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Role of Mg®* in Ca®?*-Induced Ca®* Release through Ryanodine
Receptors of Frog Skeletal Muscle: Modulations by Adenine
Nucleotides and Caffeine

Takashi Murayama, Nagomi Kurebayashi, and Yasuo Ogawa
Department of Pharmacology, Juntendo University School of Medicine, Tokyo 113-8421, Japan

ABSTRACT Mg?* serves as a competitive antagonist against Ca®* in the high-affinity Ca®* activation site (A-site) and as
an agonist of Ca®?* in the low-affinity Ca®* inactivation site (I-site) of the ryanodine receptor (RyR), which mediates
Ca®"-induced Ca®" release (CICR). This paper presents the quantitative determination of the affinities for Ca®* and Mg®* of
A- and I-sites of RyR in frog skeletal muscles by measuring [*H]ryanodine binding to purified a- and B-RyRs and CICR activity
in skinned fibers. There was only a minor difference in affinity at most between a- and B-RyRs. The A-site favored Ca®* 20-
to 30-fold over Mg?", whereas the I-site was nonselective between the two cations. The RyR in situ showed fivefold higher
affinities for Ca®* and Mg®" of both sites than the purified a- and B-RyRs with unchanged cation selectivity. Adenine
nucleotides, whose stimulating effect was found to be indistinguishable between free and complexed forms, did not alter the
affinities for cations in either site, except for the increased maximum activity of RyR. Caffeine increased not only the affinity
of the A-site for Ca®* alone, but also the maximum activity of RyR with otherwise minor changes. The results presented here
suggest that the rate of CICR in frog skeletal muscles appears to be too low to explain the physiological Ca®™ release, even
though Mg?* inhibition disappears.

INTRODUCTION

The ryanodine receptor (RyR) is a €arelease channel on and the free M§" concentration is estimated to bel mM
the sarcoplasmic reticulum (SR) (Coronado et al., 1994(Westerblad and Allen, 1992; Konishi et al., 1993).
Meissner, 1994;: Ogawa, 1994; Sutko and Airey, 1996). The CICR activity of RyR is biphasically regulated by €a
RyR is a large 2.3 MDa) homotetrameric protein com- micromolar C&* activates the channel, whereas millimolar
plex and forms the “foot” structure in situ, which spans theC&" inhibits it. The biphasic effect of Ga suggests the
gap between transverse tubule and terminal cisternae of S&istence of two classes of €asites: a high-affinity Ca"
(Franzini-Armstrong and Protasi, 1997; Wagenknecht andictivation site (A-site) and a low-affinity G4 inactivation
Radermacher, 1997). To date, three genetically distinct isosite (I-site) (Meissner, 1994; Ogawa, 1994). Mgde-
forms of RyR (RyR1-3) have been identified in mammaliancreases the peak value of CICR activity with a reduction in
tissues. RyR1 is a primary isoform in mammalian skeletathe C&" sensitivity for activation (Endo, 1977, 1981). The
muscles and plays an important role in excitation-contracextent of inhibition by Mg" depends on the & concen-
tion (E-C) coupling. In many skeletal muscles of nonmam-tration, in marked contrast to the case of procaine, which
malian vertebrates, in contrast, two isoforms of RgRand ~ shows C&'-independent inhibition (Kurebayashi and
B-RyRs, which are homologs of mammalian RyR1 andOgawa, 1998). This is accounted for by the dual effects of
RyR3, respectively, coexist in nearly equal amountsMg?* on the two sites as follows: a competitive antagonist
(Ogawa, 1994; Sutko and Airey, 1996). against C&" in the former site and an agonist in the latter
The RyR shows properties of €ainduced C&" release  site (Endo, 1981; Laver et al., 1997; Meissner et al., 1997).
(CICR), which is modulated by several endogenous andt should be noted, however, that the effect of Mgwas
exogenous ligands (Coronado et al., 1994; Meissner, 1994ssumed to be due primarily to competitive antagonism on
Ogawa, 1994). Among them, Mg, adenine nucleotides, the A-site in many experiments with skinned or cut fibers
and caffeine have attracted much interest because of thejtamb and Stephenson, 1991; Jacquemond and Schneider,
physiological and pharmacological relevance (Endo, 19771992; Lacampagne et al., 1998).
1981). The myoplasmic ATP concentration of the skeletal It is well known that ATP increases CICR activity with-
muscle is reported to be 3-9 mM, of which the major formout changing its C& dependence (Endo, 1981). However,
is MgATP (more than 90%) (Godt and Maughan, 1988),it remains unknown whether ATP affects Klgsensitivity.
This is due to difficulty in analyzing the effect of Mg in
Received for publication 4 October 1999 and in final form 4 January 2000 the presence of ATP, because itis unclear whether MgATP
‘is as potent as free ATP in stimulating CICR. Caffeine is
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knowledge of the affinities for Mg of these A- and I-sites  (1-2.g) was incubated with 8.5 nMifi]ryanodine fo 5 h at25°C in 200
and their modulations by endogenous ligands or drugs iIS‘I Ofar:ega'on medium lent?m'n.(gj 0.17 M N«‘;lch 20 mM N*(norrghO-
essential. In frog muscle, where two isoforms are coexin®)-2 hydroxypropanesdifonic acid (MOPSO)/NaOH (pH 6.8), 1% 3-[(3-

