phosphocreatine,
pH 7.0 (final volume, 1 ml). The mixture was allowed to equilibrate for
1 min with constant stirring. Changes in the free Ca** concentration
were monitored by measurement of the absorbance of antipyrylazo III
at 710 nm and subtraction of the absorbance at 790 nm, at 1-sec
intervals, using a diode array spectrophotometer (model 8452A; Hewlett
Packard, Palo Alto, CA). In some experiments, three reactions were
monitored at 4.5-sec intervals by utilizing the automated multicell
transporter. The subtracted functional wavelengths, in mAU, were
displayed throughout the experiment in “real time” on a monitor and
concurrently stored by computer (model 9000/300; Hewlett Packard)
for subsequent analysis. The vesicles were actively filled by consecutive
additions of 10 or 20 nmol of CaCl,, using a Hamilton syringe, by
allowing the absorbance to return to the baseline between additions.
All the release experiments were performed at loading levels near the
respective filling capacities of skeletal (capacity = 2.2 + 0.9 umol of
total Ca®*/mg of protein) and cardiac (capacity = 1.1 + 0.5 umol of
total Ca?*/mg of protein; mean + standard deviation of four prepara-
tions) SR preparations; levels were kept constant within a dose-re-
sponse titration. The total amount of Ca?* loaded into the vesicles was
quantified in two ways, first, by summing of the downward deflections
of absorbance in the loading phase of the experiment and, second, by
the addition of 2 ug of the ionophore A23187 at the end of each
experiment. The two methods were in excellent quantitative agreement
(i.e., all of the Ca®* loaded into the vesicles during the loading phase
was released by addition of ionophore). Because the rate of Ca?* release
was dependent on the extravesicular free Ca®* concentration, ryano-
dine-enhanced Ca®* release was always initiated with the same level of
free Ca® (as measured by absorbance) within one set of experiments,
including the corresponding control. The ability of ryanodine to en-
hance Ca?*-induced Ca?* release was assessed either in the presence of
a bolus of activating Ca** (drug was varied with a constant concentra-
tion of CaCl;) or by the addition of the drug 30 sec after initiation of
Ca’*-induced release of intravesicular Ca?*.

Analysis of transport data. The absorbance signals were cali-
brated by addition of known amounts of CaCl,, from a National Bureau
of Standard stock, to the complete transport mixture, in the presence
of 2 ug/ml A23187 to prevent Ca’* accumulation. The functional
absorbance of the dye (A710-A7o) was a linear function of the added
CaCl, in the range of 10-100 uM, yielding least squares correlation
coefficients of >0.99, and was stable during the course of the experi-
ments (not shown); hence, it can be directly correlated to free Ca®*
outside the vesicles. The initial (fast) rates of release of accumulated
Ca’* were analyzed by measurement of the change in mAU/sec, using
the least squares best linear fit to the steepest slope, with the Kinetics
Software Program (Hewlett Packard). Rates of Ca®* release were re-
ported as mAU/mg/sec or as relative release rates. Dose-response
relationships were analyzed by the nonlinear curve-fitting program
ENZFITTER (Elsevier Biosoft, Cambridge, UK). The component of
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Ca® release directly attributable to the presence of ryanodine was
determined by subtracting the rate of Ca’* release attributable to the
presence of activator Ca®*, at each of the respective concentrations.

Measurement of [*H]ryanodine equilibrium binding. Specific
binding of [*H]ryanodine to skeletal and cardiac preparations was
measured under identical conditions by the procedure developed by
Pessah et al. (15). Briefly, SR vesicles (30-40 ug) were incubated in
duplicate at 37° for 2 (cardiac) or 3 (skeletal) hr, with 0.5-400 nM (sites
1 and 2), 50-5,000 nM (sites 3 and 4), or 300-10,000 nM (site 4 only)
[*H]ryanodine, in a final volume of 1 ml of 250 mM KCl, 15 mM NaCl,
50 uM CaCl,, 20 mM HEPES, pH 7.1. The assays were terminated by
filtration through Whatman GF/B glass fiber filters, using a Brandel
(Gaithersberg, MD) cell harvester, and were washed twice with 2.5 ml
of ice-cold wash medium, consisting of 20 mm Tris- HCI, 250 mm KCl,
15 mM NaCl, and 50 uM CaCl, pH 7.1. Radioactivity was measured by
scintillation counting, with an efficiency of approximately 43%. In all
cases, nonspecific binding of [*H]ryanodine was defined with addition
of a 100-fold excess of unlabeled ryanodine. The average value of
nonspecific binding to the high affinity site amounted to 5-10% of the
total binding of 1 nM [*H]ryanodine. The average value of nonspecific
binding to the low affinity site amounted to 8-15% of the total binding
of 50 nM [*H]ryanodine and 25% of the total binding of 1 uM [*H]
ryanodine. Filter binding of [*H]ryanodine in the absence of vesicular
preparation was negligible.

Measurement of association/dissociation kinetics. The rate of
association of [*H]ryanodine binding was measured by quenching of
the reaction by rapid filtration at times ranging from 2 to 360 min after
the addition of SR vesicles. Dissociation of [*H]ryanodine from the
receptor equilibrium complex was determined by equilibration of 1 or
50 nM or 1 uM [*H]ryanodine with membranes for 3 or 2 hr, for skeletal
and cardiac SR, respectively, at 37°, followed by addition of a 100-fold
excess of assay medium or an excess of unlabeled ryanodine or ru-
thenium red to the incubation mixture, and determination of residual
specific binding at subsequent times ranging from 10 min to 5 hr.

