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Summary. The effects of various local anesthetics (LAs) on the 
skeletal muscle ryanodine receptor were tested. The LAs were 
divided into three categories according to their effects on the 
binding of ryanodine to the junctional sarcoplasmic reticulum 
membranes. Ryanodine binding was assayed in the presence of 
0.2 M NaC1 and 10 tzM CaC12. Tetracaine and dibucaine inhibit 
the binding with half-maximal inhibition (CIs0) of 0.12 and 0.25 
mM, respectively, while inhibition by benzocaine and procaine 
occurs with CIs0 of about 10-fold higher. Lidocaine, its analogue 
QX-314, and prilocaine, on the other hand, stimulate the binding 
up to fourfold with half-maximal stimulation occurring with about 
2 mM of the drugs. Lidocaine increases both the receptor affinity 
for ryanodine by about fivefold and the rate of ryanodine associa- 
tion with its binding site by about 10-fold. 

Tetracaine interacts with the ryanodine receptor in a non- 
competitive fashion with respect to ryanodine but it competes 
with lidocaine for its binding site, suggesting the existence of a 
single site for the inhibitory and stimulatory LA. 

The LAs also interact with the purified ryanodine receptor 
and produce effects similar to those with the membrane-bound 
receptor. 

Tetracaine and dibucaine inhibit binding of the photoreac- 
tive ATP analogue; [c~-3zp]benzoyl-benzoyl ATP (BzATP) to the 
ATP regulatory site of the ryanodine receptor, and high concen- 
trations of ATP decrease the degree of ryanodine binding inhibi- 
tion by tetracaine, indicating the relationship between the recep- 
tor conformations stabilized by ATP and LAs. 

Based on a structure-activity relationship, a model for the 
LA site of interaction in the ryanodine receptor is suggested. 

Key Words local anesthetics, ryanodine receptor,  sarcoplas- 
mic reticulum - Ca 2+ release channel 

Introduction 

Contraction in skeletal muscle is initiated by a depo- 
larization of the transverse tubular membrane 
which, in turn, signals the release of C a  2+ from the 
sarcoplasmic reticulum (SR) [12, 40]. A key protein 
involved in the excitation-contraction coupling is the 
ryanodine receptor--a  protein which binds the toxic 
alkaloid ryanodine with nanomolar affinity [28]. 

The purified protein has been found to consist 
of high molecular weight polypeptides ( -450 kD) 
which are assembled into a tetrameric complex of 
apparent sedimentation coefficient 30S [8, 20, 27]. 
Recently, the cDNA of the ryanodine receptor from 
skeletal muscle has been cloned and sequenced, and 
a molecular mass of 565 kD was determined [42, 
48]. When incorporated into planar lipid bilayers, 
the purified protein exhibits a calcium conductance 
with pharmacological properties of the native SR 
C a  2+ release channel [19, 27]. Structural analysis of 
the purified receptor suggests that it corresponds to 
the junctional feet structures which connect the SR 
junctional face membranes to the transverse tubule 
[20, 27]. 

Several investigations have been undertaken on 
the effects of local anesthetics (LAs) on skeletal 
and cardiac muscle sarcoplasmic reticulum activities 
[1-3, 9, 13, 14, 16, 21, 22, 31, 32, 34, 37, 41, 46]. 
However, it has been observed that LAs drugs exert 
complex effects on SR. Several local anesthetics 
were found to inhibit Ca 2+ release induced by a 
variety of methods [2, 16, 31]. On the other hand, 
some LAs are known to cause a contraction by them- 
selves [3, 16, 21, 34, 46]. However,  whereas dibu- 
caine enhances the CaZ+-induced Ca 2+ release [46], 
prilocaine does not facilitate this mechanism, al- 
though it increases the release of Ca 2+ from the SR 
[34]. Recently [37], we have shown that preincuba- 
tion of SR with LAs in the presence of ATP stimu- 
lates Ca 2+ efflux from the SR vesicles. Thus, the 
complex effects of LAs on the behavior of the SR 
suggest that these agents may either have multiple 
sites of action and/or their structure and the condi- 
tions under which they are manipulated control their 
effects. Their mode of action, however, is still to be 
determined. 