. . . cholamidopropyl)dimethylammonio]-1-propanesulfonic acid (CHAPS),
pressed, the. role of eac_h isoform in E'C_CPUF’“”Q cannot .b%.5% phospholipids, 2 mM dithiothreitol, and 4 mM AMP. A free*Ca
discussed without knowing the CICR activity of each one inconcentration was set by mixing 10 mM EGTA with a specified amount of
the presence of1 mM Mg®". CaCl. In experiments with M§", MgCl, was added to the medium and

In this study, we examined the affinity for M§ as well ~ NaCl was reduced to keep the ionic strength constant. This care is critical,
L . . . + . .
as for C3* of the A- and I-sites ofv- and B-RyRs on the partlcularly in the presence of high €aand M@ cor_]ce‘nt‘r_atlons, be
. . T d M92+ We cause the increased ionic strength may weaken the inhibition (Murayama
basis of the mOd‘?' for.the_ actions of ) aan .' and Ogawa, 1996; Murayama et al., 1998b). Samples were then filtered
used a {H]ryanodine binding assay with the two isoforms through Whatman GF/B glass filters that had been soaked with 2% poly-
purified from bullfrog skeletal muscle, which enabled us toethylenimine. Filters were rinsed twice with ice-cold water and dried.
ana|yze the effect of |\/|?gL on the individual isoforms Radioactivity retained on the filters was counted in a liquid scintillation
(Murayama and Ogawa, 1992, 1996). Because it has beec];?unter. Nonspeqflc binding was determined in the presence QIN3O
L + unlabeled ryanodine.
reported that affinities for G4 and Mgt are affected by
many factors, including ionic or nonionic solutes, deter-
gents, and phospholipids (Ogawa et al., 1999), their affinityCICR experiments
mUSt, be assessed L,mde,r Condlt!ons that are ,as close fi@ingle skinned muscle fiber was obtained from the iliofibularis muscle of
possible to the physiological enV|r0nmen_t- Tak.mg advanana japonicaand mounted in the experimental chamber for optical
tage of the finding that there was only a minor difference atdetermination of C&" concentrations as described (Kurebayashi and
most in the fH]ryanodine binding activity between the two Ogawa, 1998; Murayama et al., 1998b). All experiments were performed at
purified isoforms, we extended the same analysis procedur&temperature of 16°C. » . .
to the CICR experiments to determine affinities for2Ca Table 1 shows the composition of solutions used for the experiments. A
o\ p . relaxing solution (RS) and €4 loading solution (LS) contained 4 mM
and MQZ of both .A' and I-sites of the éé relea$e chan-  MgATP and 1 mM free M@", and the other solutions, i.e., three kinds of
nel, using frog skinned skeletal muscle fibers; in these thevashing solutions (W1-W3), test solutions (TS), and a discharging solution
molecular organization of biological components involved(DS), did not contain ATP, to avoid active transport of’Canto SR by