Analysis of binding data. Equilibrium binding data from satura-
tion analysis were fitted to a one- or two-site model, and the dissociation
constants (K;), maximal binding capacities (B..,), and Hill coefficients
(ny) were determined by nonlinear regression analysis, using the
LIGAND computer program. The first-order association rate constants
(k+1) were calculated as described by Bennett (27), based on the
apparent association rate constant (k..), which was determined by the
ENZFITTER computer program, and the dissociation rate constants
(k-1), which were calculated by least squares linear regression analysis
from In(SB/SB,) = k_,t, where SB is specific binding at time ¢t and SB,
is specific binding at time 0; if the plots were curvilinear, they were
analyzed by the ENZFITTER computer program.

Materials. [°H]Ryanodine (specific activity, 95 Ci/mmol; >98 purity
by high performance liquid chromatography) was obtained from New
England Nuclear (Wilmington, DE); unlabeled ryanodine was purified
by high performance liquid chromatography (>99%) from a commercial
(Penick, Tacoma, WA) mixture of ryanodine and dehydroryanodine.
Antipyrylazo III was purchased from Sigma Chemical Co. (St. Louis,
MO). All other chemicals were of the highest purity available.

Results

Ca?*-induced Ca?* release. Rabbit skeletal SR vesicles
loaded with seven incremental additions of 20 nmol/ml CaCl,
readily accumulate the added Ca** (2.8 umol of total Ca%*/mg
of protein, if the extravesicular free Ca’* is allowed drop to a
low level between additions) (Fig. 1A). Once the final addition
of CaCl, is fully taken up by the vesicles and the absorbance
signal returns to the baseline, bolus addition of 65 nmol/ml
CaCl; (Fig. 1A, arrowhead) induces the release of the accumu-
lated intravesicular Ca?*, with an initial rate of 3.8 mAU/mg/
sec. The initial rate of Ca?* release decreases with decreasing
trigger Ca?* (not shown) and is completely inhibited if 25 nm

Sequential Mechanism for Ryanodine Action on SR Channel 681
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Fig. 1. Skeletal SR (50 xg) (A and B) or cardiac SR (80 ug) (C) are
actively loaded with seven sequential additions of 20 um CaCl,. In A, the
arrowhead indicates a bolus addition of 65 um CaCl,. In B, additions
(arrowheads) are 25 nm ruthenium red plus 50 um CaCl, (7), 50 um CaCl,
(2), and 2 ug of A23187 (open arrowhead) (3). In C, the arrowhead
indicates addition of 50 um CaCl, in the absence (control) and in the
presence of 100 and 300 nm ruthenium red (RR).

ruthenium red is included with the bolus of trigger CaCl, (Fig.
1B, first arrowhead). A subsequent addition of 50 nmol of CaCl,
fails to induce Ca®* release, and the vesicles continue to actively
accumulate Ca®* (Fig. 1B, second arrowhead). Addition of 2 ug
of the ionophore A23187 rapidly releases all the accumulated
Ca** (Fig. 1B, open arrowhead). Rat ventricle preparations also
exhibit Ca®*-induced release of Ca®* with a bolus of 50 uM Ca®*,
giving an initial rate of 1.1 mAU/mg/sec (Fig. 1C). The release
of Ca®* from cardiac preparations is less sensitive to inhibition
by ruthenium red (28), although complete inhibition can be
attained at higher than 100 nM concentrations (Fig. 1C).
Enhancement of Ca?*-induced Ca?* release by ryano-
dine. Ryanodine significantly enhances Ca®* release from skel-
etal and cardiac SR, in a dose-dependent, ruthenium red-
sensitive manner (Fig. 2). For example, the initial rate of Ca®*
release elicited by 70 uM CaCl, (optimal for ryanodine receptor
binding) is 0.8 + 0.2 mAU/mg/sec (mean + standard deviation
of 15 determinations). The threshold concentration of ryano-
dine required to significantly enhance the initial rate of Ca®*
release ranges between 10 and 25 nM in eight determinations
with skeletal preparations (1.4 and 1.8 mAU/mg/sec at 10 and

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

682 Pessah and Zimanyi

Skeletal

Fig. 2. Dose-dependent enhancement of
the initial rate of Ca?* release from skeletal

SR by ryanodine. Skeletal vesicles (60 ng)

Az10Ar00

10410 uM RR

are actively loaded to near their capacities,
which is 0.85 + 0.05 umol of total Ca?*/mg
of protein (38 determinations). At the end
of the loading phase, CaCl. (60 um) is added
(after the last bolus of CaCl, in the uptake
phase, which is accumulated inside the ves-
icles) (open arrowhead), and Ca®* release
is allowed to proceed for approximately 25
sec. Ryanodine is added by Hamilton sy-
ringe (arrowhead), at concentrations indi-
cated on the traces (um). RR, ruthenium

30 sec

2
<
o
=
o
0.

02 AU=20 nmol CaCI2

red. Each trace represents an individual
experiment, which when uniformly scaled
demonstrates the concentration

ent influence of ryanodine on the initial rate
of Ca®* release.

25 nM ryanodine, respectively; ¢ test significant, p < 0.05) (Fig.
3A). Cardiac preparations are more sensitive to Ca?*-induced
release of Ca®* (Fig. 3A), necessitating the measurement of
ryanodine-enhanced releases at lower concentrations of CaCl,
(30 uM Ca?* yields 2.3 = 0.3 mAU/mg/sec). Under these con-
ditions, the threshold concentration of ryanodine required to
significantly (p < 0.05) enhance the initial rate of Ca®* release
ranges between 100 and 250 nM (eight determinations). Ryano-
dine (0.1-1000 uM)-enhanced release of Ca®* exhibits a satu-
rable dose-response relationship with skeletal SR and becomes

saturated above 1 mM with cardiac SR (Fig. 3A). Even at 1
mM, ryanodine initially activates Ca®>* release maximally. The
rate data for the ryanodine-induced component (after subtrac-
tion of the release rate attributable to Ca?*-induced Ca?* re-
lease; Fig. 3A) are transformed according to the method of
Lineweaver-Burke, using only the concentrations of the alka-
loid that result in 20 to 80% of the maximum Ca?* release rates
in the analysis. Fig. 3, B and C, demonstrates that the skeletal
and cardiac release channels respond to ryanodine in a manner
that deviates from simple Michaelis-Menten kinetics (i.e., con-