In this study we performed a detailed analysis 
of the interaction of several LAs with membrane- 
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bound and purified ryanodine receptor. We show 
that the LAs interact with the ryanodine receptor 
and either stimulate or inhibit the binding of ryano- 
dine to its receptor. A model for the structure-activ- 
ity relationship is suggested. 

quots (50/xg) through Whatman GF/C filters, followed by washing 
three times with 5 ml of ice-cold buffer containing 0.2 M NaC1, 
10 mM MOPS, pH 7.4 and 50/xM CaC12. The filters were dried, 
and the retained radioactivity was determined by standard liquid 
scintillation counting techniques. Specific binding of [3H]ryanod- 
ine is defined as the difference between the binding in the absence 
and presence of 20 p.M unlabeled ryanodine. 

Materials and Methods 

MATERIALS 

ATP, EGTA, 1 Tris, Tricine, MOPS, procaine, tetracaine, 
benzocaine, prilocaine, chlorpromazine, dibucaine, and lidocaine 
were obtained from Sigma. [3H]ryanodine (60 Ci/mmol) was pur- 
chased from New England Nuclear. Unlabeled ryanodine was 
obtained from Calbiochem. 

Benzocaine, lidocaine were dissolved in methanol. The last 
two were then diluted 1:4 with H20 while stirring and the pH 
was adjusted to about 7.0. The final methanol concentration in 
control and LA-containing samples never exceeded 2%. 

MEMBRANE PREPARATIONS 

Junctional SR membranes were prepared from rabbit fast-twitch 
skeletal muscle as described by Saito et al. [35]. In most of 
the experiments the fraction R 4 w a s  used. The membranes were 
suspended to a final concentration of about 25 mg protein/ml in 
a buffer containing 0.25 N sucrose, 10 mM tricine, pH 8.0 and 1 
mM histidine and stored at - 7 0  ~ Protein concentration was 
determined by the method of Lowry et al. [29]. 

PURIFICATION OF THE RYANODINE RECEPTOR 

Ryanodine receptor was purified by the spermine-agarose method 
[38]. The purified protein (30-70/xg/ml) was assayed for [3H]ry- 
anodine binding (in 0.1 ml) as described below for the membranes, 
except that soybean lecithin (5 mg/ml) was present in the assay 
medium. After 2 hr at 30 ~ the bound ryanodine was assayed 
by polyethylene glycol 600 (PEG) precipitation in the presence 
of carrier protein (1.4 mg/ml BSA), followed by filtration through 
Whatman GF/B filters and 3 x 4 ml washes with 10% PEG 
solution [38]. 

[3H]RYANODINE BINDING 

Unless otherwise specified, junctional SR membranes (final con- 
centration of 0.5 mg/ml) were incubated for 2 hr at 37 ~ with 
20 nN [3H]ryanodine (Spec. act. = 30 Ci/nmol), in a standard 
binding solution containing either 0.2, 0.5 or 1 M NaC1, 20 mM 
MOPS, pH 7.4 and 10 txM CaC12. Unbound ryanodine was sepa- 
rated from protein-bound ryanodine by filtration of protein all- 

1 Abbreviations: EGTA, ethylene glycol bis (fl-aminoethyl 
ether)-N,N,N'N'-tetraacetic acid; Tricine, N-[2-hydroxy-1, 1-bis 
(hydroxymethyl)-ethyl]-glycine, MOPS, 3-(N-morpholino) pro- 
panesulfonic acid; SDS-PAGE, sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis; SR, sarcoplasmic reticulum; PEG, 
polyethylene glycol 600; LAs, local anesthetics. 

Results 

The effects of various concentrations of several local 
anesthetics (LAs) (their structures are shown in Fig. 
1) on ryanodine binding by junctional SR membranes 
are illustrated in Fig. 2. These compounds are di- 
vided into three categories according to their effects 
on ryanodine binding to the membrane-bound 
ryanodine receptor. Tetracaine and dibucaine (Fig. 
2A) inhibit ryanodine binding with half-maximal in- 
hibition (CIs0) occurring at about 0.12 and 0.25 mM 
for tetracaine and dibucaine, respectively. Dibu- 
caine alters ryanodine binding in a biphasic man- 
ner--stimulation at low concentrations (>100/XM) 
and inhibition at higher concentrations (Fig. 2A). 
Chlorpromazine, whose structure resembles that of 
a typical LA but missing the carbonyl group, stimu- 
lates ryanodine binding between 25 to 200/XM and 
inhibits the binding at higher concentrations (Fig. 
2A). Chlorpromazine is considered to be a calmodu- 
lin antagonist but has been shown to act as a LA 
[25]. Procaine and benzocaine are much less potent; 
50% inhibition is obtained with 2 and 6 mM of pro- 
caine and benzocaine, respectively (Fig. 2B). Lido- 
caine, its analogue QX-314, and prilocaine, on the 
other hand, stimulate the binding of ryanodine up 
to threefold (Fig. 2C). 