. . . . . + i _
in Ca* release from SR is well maintained (KurebayashiC&  Pump. W3 and DS contained 0.1 mM EGTA anduld fura-2 for
determination of C&' released from SR. TS contained 10 mM EGTA and

and anwa’ 1986,’ 1998)' Based on the .results of the%?—lo mM total calcium to achieve a desired cytoplasmié'Qzoncentra-
experiments, we will discuss the role of igin the CICR  {ion ([c2].) when [C&].. = 0.1 mM. If 0.1 < [C&']c < 10 mM, it
activity of RyRs in situ, with particular reference to the contained 10 mM CaGland EGTA calculated as (18 [Ca®*]c) mM.
effects of adenine nucleotides and caffeine. A preliminaryAMP, AMPPCP, Mg ", and/or caffeine were added to the TS if necessary.

report appeared earlier (Murayama et al., 1998a). The experimental protocol for determinations of the activity of CICR in
P PP ( y ) skinned fibers was similar to that described (Kurebayashi and Ogawa,

1998). The rate of Cd release was determined by the rate of decrease in
the total amount of calcium remaining in the SR (Ca in SR) after a certain

MATERIALS AND METHODS stimulus, as follows. A skinned fiber was initially treated with DS to empty
SR of C&", and then SR was actively loaded to a constant level (prescrip-
Materials tive loading level) by incubation with LS (pCa 6.5) for 2 min. After

[*H]Ryanodine (60-90 Ci/mmol) was purchased from Du Pont-New En-
gland Nuclear. Pure ryanodine was a generous gift from Wako Pure
Chemical Industries. All other reagents were of analytical grade. ConcenTABLE 1 Composition of experimental solutions

trations of AMP andpB-, y-methyleneadenosine triphosphate (AMPPCP) EGTAK, Ca/X# Mg/X,* Fura 2/K, ATP/Na, Others
2 2 2

were determined by spectrometry, using molar extinction coefficients a )

250 nm of 15.4¢ 10+ and 14.2% 10 M1 gmfl, respectively. Free CGa Soluton _(mM) _ (mW) _(mM) _ (uM) _ (mW) _ (mM)
and Mg* concentrations were calculated using dissociation constants as RS 2 — 5 — 4.3 —
follows: EGTA for C&" (pK,,, = 5.94 for PH]ryanodine binding, 6.02 LS 2 0.5 5 — 4.3 —
and 6.43 for CICR experiments at pH 6.8 and 7.0, respectively) was taken W1 10 — 1 — — —
from Harafuji and Ogawa (1980), EGTA for Mg (PKapp = 0.49 at pH W2 10 — — 1.0 — —

6.8) was from Martell and Smith (1974), AMPPCP forCaand Mg+ W3 0.1 — — 1.0 — —
(PKa = 7.7; pKea = 4.16; pK,,, = 4.68) was by Ogawa et al. (1986), and TS 7-10  0-10 * — — *

AMP for C&* and Mg (pK, = 6.26; pKe, = 1.86; pKy, = 1.92) was DS 0.1 — — 1.0 — 25 caffeine
by Khan and Martell (1967). 1 AMP

All solutions contained 20 mM B{-morpholino) propanesulfonic acid and
2 ng ml~* leupeptin. Their pHs were adjusted to 6.8 with KOH and ionic
[3H]Ryanodine binding strengths to 0.16 with KCI or K-methanesulfonate (Ms).
*X was Cl in experiments in Fig. 4 and Ms in Figs. 5-7.
a- and B-RyRs were purified from the heavy fraction of SR vesicles of 'Free C&" concentration was made by mixing EGTA/lnd Ca/% as
bullfrog skeletal muscle (Murayama and Ogawa, 1992). Assay3-ify- follows: [C&*] = 0.1 mM, 10 mM EGTA plus calculated CaX0.1
anodine binding to each of the two isoforms were carried out as describethM < [Ca&2*] < 10 mM, 10 mM Ca/% plus calculated EGTA.
in Murayama and Ogawa (1996), with some modifications. Purified RyR*Mg?*, AMP, AMPPCP, and caffeine were added if necessary.
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removal of ATP by washing successively with W1 for 60 s and W2 for Data analysis

30 s, the skinned fiber was treated with a TS for a specified periad3(s).