1.3-1

10+

Release Rate (mAU/mg/sec)

Fig. 3. Ryanodine-enhanced rapid Ca?* re-
lease from cardiac (O) (80 wg) and skeletal
(®) (50 1g) SR (A) actively loaded in the
presence of pyrophosphate exhibits satu-
rable dose-response curves, which are in-

-8 -7 -6 -8

log [Ry.nodlno] ({"R

0 fluenced by the level of activating Ca?*. SR
vesicles are loaded as described in Fig. 2.
Release is initiated by addition of ryanodine
(10 nm to 1 mwm) in the presence of 30 um
Ca®* (cardiac) or 70 um Ca®* (skeletal).

Initial rates of Ca®* release are calculated
by best linear fit of the steepest component
and are presented as mAU/mg/sec. x, The
component of the release rates attributable
10 to the presence of Ca?* alone. The dose-
response relationships for the ryanodine-
Lo enhanced component (after subtraction of
the Ca?*-induced component) from skeletal
and cardiac SR are transformed according
6 to the Lineweaver-Burke method and are
presented in B and C, respectively. The
" lines represent the linear fit of the plot by
the ENZFITTER program.

20 20

°

14

1

1/[Ryanodine] (17,uM)
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vex Lineweaver-Burke plot) and suggests the presence of neg-
ative cooperativity with respect to the alkaloid effector sites,
with Hill coefficients of 0.52 (Fig. 3B) and 0.59 (Fig. 3C).
Nonlinear regression analysis of the curvilinear Lineweaver-
Burke plots resolves each preparation into two components,
having K values (mean + standard error) of 41 + 9 nM and 3.6
+ 0.3 uM with skeletal SR (Fig. 3B) and 0.44 + 0.28 uM and 29
+ 10 uM with cardiac SR (Fig. 3C). The higher sensitivity of
cardiac channels to Ca**-induced Ca?* release precludes reso-
lution of the higher affinity component of ryanodine-induced
Ca?* release that is predicted from receptor binding studies (see
below). The ratio of high affinity to low affinity sites respon-
sible for ryanodine-induced Ca?* release is close to 1:3 with
both preparations (maximum rates, in mAU/mg/sec, are 0.55
and 1.65 with cardiac and 3.2 and 13 with skeletal SR, respec-
tively).

Sequential activation/inactivation of the SR release
channel by ryanodine. The consequence of ryanodine bind-
ing to the SR Ca®* release channel has remained unclear,
because the alkaloid appears to activate the SR channel at high
nanomolar to low micromolar concentrations, while inhibiting
the channel at concentrations greater than 100 uM (see Intro-
duction). We address the possibility of a sequential, kinetically
limited mechanism in the coupling of ryanodine receptor bind-
ing and its consequent expression on channel activity. The
experimental approach of monitoring the effects of ryanodine
in real time from the moment of addition of ryanodine, under
active loading conditions, allows us to directly assess the pos-
sibility of a sequential mechanism. Although Figs. 2 and 3
demonstrate that increasing ryanodine concentrations increase
the initial component of release in a saturable manner (even 1
mM ryanodine produces an initial, fully activated channel), Fig.
4 shows that, pursuant to channel activation, ryanodine inac-
tivates-both the skeletal and cardiac channels, thereby allowing
the reaccumulation of Ca®* into the vesicles. The speed with
which the inactivation phase takes place increases with increas-
ing ryanodine, in the range of 1 uM to 1 mM, and influences
the total amount of Ca?* efflux in the initial release phase.
Skeletal and cardiac preparations exhibit quantitative differ-
ences with respect to the dose-response relation for inactiva-
tion, suggesting that the extravesicular Ca?* concentration also
influences the rate of inactivation by ryanodine (Fig. 4).

High and low affinity equilibrium binding of [*H]ry-
anodine. Scatchard analysis of equilibrium binding experi-
ments with [*H]ryanodine at optimal (50 uM) Ca** shows the
presence of multiple binding sites, having nanomolar affinity,
in both skeletal and cardiac SR. The Ca®*-activated component
(in the absence of other known chemical modulators) having
the highest affinity for [*H]ryanodine in skeletal and cardiac
SR exhibits K, values of 4.6 + 1.9 nM and 1.5 + 0.3 nM (average
of three independent experiments in duplicate), respectively,
regardless of whether the experiments are performed by titra-
tion of the labeled ligand at fixed specific activity (data not
shown) or addition of unlabeled ligand to a fixed concentration
of [*H]ryanodine. The low nanomolar K; of the high affinity
site necessitates the use of 0.5-1.0 nM [*H]ryanodine to dem-
onstrate the high and the low affinity sites in the same exper-
iment (Fig. 5). Fig. 5, insets, shows the high and low affinity
sites measured in the presence of 0.5-32 and 15-500 nm [*H]
ryanodine in individual experiments. Sites having 11- and 24-
fold lower affinity (K., values) for the radioligand are present

Sequential Mechanism for Ryanodine Action on SR Channel 683

Cardilac

0.01 AU=8.6 nmol CaCl,

Az107A700

Skeletal

=1 min

il

0.01 AU=8.9 nmol CaCly

Fig. 4. Sequential activation and inactivation of the Ca* release channel
of cardiac and skeletal SR. Cardiac (80 ug) and skeletal (50 ug) vesicles
are loaded with 6 x 12- and 8 x 20-nmol CaCl. additions, respectively.
Release is initiated with ryanodine in the presence of 5 um CaCl, (cardiac
SR) or 30 um CaCl, (skeletal SR). Ryanodine concentrations are indicated
on the traces (uMm). RR, ruthenium red.