Table 1 summarizes the effects of the various 
LAs and other compounds, such as caffeine and 
chlorpromazine, on ryanodine binding by presenting 
the concentration of the drug required for 50% inhi- 
bition (CIs0) or stimulation (CS50) of ryanodine bind- 
ing, as well as the pKa values of the various drugs. 
The structure-activity relationship of these drugs is 
discussed below. 

The inhibitory and stimulatory effects of LAs 
on ryanodine binding are strongly dependent on the 
assay conditions, Figure 3 shows the effect of NaC1 
concentration on ryanodine binding with and with- 
out tetracaine. As shown previously [20, 30], high 
NaC1 concentrations stimulate ryanodine binding. 
The degree of inhibition of ryanodine binding by 
tetracaine is dependent on the NaC1 concentration 
present in the ryanodine binding medium, decreasing 
as the NaC1 concentration increased (Fig. 3B). The 
influence of NaC1 concentration on the effects of LAs 
on ryanodine binding is summarized in Table 2. The 
data indicate that the effect of dibucaine on ryanodine 
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Fig. 1, Structures of caffeine and local anes- 
thetics discussed in this paper. 

binding is also dependent on ionic strength. Dibu- 
caine, at the concentrations used, produces inhibition 
at 0.2 M NaC1 and stimulation at 1.0 M NaC1. The stim- 
ulation of ryanodine binding by lidocaine is decreased 
with increasing NaCI concentration, from stimula- 
tion of about 3.6-fold at 0.2 M NaC1 to 1.4-fold in the 
presence of 1.0 M NaC1. This effect of NaC1 is ex- 
pected, since, in the presence of 1.0 M NaC1, ryanod- 
ine binding is close to its maximal level. These results 
suggest that the LA site of interaction is either influ- 
enced directly by ionic strength or indirectly due to 
NaC1 stabilization of a protein conformation with 
modified LA binding site. 

The effect of pH on ryanodine binding and on 
the inhibition of ryanodine binding by tetracaine is 
shown in Fig. 4. As has been shown previously [30], 
the binding ofryanodine is pH dependent, increasing 
at alkaline pH up to 8.5. Tetracaine inhibits the bind- 
ing of ryanodine at all the pH values tested. The 

degree of inhibition by tetracaine is affected only 
slightly by the assay pH, decreasing from about 98 
to 77% by a shift in pH from 6.1 to 8.5. 

Table 3 shows the effect of ATP on the degree 
of inhibition of ryanodine binding by tetracaine and 
dibucaine. As with NaCI, ATP decreases the degree 
of inhibition of ryanodine binding by both drugs, 
while on the other hand, ATP does not interfere with 
stimulation by lidocaine. 

Figure 5 shows the binding of ryanodine as a 
function of its concentration in the absence and pres- 
ence of tetracaine. Double reciprocal plots of the 
data (Fig. 5B) are consistent with a noncompetitive 
inhibition by tetracaine for the ryanodine binding 
sites. Similar results are obtained with dibucaine 
(data not shown). Thus, the results show that tetra- 
caine interacts with the ryanodine receptor in a non- 
competitive fashion with respect to ryanodine. 

Figure 6 shows an experiment similar to that in 



174 V. Shoshan-Barmatz and S. Zchut: LAs Interact with the Ryanodine Receptor 

250  

-o 200  

.~ ~ 1 5 0  

..~ 
"~ ] 1 0 0 J  
~ e  

50 

120 

A 

e t r a c a i n  ~_." 