The fiber was then successively washed with W1, W2, and W3 andThe results offH]ryanodine binding and CICR experiments were fitted to
challenged with DS to discharge all releasabléCia SR. The amount of ~ equations obtained according to a model for the actions &f @ad Mg**
discharged C& (Ca in SR) was determined from the fluorescence ratio on the C" release channel to yield parameters for these divalent cations
signal of fura-2 in DS. The protocol was repeated with the same fiber. Thedf the two C&" sites (see Results). The curve fit was performed using
prescriptive loading level without TS treatment was determined in everynonlinear regression by Sigma Plot, version 5 for Macintosh (Jandel
three to five series of experiments for the standard in calibration, and Ca ifscientific). Data are expressed as meanSE, except as otherwise stated.
SR remaining after incubation for a specified periadig TS was ex-

pressed as its relative valu¥)( Decay of Ca in SR apparently follows a

first-order kinetics in TS, and the final steady lev8l,is dependent on RESULTS

cytoplasmic [C&*] ([Ca®*]o), as described previously (Kurebayashi and

Ogawa, 1998). The time course of Carelease can be best fitted by the [3H]Ryanodine binding to the purified

equationY = (1 — §) X exp (—kyp, X t) + S wherek,,,stands foran @~ and 3-RyRs

apparent rate constank,,, is a measure of the €4 release channel o

activity. Swas practically zero at 0.02 mM [€8] (pCa 4.7) or less. At~ Effect of Mg

I . ; ! X
[3%652 S]icnh:EZeTr;hggh?ﬁgimNSwas determined by incubating the fiber for 3y oy 2o dine binding ta- andB-RyRs that were purified
from bullfrog skeletal muscle was carried out in an isotonic
medium containing 0.17 M NaCl. In such a medium frog
RyRs show only a small amount oiH]ryanodine binding
Corrections for ke, at mM cytoplasmic Ca** (~10 pmol/mg protein) without any added ligand other than
As described above, the obtainlkeg, is the value of the decrease in total Ca", even in the presence of its optimal concentrations
calcium in SR (Ca in SR), i.e., the sum of free’Cand bound calciumin  (Ogawa and Harafuji, 1990; Murayama and Ogawa, 1996).
SR, under the assumption that its time course may be approximated in #herefore, 4 mM AMP, which showed very weak aﬁinity
first-order kinetics. In principle, the & flux is caused by the downhill for divalent cations, was added to the medium to stimulate

movement of free Cd through a channel showing an intrinsic permeabil- . . P L
ity. Therefore, if all of the C&" stored in the SR were free, the rate the activity of RyR without significant change in its Ca

constant for the Ca release would be equal to the intrinsic rate constant. §enS|t|V|ty. The b'nd'ng at the optlmal €aconcentration
The presence of the massive ZCabinding sites in the lumen, such as in the absence of Mg amounted to 100-120 pmol/mg
calsequestrin and €&-ATPase, however, may lower the concentration of protein for both isoforms.

free C&" with the same total amount of calcium in SR. In this case, the Fig. 1 shows the effects of M‘Q on the Cé*—dependent

decrease in the luminal free €aconcentration during Ga release is 3 . P +
buffered by the luminal bound €a. The apparent rate constant for this [ H]ryanOdme bmdmg toa-RyR. The Ca& dependent