in skeletal and cardiac SR and are characterized by Hill coef-
ficients significantly (p < 0.05) less than unity (Table 1A). The
maximum receptor densities for skeletal and cardiac prepara-
tions are 23 and 7 pmol/mg of protein (best of four determi-
nations), respectively, and are each estimated to comprise
~1:2.3 high/low affinity binding sites. Several attempts have
been made to demonstrate the existence of low affinity sites
having K, values of =1 uM, which are reported to exist under
high salt conditions (14, 22). Analysis of the binding of 50 nm
[*H]ryanodine in the absence and presence of 25-5000 nM
unlabeled ryanodine results in binding sites having K, (K.,
values of 554 nM in skeletal SR and 680 nM in cardiac SR and
Biax values of 26 and 8.6 pmol/mg of protein, respectively
(Table 1). Under these conditions, the corresponding ny values
are between 0.6 and 0.7 for both preparations. Analysis of
experiments with 300 nM [*H]ryanodine (specific activity, 4.5
Ci/mmol) and added unlabeled ryanodine from 100 nM to 10
uM, using the LIGAND computer program, repeatedly fails to
compute K, values (the regressions invariably failed to con-
verge). However, initial estimates generated by the nonlinear
Marquardt algorithm of the ENZFITTER program yield Ky
(Ka,) values of 2.8 uM for skeletal SR and 4.3 uM for cardiac
SR, with ny values of 0.23 and 0.27, respectively. The estimates
of K4, and B, using equilibrium ligand binding techniques
have large errors associated with them, which reflect the inher-
ent limitation of this method to ascertain K, values of =1 uM.
The average equilibrium K, Bp.., and ny values for the high
and low affinity sites for [*’H]ryanodine binding are summarized
in Table 1A.

Kinetic studies of high and low affinity sites. The
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High [*H]ryanodine concentrations (1 uM) further increase the
rate of association in skeletal SR (Fig. 7A, inset), which is fully
equilibrated in 20 min and remains stable for 6 hr.
Dissociation (induced by a 100-fold dilution of the assay
medium) is shown in Fig. 6. The rate of dissociation increases
with the concentration of ryanodine, from 1 to 50 nM, and the
shape of the dissociation curve changes from linear to curvilin-
ear. Dissociation rate experiments at 50 nM [*H]ryanodine are
indeed nonlinear with both cardiac and skeletal SR (Fig. 8).
The curvilinear dissociation curves allow us to calculate the
distribution of the high and low affinity sites, as well as to
accurately measure their dissociation rate constants. The ENZ-
FITTER computer program can estimate the linearized disso-
ciation curves. The initial fast dissociation represents the low
affinity site, and the slow dissociation represents the high
affinity site. The ratio of these two sites can be estimated from
the y-intercept of the slower component on the time versus
In(SB/SB,) plot (i.e., e ™), which will give the percentage

0 s 10 165 20
BOUND (pmol/mg prot)

B H B 1.3 pmol/mg p.

Ky= 0.98 nM

1

o.zﬁ
B,m 3.3 pmol/mg p.

K= 24.8 nM
0.5

.BOUND/FREE (pmol/mg prot/nM)

BOUND (pmol/mg prot)

Fig. 5. Scatchard analysis of the high and low affinity binding of [°H]
ryanodine to 30 ug of skeletal (A) or cardiac (B) SR. Binding of [*H]
ryanodine (0.5-480 nM) was performed as described in Materials and
Methods. A, K, values for the high and low affinity sites are 5.22 and
44.66 nm, respectively; Bnax Values for the high and low affinity sites are
6.45 and 18.81 pmoi/mg of protein, respectively. B, K, values for the
high and low affinity sites are 0.6 and 24.9 nm, respectively; B, values
for the high and low affinity sites are 0.84 and 3.36 pmol/mg of protein,
respectively. Data shown are from representative experiments, per-
formed in duplicate, which were repeated several times (see average
constants in Table 1). Insets, Scatchard analysis of binding of 0.5-32 nm
(upper) and 15-500 nm (lower) [*H]ryanodine to skeletal (A) and cardiac
(B) SR. Data shown are from single individual experiments, performed in
duplicate.

association of 1 and 50 nM [*H]ryanodine in cardiac and skel-
etal SR and of 1 uM [*H]ryanodine in skeletal SR is shown in
Fig. 6. The rate of association increases with the concentration
of ryanodine, from 1 nM to 1 uM. Linear transformation per-
formed on association data is shown in Fig. 7 for 1 and 50 nM
[*H]ryanodine at skeletal (Fig. 7A) and cardiac (Fig. 7B) SR.