0 . 2  0 . 4  0 . 6  
Drug concentration , m M  

100 

80 

60 

40 

B 

Benzocaine 

I I I I 

5 10 15 20 

Drug concentration , m M  

Lidocaine 
O 

O ~ " ~ -  314 

DAO~ i Priloeaine 
A A 

400 

300 

200 

100 

0 
0 

C 

2 0  

0 0 t I i 

0 0 25 4 8 12 16 20 
Drug concentrat ion ,  mM 

Fig. 2. Effect of different local anesthetics on ryanodine binding. Junctional SR membranes (0.5 mg/ml) were assayed for ryanod- 
ine binding in 0.2 M NaC1 in the absence and presence of the indicated LAs as described in Materials and Methods. Control Activ- 
ity (100) = between 3.0 to 3.8 pmol ryanodine bound/rag protein. 

Table 1. Effect of different drugs on ryanodine binding by SR 
membranes 

Compound pKa CIs0 CS50 
mM mM 

Dibucaine 8.5 0.25 
Chlorpromazine 0.27 0.08 
Tetracaine 8.5 0.12 
Benzocaine 2.6 2.0 
Procaine 8.9 6.0 
Prilocaine 7.8 2.0 
Lidocaine 7.9 2.0 
QX-314 uP* 2.0 
Caffeine 0.8 2.0 

[3H]Ryanodine binding was assayed in 0.2 M NaC1 in the absence 
and presence of different concentrations of the indicated LAs, 
as described in Fig. 2. Control activity for [3H]ryanodine binding 
(100%) was 2.5 pmol/mg protein. The drug concentration which 
produced 50% inhibition (CI50) or stimulation (CS50) of ryanodine 
binding is shown. The pKa values of the various drugs are also 
given.* Undefined parameter. 

Fig. 5, except that the effect of lidocaine is tested. 
Scatchard plot analysis of ryanodine binding in the 
absence and presence of 6 mM lidocaine indicates 
that lidocaine increases the apparent binding affinity 
(KD) about 5.6-fold, from 79 - 8 nM (n = 3) to 
14 --+ 4 nM (n = 2). In contrast, similar Bma x values 
are obtained with 0.2 M NaC1 - 6 mM lidocaine 
(Bma x = 16 --- 2 pmol/mg protein (n = 3). Thus, the 
results suggest that the increase in ryanodine binding 
produced by lidocaine (at low NaC1 concentration) 
is attributable to increased receptor affinity for the 
ligand. 

The effect of lidocaine on ryanodine association 
with and dissociation from its binding site is shown 
in Fig. 7. Lidocaine increases ryanodine binding by 
three to fourfold during the period of time tested 
(5-120 min Fig. 7A, inset). Kinetic analysis of the 

data (Fig. 714) indicates that lidocaine increases the 
observed association rate constant (Kobs). Ryano- 
dine associates with its binding site with g o b  s of 
0.027 and 0.07 min-I in the absence and presence 
of lidocaine, respectively. The calculated pseudo- 
first-order association rate constants (KI) obtained 
in the absence and presence of lidocaine are: 2 
• I04 and 26 x 104 M ~ min -~, respectively. 

Dissociation of bound ryanodine at equilibrium 
is initiated by 80-fold dilution (Fig. 7B). A similar 
monophasic dissociation is obtained in the presence 
and absence of 6 mM lidocaine (K_ 1 = 0.0012 
min-i). 

The K D calculated from association and dissoci- 
ation constants are: 44 and 4.8 nM in the absence 
and presence of lidocaine, respectively, which are 
about twofold lower than the KD calculated from 
saturation experiments (Fig. 6). 

The relationship between lidocaine (stimulatory 
LA) and tetracaine (inhibitory LA) binding sites is 
demonstrated in Fig. 8. The data are consistent with 
a competition of tetracaine for the lidocaine binding 
site. On the other hand, caffeine stimulation of 
ryanodine binding is inhibited by tetracaine in a non- 
competitive fashion; increasing caffeine concentra- 
tion by 10-fold decreases the inhibition by tetracaine 
only from 88 to 79% (data not shown). These obser- 
vations may suggest the existence of a single site 
for the inhibitory and stimulatory LA which is dis- 
tinct from the caffeine binding site. 