3 . - . . - .
ca* releasek,,, will be smaller than the intrinsic rate constant, even if [ H]Z';}/anOdlne bmc_"ng was blphaSIC in th.e absence of
Ca&* instantaneously dissociates from the binding sites. In th&*Ca Mg~ ": Ca" was stimulatory at a concentration lower than
loading conditions mentioned here, the luminal freé Ceoncentrationis 0.1 mM and inhibitory at a higher concentration (FigAl
estimated to be 10 mM, because Ca in SR was unchanged after trspen circle. M92+ (5.9 mM) depressed the peak value to
incubation with a solution of 10 mM G4 in the absence of G4 pump about one-third of the control value and shifted the stimu-

activity by removal of ATP, whereas it was increased and decreased aft(ir 2+ . . .
the incubation with a higher and lower €aconcentration, respectively atory C to a higher concentration range: the fs@alue

(Kurebayashi and Ogawa, 1998). We also found that the luminaf-ca Of C& " was increased from 1@M in control to 32uM in
binding sites might be homogeneous and independent, and that the totthe presence of 5.9 mM Mg (Fig. 1 A, filled circles).

sites would be 14 mM witlK, = 1 mM. Therefore, Cain SR atthe initial  The widely accepted explanation for the inhibitory effects
loading level is calculated to consist of 13 mM bound calcium and 10 mMof Mgz+ is as follows. The RyR or 4 release channel has

free C&". The apparent rate constant for the’?Caelease from the SR at . - L L . .
the loading level to a solution of a high €aconcentration, say 3 mM, is both the high-affinity C&" activation site (A-site) and the

greater than that to a low €4 concentration solution, say 3aM, for the  low-affinity Ca?™ inactivation site (I-site). Mg" serves as
reason mentioned below. The final luminal free?Cand bound calcium  a competitive antagonist on the A-site and as an agonist on
are calculated to be 3 and 10 mM in the former case, and 0.01 and 0.14 mihe |-sjte (Laver et al.. 1997: Meissner et al 1997) There-
. - 2. A ) X ’ X " i .

in the latter case, respectively. In the former,”Caelease was largely _ fore, the following equations are predicted according to the

driven by change in free €&, whereas there was a more marked contri- del di h b | . ch |
bution of the bound calcium in the latter. This difference in the apparentmo el corresponding to the above explanation. anneis

rate constant that depends on the?Caoncentration of the incubation With the A-site occupied by Ca (the probability off,) and
medium must be corrected for. Furthermore, we have suggested that tiie I-site free of C&™ or Mg®" (the probability of (1— f,))
luminal C&* exerts an inhibitory effect on the intrinsic rate constant of the gre in the activated stat, and 1— f, are expressed as
Ca" release channel wit; ~ 2 mM (Kurebayashi and Ogawa, 1998). follows:

Taking these findings into consideration, the correction factors at various '

Ca* concentrations were obtained as follows: 1.00 at pC4.9, 1.02 at _ +MAca +1nAca MAca 2+7Na Mg /¢ NA Mg

pCa 4.6, 1.05 at pCa 4.0, 1.15 at pCa 3.5, 1.44 at pCa 3.0, and 1.75 at p(,jé = [Caref[Ca e + Kicdl +[Mg*'] /KA'MQ)}
2.5. For the analysis of CICR activity at a high fC#c, KappWas divided N hica ot n

by this factor, and the corrected value was denoted,asThis correction, 1- fI = 1/(1 + [Caz ]n"c /Kl,lt:ca + [Mg ]“"MQ/KLWS
however, actually affects only the dissociation constant fof"Ca the . .
I-site. The other parameters for the A-site or I-site were not significantly WNEreKa ca Kamg: Ki ca andK yg represent the dissoci-
affected. ation constants for Ga and Md¢f™ of the A- and I-sites,

Biophysical Journal 78(4) 1810-1824
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A respectivelyn, co Na mgs Ni.car @NAN, g represent the Hill
120 coefficients of the relevant sites. Becau3d]fyanodine is

considered to bind only to the open channel (Coronado et
o al., 1994: Meissner, 1994; Ogawa, 1994), tf¢]fyanodine
3 5 binding @) in the presence of a specified concentration of
ﬁ ° [*H]ryanodine as determined in Fig.A can be expressed
~.§ S by Eq. 1:

£
53 B = By X fa X (1 — )
Q. _g « [Ca2+:|nA,Ca L
= Dmax [Ca2+]n‘*‘ca+ KRAég(l + [M92+]HA,M9/K%,&AZ ( )

X{LI(L + [Ca /K]S + [Mg? /K e}

whereB,,,, is the maximum amount offH]ryanodine bind-
ing to be expected in the presence of a specified concentra-

o

120 tion of the ligand. It should be noted thf,, is different
from the conventional value for maximum binding, which
153 = refers to the value in the presence of an infinite amount of
8% go [*H]ryanodine.B, . is also affected by modulators such as
o g adenine nucleotides and caffeine. A preliminary attempt to
g 2 determ_lne all nine param+eters, includiBg,,, in Eq. 1 by_
83 curve fit of the data of C& dependence, as shown in Fig.
T E 40 1 A, was unsuccessful, because there were too many param-
a = eters to fix for the data points currently available. To de-
termine these parameters accurately with a relatively small
number of data points, we designed an analysis procedure

0 2 4 6 8 10 comprising three consecutive steps and confirmed of the
validity of the results. This procedure was found to work
well, as shown in Fig. 2. First, in the absence of Wig
(IMg®* = 0Q]), Eq. 1 is simplified into Eq. 2:

FIGURE 1 Scheme illustrating the procedure for determinations of the

Mg?* (mM)

affinities for C&* and Mg* of the A- and I-sites of frog RyRs>H]Ry- B =B, XX (1—f)

anodine binding to the purified-RyR was carried out as described in max A !

Materials and Methods in a reaction medium containing 8.5 ANry- =B < {[Ca2+]”A‘°a/([Ca?+]”A*°a + KnA,c;)}
max A,C

anodine, 0.17 M NaCl, 20 mM MOPSO/NaCH (pH 6.8), 1% CHAPS,
0.5% phospholipids, 2 mM dithiothreitol, 4 mM AMP, and various free
Ca&" and M¢*™. (A) C&" dependence of the ryanodine binding in the
presence®) and absence)) of 5.9 mM Mg?*. Data are means SE (1 = i . .
4). (B) Dose-dependent inhibition by Mg of [3H]ryanodine binding at The results of S%‘ -.dependents)ﬁ]ryanodme blr}dmg in the
three different C&" concentrationsafrows a—care as indicated iA): 10.7  absence of Mg" (Fig. 1A, open symbojswere fitted to Eq.
pM (@), 110 uM (b), and 1.0 mM ¢). Data are means: SE (1 = 3). 2 to yield B, and the parameters for €aof the A-site
N . . . s
Parameters for G4 and M@* of the A- and I-sites were determined in (KA’Ca, nA’Ca) and the I-site KLCa, and nI’Ca)_ Second, at a

three consecutive steps. First, the data in the absence &f Kgin A) + . P
were fitted to Eq. 2 to yield the following parametem;, ., = 117.4 [C&™*] much higher thark, ¢, (€.9., Fig. 1A, arrow 9,

pmol/mg proteinK, ca = 10.1uM; Ny ca = 2.0;K, ca = 2.73mMin .=  Where competitive inhibition by Mg on the A-site is
1.0. Second, the dose-dependent inhibition by>Mda in B) in the  negligible, the inhibition by M§&" can be explained by the
presence of 1 mM Cd (arrow cin A), where competition of Mg forthe  action on the I-site alone. Under the circumstances, Eq. 1 is
A-site is r_1eg||g|b|e, was f_|tted to Eq. 3 to obta g (3.16 mM) and, g simplified into Eq. 3:
(0.9). Third, the datal{l in B) at 10.7uM Ca&™" (arrow a in A), where
competitive inhibition by M§* is prominent, were fitted to Eq. 1 to B=B,, X (1—-f)
estimateK, yq (396 uM) and ny g (1.1). The validity of the obtained max :

arameters was confirmed by comparing the curve computed accordingto  __ +n1,caf e N.ca 2+7n i, m
Eq. 1 with the dataqurve binyB) at flouf\lll Cca®" (arrow bpin A). These ’ = Brax X {1(1 + [Ca"] IKGa [Mg*'] IVMg/K"MS)}
parameter values were also verified by the curve fit to th&" @ependent (3)
[*H]ryanodine binding in the presence of 5.9 mM #gas shown irA.