of occurrence of the high affinity site (Fig. 8). The ratio of high
and low affinity sites is approximately 1:2.5 in both muscle
preparations. However, the trend of increasing rates of disso-
ciation seen with 1 and 50 nM [*H]ryanodine broke, becoming
slower and linear with the dissociation of 1 uM ligand-receptor
equilibrium complex (Fig. 8A). This observation is not the
result of reassociation of 10 nM ryanodine during measurement
of dissociation of 1 uM [*H]ryanodine (by 100-fold dilution),
because a 2000-fold dilution under identical conditions yields a
similar slow rate of dissociation (k-, = 0.0028 and 0.0037 min~’,
respectively). By using the measured dissociation rate constants
(k-1) and the observed association rate constant (measured at
50 nM [*H]ryanodine) (Table 1B), the K, values for the high
and low affinity sites can be calculated (Table 1C). The calcu-
lated K, values are not significantly different from those esti-
mated from equilibrium binding experiments, and the approx-
imate ratio of the maximal binding capacities for the high and
low affinity sites is 1:2.3. Based on the association and disso-
ciation rate constants (Figs. 7A and 8A) at 1 uM [*H]ryanodine,
the calculated K, is 4.85 nM. Please note that the equilibrium
binding at 1 uM [*H]ryanodine is only 11.5 pmol/mg of protein,
whereas at 50 nM [*H]ryanodine it is 7 pmol/mg of protein.
Assuming the presence of four binding sites with the lowest
affinity of 3 uM (14), the expected binding at 1 uM [*H]
ryanodine should be approximately 25-30 pmol/mg of protein.
These data suggest that a loss of the available binding sites
occurs even after 1 hr of incubation with 1 uM [*H]ryanodine.
Pessah et al. (16, 17) have shown that the dissociation of 5
nM [*H]ryanodine from its high affinity sites by a 2000-fold
excess of unlabeled ryanodine has an extremely slow compo-
nent of dissociation (¢, = 14.4 hr), comprising 75% of all
binding sites, and results in a K; 20 times lower than the
apparent K, determined from equilibrium binding studies. To
understand the basis of the discrepancy between calculated and
measured K values for the high affinity sites, we have measured
the rate of dissociation of 0.5-1.0 nM [*H]ryanodine from the
high affinity sites, using several concentrations of ryanodine or
ruthenium red, a competitive inhibitor of the binding of ryano-
dine. The dissociation rate constants are listed in Table 2. The
association rate constants are calculated from the kq, values of
0.0148 and 0.0128 min™ for cardiac and skeletal SR, respec-
tively, according to the equations listed in the legend to Table
1. Dilution with a 100-fold excess of the assay medium or
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TABLE 1

Sequential Mechanism for Ryanodine Action on SR Channel 685

Comparison of the binding constants for [*H]ryanodine binding to skeletal and cardiac SR

Values are mean + standard error or average of two independent determinations performed in duplicate. Binding of [*H]ryanodine at four concentration ranges was
performed as described in Materials and Methods. 1-4 refer to the high affinity and to the lower affinity sites. k., = (Kwe — Kk-1)/[L]), Where [L] is the equilibrium

concentration of the ligand. Ky = k_i/K...

Ky Brax Ny
A. Equilibrium experiments
Skeletal Cardiac Skeletal Cardiac Skeletal Cardiac
M pmol/mg of protein
1 46+19 15+03 58+0.2 15+03 0.86 £ 0.07* 0.93 +0.07
2 528 +17.1 35.5+10.7 129+ 4.1 38+04 0.70 £ 0.10 0.69 +£0.10
3 554.5 + 66.5 680.5 + 88.4 261 +£19 86+24 0.62 + 0.09 0.70 + 0.08
4 2800.0 + (>100%) 4320.0 + (>100%) 67.2+(>100%) 78.7 £ (>100%) 0.23+0.005 0.27 +£0.015
055+ 0.02°® 0.63+0.04
B. Kinetic experiments*® Kabe ko, ko, [ Kerg
min~" v min~T
Cardiac 0.0637 0.00212 0.0288 0.00123 0.000698
Skeletal 0.0623 0.00225 0.0292 0.00120 0.000662
C. Calculated dissociation constants Ka, Ka,
nw
Cardiac 1.7 413
Skeletal 19 441

* Values for n,, are mean + standard error of three independent determinations performed at four ditferent ranges of [*H]ryanodine concentrations, as described in
Methods

Materials and

® Hill coefficient dete}mirued from [*H]ryanodine binding curve using labeled ligand concentrations only from 0.2 nM to 2 um.

° Ryanodine concentration, 50 nm.

addition of 50 nM ryanodine (which is a 100-fold excess of the
labeled ligand) causes rapid dissociation of [*H]ryanodine from
the high affinity site of both preparations. In both preparations,
the off-rate of 1 nM [*H]ryanodine slightly increases (cardiac
SR) or does not change (skeletal SR) with the concentration of
ruthenium red, from 200 nM to 1 uM (Table 2). Ryanodine (10
uM) seems to dissociate 1 nM [*H]ryanodine in a biphasic
manner in both preparations, with a rapid (¢, = 80-100 min)
and a very slow phase (t,; = several hours). It is very important
to point out that these experiments aim to assess the dissocia-
tion rate of ryanodine from its highest affinity site, whose
initial rate does not decrease with increases in the ryanodine
concentration from 25 nM to 10 uM. At a 20,000-fold concen-
tration of unlabeled ryanodine, the appearance of a very slow,
late phase of the dissociation can be due to a subsequent
irreversible action of ryanodine on the lower affinity sites and
is in consonance with the finding that the dissociation rate
measured with a 100-fold dilution of the assay medium slows
down as the concentration of the equilibrating [*H]ryanodine
increases from 50 nM to 1 uM.

Influence of Ca?* transport buffer on [*H]ryanodine
binding parameters. The validity of conclusions drawn from
radioligand binding and Ca?* transport assays reported here
hinges on the assumption that the characteristics of ryanodine
binding to the channel complex are essentially the same in the
antipyrylazo III transport buffer as those measured in the
standard assay buffer. Binding curves performed in the com-
plete transport buffer are essentially identical to those meas-
ured in standard assay buffer, exhibiting curvilinear Scatchard
plots with similar values for K,, and K,, (Fig. 9). ["H]Ryanodine
binding in the transport buffer maintains its sensitivity to key
ligands, including Ca**, adenine nucleotide, and Mg?* (not
shown).