The effects of LAs on the ATP-binding site were 
tested using the photoreactive derivative of ATP, 
(Benzoyl)benzoyl ATP (BzATP) [see 47]. Irradia- 
tion of junctional SR membranes with [o~-32p]BzATP 
results in covalent binding of the label to several 
SR proteins (Fig. 9). The labeling pattern obtained, 
subsequent to SDS-PAGE, of junctional SR mem- 
branes that had been photolabeled with [a- 
32p]BzATP, shows photoincorporation of the label 
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Fig. 3. Effect of NaCl concentration on ryanodine binding and on the degree of inhibition of ryanodine binding by tetracaine. Junc- 
tional SR membranes (0.5 mg/ml) were assayed for ryanodine binding as described under Materials and Methods, except that the 
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Table 2. Effect of NaCI on the degree of inhibition or stimulation of ryanodine binding by LAs 

Local Anesthetic Concentration [3H] Ryanodine bound 
mM pmol/mg protein 

0.2 M NaCI 1.0 M NaCI 
None 3.35 11.3 
Tetracaine 0.3 0.35 6.5 
Tetracaine 0.6 0.22 3.7 
Dibucaine 0.4 4.68 13.5 
Dibucaine 0.8 0.29 17.9 
Procaine 6.0 1.63 6.2 
Procaine 12.0 0.90 4.9 
Lidocaine 1.0 5.00 12.5 
Lidocaine 3.0 8.46 13.7 
Lidocaine 6.0 12.16 15.8 

Ryanodine binding was assayed as in Fig. 2 in the presence of 0.2 or 1.0 M NaCI and in the absence 
or presence of the indicated concentration of the LA. 
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Fig. 4. pH-dependence of ryanodine binding in the absence and 
presence of tetracaine. SR membranes (0.5 mg/ml) were assayed 
for ryanodine binding in the absence (O) or presence (A) of 0.3 
mM tetracaine as described in Materials and Methods, except 
that the pH was varied as indicated. The buffers used were; 20 
mM MES for the pH values 6.1, 6.4 and 7.0; 20 mM MOPS for 
pH 7.5 and 8.0 and 20 mM Tricine for pH 8.5. 

into several proteins including: the 200 kD protein 
(myosin), the l l0 kD (CaZ+-ATPase), the 97 kD 
(phosphorylase-b), the 48 kD protein and the 450 kD 
protein (ryanodine receptor). Tetracaine, dibucaine 
and procaine prevent the labeling of the 450 kD pro- 
tein band, but not of other proteins. A more quantita- 
tive analysis was carried out by densitometric scan- 
ning of the autoradiogram to determine the peak 
area of the 450 kD band, and the results are also 
presented in Fig. 9. 

The effects of different LAs and other reagents 
on ryanodine binding to the soluble and to the puri- 
fied ryanodine receptor are shown in Table 4. As 
with the membrane-bound receptor, tetracaine and 
procaine inhibit and lidocaine stimulates the binding 
to the solubilized membranes and to the purified 
receptor in the same range of concentrations. Thus, 
the experiments in Table 4 indicate that the drugs 
tested interact directly with the ryanodine receptor 
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and that their binding site is preserved in the purified 
receptor. 

Discussion 

In this study, the effects of local anesthetics on rya- 
nodine binding to the membrane-bound and purified 
ryanodine receptor are presented. We found that 
dibucaine, tetracaine, procaine and benzocaine in- 
hibit ryanodine binding to both membrane-bound 
and purified ryanodine receptor, while lidocaine and 
QX-314 stimulate ryanodine binding up to fourfold. 
The potency of the LAs is strongly dependent on 
the assay conditions. The presence of high NaC1 
concentration or ATP, which both stimulate ryano- 
dine binding [20, 30], diminish inhibition by LAs. It 
is possible that receptor conformation stabilized by 

Table 3. Effect of ATP on the inhibition and stimulation of ryano- 
dine binding by local anesthetics 

Additions [3H]Ryanodine bound 
pmol/mg protein 

- ATP + ATP 
None 3.3 (100) 14.7 (100) 
Tetracaine (0.2 mg) 0.6 (18) 6.5 (45) 
Tetracaine (0.4 mM) 0.27 (8) 4.6 (32) 
Lidocaine, 3 mM 13 (390) 21.9 (150) 
Lidocaine, 10 mM 12.2 (370 21.5 (147) 

[3H]Ryanodine binding was assayed as in Fig. 2 in the absence 
or presence of the indicated LAs and/or 2.5 mM ATP. The free 
Ca z* concentration was 10 p.M in the absence and presence of 
ATP. The numbers in parentheses indicate percent of control. 

high ionic strength or ATP is much less sensitive to 
LAs. The relationship between the receptor confor- 
mational states stabilized by ATP and LAs is also 
reflected by the inhibitory effect of LAs on the label- 
ing of ryanodine receptor by the photoreactive ana- 
logue of ATP, Bz-ATP (Fig. 9). This suggests that 
the protein conformation stabilized by LAs may be 
less recognized by ATP. 