x{1-[Ca'/(Ca& "+ K&} (2

The results of dose-dependent inhibition by Mgn the
presence of 1 mM Cd (Fig. 1B, triangles curve § were
fitted to Eq. 3 to obtain the parameters for #gpf the I-site

Biophysical Journal 78(4) 1810-1824
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We would like to point out that the inhibition by Mg
120 depended on the &4 concentration where the dose-effect
curve for Mg™ was obtained. Fig. B shows that I1G,
values for Mg+ were 0.48, 2.7, and 4.1 mM at 10.@pen

>

©

E.’qé; 80 squarey, 110 (open circle$, and 1000flled triangle§ uM .

© © Ca", respectively. The three-step procedure of analysis is
< g indispensable for the coherent understanding of these ef-
%g fects of Mg*, which are of apparently variable grade.
E’g 40 These systematic determinations and the analysis procedure
mf& are the fundamental principle throughout these experiments.

Fig. 2 demonstrates &-dependent3H]ryanodine bind-
ing to a-RyR (Fig. 2 A) and B-RyR (Fig. 2 B) in the
presence of 0-5.9 mM free M§. Computed curves using
parameters determined as described above corresponded
well to the experimental data points for both RyR isoforms
at every M@" concentration. A similar set of parameters
was also obtained all at once by fitting all of the data points
120 for each isoform (Fig. 2) in the presence of various Ca
' and M¢* concentrations to Eq. 1, using a 3D curve fitter
(Sigma Plot, version 5, for Macintosh) (data not shown).
These results suggest that the model and the parameters
determined by the three-step procedure well explain the
effects of M@" on the FH]ryanodine binding activity of
both a- and B-RyRs.
Table 2 shows a summary of six to eight similar deter-
minations. AlthougtK, ,for B-RyR (18.1uM) appears to
be slightly larger than that for-RyR (11.0uM), the dif-
ference was not great, and we may conclude that they were
similar to each other. There was no difference between
pCa and B-RyRs inK| ¢, (2.38 versus 2.34 mM)Ku vg (324
o versus 325uM), or K4 (2.79 versus 3.06 mM). The
FIGURE 2 Effect of Mg" on the C4"-dependent®H]ryanodine bind-  A_site showed 20—30-fold higher affinity for €athan for

ing to frog RyRs. fH]Ryanodine binding to the purified-RyR (&) and 2+ . -
B-RyR (B) was carried out as in Fig. 1 at various free?Caoncentrations Mg™". It should be noted that the Hill coefficient for Mt]

in the presence of @), 0.8 (), 2.5 (), and 5.9 @) mM free Mg?*. Data (Namg = 0.9-1.0) was significantly smaller than that for
are meanst half-range of deviations of duplicate determinations. Curves C& (Naca = 2.1-2.3). On the other hand, the I-site
in A andB were drawn according to Eg. 1, using the following parameters:showed similar affinity Ky of 2-3 mM) for c&' and
Brax = 117.4 and 113.1 pmol/mg proteif c, = 10.1 and 18.1uM, Mg+ with a Hill coefficient of ~1. In addition to these

Naca = 2.0 and 2.3K, -, = 2.73 and 2.72 mMn,, = 1.0 and 1.2, .
Koo = 396 and 35QuM, sy = 1.1 and 0.9K, v = 3.16 and 5.23 parameters, th8,,, values of the two isoforms were also

mM, andn, s = 0.9 and 0.9 fore-RyR andB-RyR, respectively. similar (107 versus 118 meI/mg prOtein)-

o

[®H}Ryanodine bound
(pmol/mg protein)