Discussion

Ryanodine specifically interacts with the ligand-gated Ca**
release channel that is localized at the terminal cisternae of

striated muscle SR (15, 29). Characterization of the binding of
[*H]ryanodine has demonstrated the sensitivity of the alkaloid
binding site to a large number of physiologically and pharma-
cologically relevant chemical agents (14, 17, 18). The number
of interacting binding sites for ryanodine on the channel pro-
tein complex and their possible allosteric interaction have, until
recently, been unclear. [°H]Ryanodine binding sites having very
low affinity (K; ~3-5 uM) have been detected in both skeletal
and cardiac SR, when assayed under high salt conditions (1 M
KCIl or NaCl) (14, 22). High salt has been shown to alter both
the kinetics of ryanodine binding and the Ca®*-transport prop-
erties of the release channel in isolated SR (8, 28, 30). As was
pointed out in the Introduction, there is a discrepancy in the
literature concerning the cooperative nature of the binding of
ryanodine to the SR Ca®* release channel complex (14, 22, 30).

Four heterogeneous sites for ryanodine on the SR Ca?*
release channel. Detailed investigation of equilibrium and
kinetic binding parameters with isolated skeletal and cardiac
SR, utilizing several “discriminating” concentrations of [*H]
ryanodine, strongly suggests the existence of more than three
binding sites on the Ca®* release channel complex (Table 1).
Equilibrium binding assays show multiple binding sites for
ryanodine, with the highest affinity being 4.6 nM in skeletal
and 1.5 nM in cardiac SR. The Hill coefficient for the high
affinity site is not significantly different from 1. This is not
surprising, because the Hill plot measured at a ligand concen-
tration that results in occupancy of 50-75% of B., is signifi-
cantly less than 1, whereas at very low and very high ligand
concentrations ny will approach 1 (31) when the binding curve
reflects only one site. Binding curves with 0.25 nM to 2 uM [*H]
ryanodine (which titrates at least 75% of all available sites)
give Hill coefficients significantly less than 1 (ny = 0.55 and
0.63 in Table 1). Two distinct experimental approaches have
been undertaken to demonstrate the presence of lower affinity
sites. First, equilibrium binding of 0.5-1 nM [*H]ryanodine was
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Fig. 6. Association of 1 (@, O), 50 (A, A), or 1000 (W) nm [*H]ryanodine
to 30 ug of skeletal (A) or cardiac (B) SR and dissociation by 100-fold
dilution of the assay medium after equilibrium binding of ryanodine.
Binding of [*H]ryanodine was measured as described in Materials and
Methods. Data shown are the average of two independent experiments
performed in duplicate. Standard error was less than 5%. A, kus values
for the binding of 1, 50, and 1000 nm ryanodine are 0.02575, 0.06223,
and 0.5921 min™" values, respectively, and k_, values are 0.0129, 0.0182,
and 0.00286 min~', respectively. B, ko, values for the binding of 1 and
50 nm ryanodine are 0.02375 and 0.0637 min~', respectively, and k-,
values are 0.0077 and 0.0173 min™", respectively.

assessed in the presence of varying concentrations (0.5-500
nM) of unlabeled ryanodine. Second, equilibrium binding of 15,
50, or 300 nM [°*H]ryanodine, concentrations that saturate the
high affinity sites, was assessed with varying concentrations
(20 nM to 10 uM) of unlabeled ryanodine. Both approaches
demonstrate the existence of three additional binding sites
having lower affinities for [*H]ryanodine (Table 1). The under-
lying causes of nonlinear Scatchard plots may be the result of
(32) 1) ligand heterogeneity (labeled and unlabeled ryanodine
used in the present studies exceeded 98% purity), 2) ligand-
ligand interaction (unlikely because ryanodine is a neutral
alkaloid with high solubility in aqueous medium), 3) two-step
reaction kinetics with ternary complex formation (kinetic

Skeletal A

4 4
3
2
34
1
o
2+
":_ o 4 1
T
b
1 200
s Cardiac B
[

0 1do 200 3do
TIME (min)

Fig. 7. Association curves of the binding of 1 (@), 50 (O), or 1000 (inset)
nm [*H]ryanodine to 30 ng of skeletal SR (A) and of 1 (®) or 50 (O) nm
[*H]ryanodine to cardiac SR (B). Data shown are from single represent-
ative experiments performed in duplicate. For skeletal SR, ks values
are 0.01846, 0.0424, and 0.592 min~' at 1, 50, and 1000 nm [*H]
ryanodine, respectively, and, for cardiac SR, ks values are 0.00774 and
0.0278 min™" at 1 and 50 nm [*H]ryanodine, respectively. By, maximal
specific binding; Br, specific binding at time t.