The present study indicates a specific interac- 
tion of the LAs with the skeletal muscle ryanodine 
receptor. The interaction of LAs with the purified 
ryanodine receptor suggests that the receptor pos- 
sesses an intrinsic binding site or sites for LAs. 

The mechanisms by which LAs exert their ef- 
fects on nerves and muscles have been discussed 
extensively [4, 7, 16, 33]. Several sites of interaction 
have been suggested, including the hydrocarbon 
core of the lipid bilayers [10], a surface interaction 
with Ca 2+ binding sites on the phospholipids [25], 
or a direct interaction with a putative receptor [18]. 
Specific interactions of LAs with Na + channel [7, 
36], acetylcholine receptor [17], Ca 2+ channels [6, 
23], and K + channels [23] have been suggested pre- 
viously. The findings that LAs modify the activities 
of various channels may suggest the presence of a 
common site for LAs in the different ionic channels. 

Several hypotheses concerning the nature of the 
binding sites and the mechanism of binding have 
been formulated for the interaction of LAs with lip- 
ids [39] or with specific receptors [4, 11, 18, 33]. It 
has been indicated that all effective LAs are charac- 
terized by a carbonyl group capable of forming hy- 
drogen bounds. Thus, involvement of the carbonyl 
group in the interaction of LAs with their receptors 
in the nerve cells has been suggested [4, 11]. 
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To obtain some clues about the nature of LA 
site of interaction and about the molecular features 
involved in the binding of LAs to their receptor, 
we carried out an analysis of a structure-activity 
relationship. This analysis reveals the structural 
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characteristics involved in the binding/action of the 
LAs. It has been suggested [3, 4] that LA activity 
is a function of the relative concentration of the 
charged and uncharged forms of the tertiary amine 
group. The uncharged form of tetracaine or procaine 
is responsible for inducing Ca 2+ release, whereas 
the charged form is responsible for inhibition of Ca 2 + 
release. However, this suggestion has been ques- 
tioned [32, 37]. Our results (Table 1) show that rya- 
nodine binding is inhibited by either the protonated 
or neutral forms of LAs. Also, there is no apparent 
relationship between the effectiveness of LA inhibi- 
tion of ryanodine binding and the pKa. Thus, dibu- 
caine (pKa, 8.5) and tetracaine (pKa, 8.5) are much 
more active than procaine (pKa, 8.9) or lidocaine 
(pKa, 7.9) which stimulate ryanodine binding. 

The observation that different LAs have inhibi- 
tory or stimulatory effects on ryanodine binding 
raises the question of whether the two modes of 
action are due to LA interaction at distinct sites; 
namely, is there a single site or multiple sites for 
LA action. The results in Fig. 8 support the involve- 
ment of a single site for LAs that could bind either 
the inhibitory or the stimulatory LA, but probably 
not bind caffeine. This suggests that the LA binding 
site is one of little structural specificity and, there- 
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3.05 and 12.9 pmol/mg protein, in the absence and presence of lidocaine, respectively. The time course for ryanodine binding in the 
absence and presence of lidocaine is shown in the inset. (B) SR membranes were incubated with 20 nM ryanodine as in A. After 2 
hr, aliquots were assayed for bound ryanodine (Be = 3.05 pmol/mg protein). Dissociation of bound ryanodine was initiated by 80- 
fold dilution with the binding medium (without ryanodine) with (O) and without (@) 6 mM lidocaine, and determination of the residual 
ryanodine bound at the indicated time (Bt). The calculated K-1 was 0.0012 rain -I in the absence and presence of lidocaine. KI was 
calculated from the Kob~, as described previously [44], using the following equation: Kob~ = KI[L][R]/Be, where [L] = ryanodine 
concentration, [R] = ryanodine receptor concentration = Bm,x (16.5 pmol/mg protein). K 1 = 2.5 x 104 and 26 x 104 M -1 rain -~, in 
the absence and presence of lidocaine, respectively. This is one of three similar experiments. 
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Table 4. Comparison of the effect of local anesthetics on ryanodine binding to the membrane-bound and the purified ryanodine 
receptor 