analysis of association of [*H]ryanodine with its receptor
clearly obeys one-step bimolecular kinetics, as demonstrated in
Fig. 7), 4) incorrect definition of specific binding (which is
avoided by subtraction of the binding at a 100-fold excess of
the unlabeled ligand as nonspecific binding in every experi-
ment), 5) multiple receptor subtypes, or 6) negative cooperative
site-site interaction. The latter two options are possible for the
binding of ryanodine. However there are five lines of evidence
in favor of the negative cooperativity. 1) With both tissues,
discrimination of sites with decreased affinity for ryanodine
gives progressively lower Hill coefficients (ny values for K.,
K, and K, are 0.7, 0.65, and 0.25, respectively), in strong
support of negative cooperativity, as recently suggested by Lai
et al. (14). 2) The estimated ratios of the high and low affinity
sites in skeletal and cardiac muscle are 1:2.2 and 1:2.5, respec-
tively, determined by equilibrium binding experiments, by dis-
sociation of the equilibrium binding of 50 nM [*H]ryanodine by
100-fold dilution in the assay medium (Fig. 8), or by Ca®*
release measurements activated by ryanodine (Fig. 3). These
ratios are slightly different from 1:3 given by Lai et al. (14),
which is accounted for by the fact that our experimental design
can discriminate three of the four sites present that have
affinities below 1 uM. Lack of accurate quantitation of the
lowest affinity site appears to be a limitation of equilibrium
binding studies under low salt conditions, especially because
these experiments cannot accurately discriminate low affinity
binding from nonspecific binding [that fraction of inhibitable
binding that is insensitive to heat denaturation (data not
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Fig. 8. Dissociation of 1 (A, A), 50 (®, O), and 1000 (W) nm [*H]ryanodine
from skeletal (A) and cardiac (B) SR by 100-fold dilution with the assay
medium. At 1 nm [*H]ryanodine, the corresponding k-, values are 0.0167
min~" for skeletal and 0.00776 min~" for cardiac SR; the k_, values at 50
nm [*H]ryanodine are listed in Table 1 and k-, at 1000 nm [*H]ryanodine
is 0.0028 min~'. Dissociation was performed as described in Materials
and Methods. Data are from single experiments performed in duplicate,
which were repeated once with similar results. - - -, Linear fit for the
fast and slow components of the dissociation after equilibrium binding
with 50 nm [*H]ryanodine, using the ENZFITTER program.

shown)]. 3) The existence of heterogeneous sites for ryanodine
on the channel protein is supported by direct measurement of
ryanodine-enhanced rates of Ca’' release from SR actively
loaded in the presence of ATP and a regenerating system (Fig.
3). The site having the lowest affinity for ryanodine in skeletal
and cardiac SR can be determined (K; = 2.4 + 0.3 and 3.7 +
0.2 uM, respectively) by measurement of the rate of Ca®* release
induced by different concentrations of ryanodine (Fig. 3). We
demonstrate here that the binding properties of [*H]ryanodine
remain essentially unchanged in the complete transport buffer
(Fig. 9), allowing valid correlation between receptor binding

Sequential Mechanism for Ryanodine Action on SR Channel 687

and Ca®* release measurements. Under conditions promoting
specific ryanodine binding sites having K, values of 0.5-5 uM,
a biphasic response of the channel is observed (discussed be-
low), which suggests an allosteric link between high and low
affinity sites. 4) Further evidence in support of allosteric neg-
ative cooperativity among four ryanodine binding sites comes
from the analysis of [*H]ryanodine binding kinetics. Determi-
nation of k_, by dissociation of [*H]ryanodine (5 nM in equilib-
rium with SR) by the addition of a micromolar excess of
unlabeled ryanodine results in a biphasic rate of dissociation,
with an extremely slow component (17) (Table 2). However,
dissociation of [*H]ryanodine (0.5 nM) from the high affinity
sites by a 100-fold excess of unlabeled ryanodine (50 nM) yields
linear rates that are quantitatively similar to rates obtained by
addition of a 100-fold excess of assay medium. The association
and dissociation rate constants (Figs. 7 and 8 and Tables 1 and
2) allow us to calculate the dissociation constants for the low
and high affinity sites, which are in good agreement with the
apparent dissociation constants derived from the equilibrium
binding studies. The dissociation rate of 50 nM [*H]ryanodine
induced by a 100-fold dilution of assay medium is significantly
faster than that of 1 nM [*H]ryanodine. These kinetic results
are consistent with an allosteric interaction among ryanodine
binding sites that are negatively cooperative. This model pre-
dicts increased rates of dissociation with increasing concentra-
tions of the dissociating ligand and excludes the possibility of
four noninteracting binding sites. Measurement of association
and dissociation (by 100-fold dilution with assay buffer) of 1
uM [*H]ryanodine yields a calculated K, that is not significantly
different from the K, measured at 1 nM [*H]ryanodine (4.6
nM). This finding directly discounts the possibility of a full
positively cooperative interaction at high concentrations of the
alkaloid, as suggested by McGrew et al. (22). 5) Finally, pre-
treatment of SR with 1 uM ryanodine (which favors low affinity
binding) results not only in the complete and irreversible
inhibition of low affinity [*H]ryanodine binding but also in
significant inhibition of high affinity sites,? suggestive of an
allosteric link among binding sites.

Sequential, time-dependent activation and inactiva-
tion of the Ca?* release channel complex by ryanodine.
Simple negative cooperativity cannot fully account for 1) the
slowing of the second phase of dissociation at high ryanodine
concentrations (Table 2) and 2) slowing of the rate of dissocia-
tion measured by 100- (Figs. 7 and 9) or 2000-fold (see text,
above) dilution with the assay medium after equilibration of
the SR with 1 uM [*H]ryanodine. The action of high concen-
trations of ryanodine (Table 2), causing a sequential hastening
and persistent delay in dissociation, may suggest a sequential,
time-dependent, perhaps irreversible, alteration of the channel
protein complex as a consequence of ryanodine binding. The
existing discrepancy in the literature about the positive (22) or
negative (14, 30) (present data) cooperative nature of the bind-
ing of ryanodine can be resolved by the suggestion that the
effect of ryanodine on the initial (present data) and late phases
(22) of the dissociation reveals different sequential mechanisms
that result from the binding of ryanodine to its receptor sites.
The possibility of a sequential mechanism was first suggested
by Lai et al. (14), based on indirect observations. The present

?1. Zimanyi, E. Buck, J. Abramson, and 1. Pessah. Irreversible Action of
Ryanodine on Skeletal Muscle Sarcoplasmic Reticulum Channel. Manuscript in
preparation.
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TABLE 2