Additions Concentration [3H]Ryanodine bound 
m ~  % of control 

Membrane-bound Solubilized Purified 

None 100 100 100 
Tetracaine 0.3 35 45 47 
Tetracaine 0.6 17 23 22 
Procaine 3.0 68 58 63 
Procaine 7.0 46 43 40 
Lidocaine 3.0 167 128 132 
Lidocaine 6.0 210 131 162 

The binding of [3H]ryanodine (20 nM) to the SR membranes, or solubilized membranes (0.5 mg/ml) and to purified receptor (30-45 
/xg/ml) was determined as described in Materials and Methods, except that NaCI concentration was 0.5 M and the indicated compounds 
were added to the assay medium. Control activities (100%) were : 6.6, 9.7 and 150 pmol/mg protein for membrane-bound solubilized 
membranes and purified receptor, respectively. Results are the average of three experiments for the membrane-bound and purified 
receptor. 
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Fig. 8. Tetracaine inhibited the ryanodine binding stimulated by 
lidocaine. [3H]Ryanodine binding was assayed as in Fig. 2 in the 
absence and presence of the indicated lidocaine concentrations 
and without and with 0.25 or 0.5 mM tetracaine. This is one of 
three similar experiments. 

fore, the interaction of LAs with this site involves 
specific groups rather than general structure. In- 
deed, examination of the structures of the LAs (Fig. 
1) indicates that their effectiveness is not related to 
the nature of the aromatic group or to the nature of 
the alkyl substitutions (dimethyl or diethyl) in the 
terminal amine group. Also, the hydrophilic bond 
(ester or amide) in the alkyl chain does not appear 
to play an important role in the LAs effectiveness. 
However, the structure-activity relationship shows 
inhibition of ryanodine binding by tetracaine and 

Fig. 9. Effect of local anesthetics on photoaffinity labeling of SR 
proteins by [c~-32p]BzATP. [a-3zp]BzATP was synthesized and 
purified as described by Williams and Coleman [45]. SR mem- 
branes (1 mg/ml) were irradiated in the presence of 1 /ZM [a- 
32p]BzATP (4 x 106 cpm/nmol) in 75 ~1 of 25 mM MOPS, pH 
7.4, 0.4 M NaCI and 0.5 mM EDTA, using a 15W UV lamp for 
3 rain at a distance of 5 cm. The irradiated membranes were 
denatured for 3 min at 95 ~ in 125 mM Tris-HCl, pH 6.8; 10% 
glycerol; 2% SDS and 2% fi-mercaptoethanol. The samples were 
analyzed by SDS-PAGE according to Laemmli [26] using 4-13% 
linear polyacrylamide gradient gel and 3.5% stacking gel. Autora- 
diography of the dried gels was carried out using Kodak X-OMAT 
film. Quantitative analysis of the labeled protein bands was deter- 
mined by densitometric scanning of the autoradiogram, using a 
Molecular Dynamics personal scanning densitometer (shown in 
the bottom of the autoradiogram). The autoradiogram is on the 
left and the Coomassie stain of one lane of the gel is on the right. 
RyR, ryanodine receptor; CS, calsequestrine and CaZ'-ATPase, 
(Ca 2+ + Mg 2+) ATPase. This is one representative experiment 
of three. 
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Table 5. Summary of the effects of LAs on ryanodine binding and on Ca 2+ release 
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Compound Ryanodine Ca 2+ release or 
binding muscle 

contraction 

References 

Tetracaine Inhibition Inhibition 
Stimulation 

Dibucaine Stimulation/ Inhibition 
Inhibition Stimulation 

Procaine Inhibition Inhibition 
Stimulation 

Benzocaine Inhibition Inhibition 
Prilocaine Stimulation Stimulation 

Inhibition 
Chlorpromazine Stimulation/ Stimulation 

Inhibition 
Lidocaine Stimulation Stimulation 

Inhibition 
QX-314 Stimulation Inhibition d 

3c,4c,22a,32b,43 a 
22a,32 b 
22a,46 b 
3c,46 b 
3c,4 c, 15b,22a,24a,32a,43 a 
32 b 
4c,43 a 
34 b 
43 a 
5 a 