Comparison of dissociation rates of [*H]ryanodine binding to skeletal and cardiac SR
Binding of [*H]ryanodine was measured as described in Materials and Methods. Values are average of two independent determinations assayed in duplicate. Errors of

the estimates were <10%.
Skeletal Cardiac
Dissociating condit
'v, k-| kﬂ Kd tV: k—! kﬁ Kd
min min~" M- 'min™? nm min min~* nw-'min™? M
100-fold excess of assay 53.6 0.0129 0.0090 1.43 89.1 0.0077 0.0071 1.08
medium
25 nm Ryanodine 105.5 0.0066 0.0062 1.05 134.1 0.0052 0.0096 0.54
50 nm Ryanodine 104.5 0.0066 0.0062 1.06 109.0 0.0063 0.0085 0.74
10 um Ryanodine* 101.9 0.0068 0.0060 1.13 90.0 0.0077 0.0071 1.08
10 um Ryanodine® 302.4 0.0023 0.0105 0.22 401.0 0.0017 0.0131 0.13
200 nm RR® 132.6 0.0052 0.0076 0.68 290.0 0.0024 0.0124 0.19
1um RR 834 0.0083 0.0045 1.84 312.2 0.0022 0.0126 0.17
10 um RR 104.2 0.0066 0.0062 1.06 305.5 0.0022 0.0126 0.17
* Taking the initial phase of dissociation only.
® Taking both the slow and initial phases of dissociation.
°RR, ruthenium red.
A1
Ca 9 2
1.0 ot
uncoupling
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Fig. 9. Parameters of the equilibrium binding of [*H]ryanodine to skeletal
SR are not affected by pyrophosphate and antipyrylazo lll. The binding
of 0.5-500 nm [*H]ryanodine to 30 ug of skeletal SR was performed in
1 ml of transport assay buffer consisting of 95 mm KCl, 20 mm K-MOPS,
7.5 mm sodium pyrophosphate, 250 um antipyrylazo lll, 1.5 mm MgATP,
25 ug/mi creatine phosphokinase, and 5 mm phosphocreatine, pH 7.0.
Data shown are from a single experiment, performed in duplicate. K,
values for the high and low affinity sites are 3.76 and 55.9 nm, respec-
tively, and the respective Bma. values are 3.87 and 15.66 pmol/mg of
protein.

work, utilizing antipyrylazo III to rapidly monitor changes in
extravesicular Ca®* under active loading conditions and in the
presence of the Ca’*-complexing anion pyrophosphate, can
clearly show the biphasic effect of ryanodine on the release of
Ca’* from the moment of the addition of the alkaloid to the SR
of cardiac or skeletal muscle. The presence of pyrophosphate,
which readily permeates SR, permits rapid loading of SR mem-
brane vesicles with levels of Ca’* that are not possible in its
absence, while allowing slower depletion of the accumulated
Ca?* during the subsequent phase of rapid Ca’* release (7).
Because net transport of Ca?* across SR vesicles can be accu-
rately monitored in real time and reflects a balance between
pump protein-mediated uptake and release through the release

®
chan:el :Iosed 034 t\ca“ clu[nel open

&

closed
cat ca2t

00
00

channel open ﬁ:

Km( Kd2< Kd3< K“
R=ryanodine
Fig. 10. Model of modulation of the Ca?* release channel by ryanodine.

o
az’sdy' channel open
00
HO

channel open

channel, the assay allows careful control of important param-
eters, including the amount of Ca?* with which the vesicles are
loaded and the extravesicular Ca®* concentration at the time
of drug-induced Ca®* release, factors that have a significant
influence on the initial rates of Ca®* release. Further, Palade
(10, 11) has demonstrated that, in the presence of pyrophos-
phate, rapid rates of Ca?* release can be accurately measured
and the SR Ca®* release channel maintains its sensitivity to
pharmacological agents known to influence its activity. The
higher sensitivity of cardiac SR to Ca®*-induced Ca®* release is
also quantitatively [if one considers the free Ca?* attained in
this study to be approximately one tenth of the total Ca?* (10)]
and qualitatively consistent with previous studies with isolated
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SR and with skinned muscle fibers and could reflect the rele-
vance of this mechanism in excitation-contraction coupling in
cardiac muscle (33). Utilizing this technique, we can show the
concentration-dependent activation and inactivation by ryano-
dine of the release of Ca?* in both cardiac and skeletal SR
preparations (Fig. 4), which directly support our receptor bind-
ing data and data on the action of ryanodine on single Ca®*
release channels, reconstituted into lipid bilayers, reported by
Lai et al. (14).

Putting the transport and the receptor binding data together,
we propose an alternative model (scheme in Fig. 10), whereby
four negatively cooperative sites on the Ca?* release channel
protein allosterically modulate ryanodine binding and are cou-
pled to sequential activation and inactivation of the Ca?* release
channel.

In the presence of low (<1 uM) Ca?* concentrations, the four
binding sites are in a low affinity conformation (characterized
by slow rates of association) (17) and the channel is noncon-
ducting (Fig. 10, overlapping circles). Micromolar Ca®* induces
a concerted transition to the high affinity ryanodine receptor
state and a conducting channel (Fig. 10, squares).

The model stresses two important new findings regarding the
interaction of ryanodine with its receptor. First, ryanodine
binds to four sites on the oligomeric channel complex, which
allosterically interact in a negatively cooperative manner with
decreasing affinities (K;, = 1-3 nM, K,, = 30-50 nM, K, = 500~
800 nM, and K, = 2000-4000 nM). Second, binding of ryanodine
to its receptor activates the Ca®* release channel in a concen-
tration-dependent and saturable manner, in the range of 20 nM
to 1 mM, and produces a kinetically limited and sequential
inactivation of the Ca®* channel, with the concomitant attain-
ment of full negative cooperativity. The results presented also
suggest that driving the complex toward full negative coopera-
tivity with high concentrations of ryanodine promotes a long-
lived conformational state in which ryanodine is physically
occluded and hindered from free diffusion from its binding site.
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