3c,4 c 
43 a 
43 a 

The references are for Ca 2+ release and/or muscle contraction. The results for ryanodine binding are from this paper 
a in isolated SR membranes 
b in skinned muscle fibers 
c in muscle fibers 
d by high concentrations (5 mM) and with preincubation (3 hr). 

dibucaine but not by QX-314, prilocaine or lido- 
caine, suggesting that the distance between the di- 
pole in the carbonyl group and the nitrogen (cation) 
is essential for LA inhibitory activity (Figs. 1 and 2, 
Table 1). Lidocaine, prilocaine and QX-314, which 
stimulate ryanodine binding, show a smaller dis- 
tance between the two groups compared with tetra- 
caine or dibucaine. This suggestion is also supported 
by the stimulatory effect of chlorpromazine (<100 
/xg) on ryanodine binding. The structure of chlor- 
promazine resembles that of a typical LA (aromatic 
ring connected to a tertiary amine group by a short 
alkyl chain), but it lacks the carbonyl group present 
in all the other LAs tested (Fig. 1). Thus, this analy- 
sis of the results with respect to structure-activity 
relationship allowed us to propose a schematic LA 
binding site model which illustrates the regions of 
LA involved in binding. 

Our proposed model for the nature of the LAs 
binding site and for their inhibitory and stimulatory 
interactions is presented in Fig. 10. We suggest that 
LAs bind to the ryanodine receptor, presumably 
via favorable interactions between their carbonyl 
oxygen and the positive charge on the tertiary amine 
located at the proper distance, and polar groups of 
the receptor (site A and si te  B in Fig. 10). Upon 
proper positioning of the binding groups, the LA 
interacts with its receptor and induces conforma- 
tional changes which lead to inhibition of ryanodine 

Fig. 10. A schematic model for the local anesthetics site of inter- 
action in the ryanodine receptor. The model represents the inter- 
action of tetracaine with the negative site (Site B) by the free 
pair of electrons of the nitrogen group and with the positive 
site (Site A) by the carbonyl oxygen. The model postulates the 
existence of a "protein-pocket" to which the hydrophobic part 
of the LA molecule binds. 

binding. Interaction with only site B would lead to 
stimulation of ryanodine binding as produced by li- 
docaine, QX-314, prilocaine and chlorpromazine. 

Bianchi [4] discussed a similar model in which 
he suggested the presence of positive and negative 
receptor sites, where the ability of the LAs to block 
caffeine-induced contracture or to produce contrac- 
tion by themselves is dependent on the position of 
the LAs in these binding sites. He suggested also 
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that caffeine stimulates Ca 2+ release by interacting 
with only one of the receptor electronegative group. 

Various studies indicate that LAs affect the 
movement of C a  2+ a c r o s s  the SR membranes [1-3, 
9, 13, 14, 16, 21, 22, 31, 32, 34, 37, 41, 46]. It has 
been shown that tetracaine and procaine are able to 
block, induce or potentiate Ca 2+ release from SR, 
depending on the preparation and experimental con- 
ditions [22, 32, 43]. Lidocaine, in contrast, is found 
to release Ca 2+ and to produce tonic muscle contrac- 
tion [3, 4]. Thus, it is possible that the blocking or 
stimulating effects of LAs o n  C a  2+ release from SR 
are related to their interaction with the ryanodine 
receptor/Ca 2+ release channel, which also results 
in inhibition or stimulation of ryanodine binding, 
respectively (Table 5). 

In conclusion, according to Binachi [4] and our 
(Fig. 10) models, the dual effects of LAs can be 
explained on the basis of position of bonding groups 
on the LA and ryanodine receptor, which would be 
dependent not only on LA structure but also on the 
conditions and the LA concentrations used. Inhibi- 
tion or stimulation of ryanodine binding might be 
reflected in inhibition or stimulation of Ca 2+ release, 
respectively. 

This research was supported in part by a grant from the Ministry 
of Health. We thank Prof. A.H. Parola for his critical evaluation 
of the manuscript, and Mrs. L. Gheber for assistance in the 
drawing of Figs. 1 and 10. 
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