Effect of caffeine

(Kimg andn; ), using the other parameters already fixed. caffeine is a well-known activator of RyRs and is thought
Third, the results of M" dependence (Fig. B, squares, g enhance the G4 sensitivity for activation. However, it is
curve g at a [C&"] nearK, c, (Fig. 1A, arrow &, where  stjll unclear how the effect of the drug is modulated in the
competitive inhibition by M§" is prominent, would give presence of M§". We examined in detail the effect of
the parameters for Mg of the A-site K yg @ndNavg)  caffeine on fH]ryanodine binding in the presence of vari-
according to Eq. 1, because the other parameters used in te@s concentrations of €& and Mg* and analyzed the
equation are already known. The validity of the obtainedeffect of the drug on the A- and I-sites. Fig.A3demon-
parameters was confirmed by comparing the results at gtrates the effects of various concentrations of caffeine on
mid-range of free C& concentration (e.g., 0.1 mM €8  C&*-dependent¥H]ryanodine binding tax--RyR. Caffeine
(Fig. 1B, circles curve b see also Fig. A, arrow b). These  dose-dependently enhanced the apparerit Gensitivity
parameters also can predict well the *Calependent for activation: EG, for C&" was reduced from 9.9M
[*H]ryanodine binding in the presence of 5.9 mM fgas  (control) to 3.6 and 1.JuM with 2 and 10 mM caffeine,
shown in Fig. 1A. respectively. No further CGa-sensitizing effect was ob-
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TABLE 2 Summary of parameters for Ca%* and Mg?* of the A- and I-sites and B,,,,,, which were determined from
[®H]ryanodine binding to the purified RyRs

A-site I-site

ca” Mg?* ca* Mg?*

Bax (PMol/img) Ky ca (M) Na ca Kamg (M) Na, Mg Ki,ca (MM) N ca K| mg (MM) N mg
a-RyR
Control
107.3+=4.3(8) 11.0=0.4(8) 2.1+0.1(8) 324+ 34(6) 1.0+0.1(6) 2.38+0.13(8) 1.1+ 0.1(8) 2.79+ 0.25(6) 0.9+ 0.1 (6)
+10 mM caffeine
1382+ 1.6(4) 1.12+0.04(4) 1.5+ 0.1(4) 394+ 19(3) 1.3+ 0.1(3) 3.99+ 0.20(4) 1.2+ 0.1(4) 5.22+0.19 (3) 1.2+ 0.1 (3)

B-RyR
Control
118.1+3.1(7) 18.1+0.6(7) 2.3=0.1(7) 325£51(6) 0.9+ 0.1(6) 2.34+0.11(7) 1.1+ 0.1(7) 3.06x 0.57 (6) 0.9+ 0.2 (6)
+10 mM caffeine
138.8+2.4(3) 3.12+0.15(3) 1.7-0.1(3) 351+23(3) 1.3+0.1(3) 5.09+-0.35(3) 1.3=0.1(3) 7.77+0.30(3) 1.4+-0.1(3)

Data are presented as meansSE of determinations numbered in parentheses.

served at 15 mM caffeine (data not shown). Furthermore, iThe enhancement appeared to be saturated at 2 mM caffeine
slightly reduced the inactivation in the presence of highin these experiments (see Fig.A. With SR vesicles,
Ca* concentrations. In addition, 2 mM or more caffeine however, the peak values ofH]ryanodine binding in-
increased the binding at optimal €aby ~20%. Similar  creased up to threefold or more as caffeine was increased to
results were obtained with the purifi@RyR (see Table 2). 15 mM (Ogawa and Harafuji, 1990; Ogawa et al., 1999).
These findings were consistent with previous studies ofThis difference may be explained by the effect of CHAPS,
[*H]ryanodine binding to the purified RyRs (Murayama andwhich potentiates the effect of adenine nucleotides (Ogawa
Ogawa, 1996) and isolated SR vesicles (Ogawa and Harat al., 1999).
fuji, 1990).

Fig. 3B shows the effects of Mg on the C&"-depen-
dent PH]ryanodine binding tax-RyR in the presence of 10 CICR activity in skinned fibers
mM caffeine. Mg" decreased both the binding at the op-
timal C&" and apparent G4 sensitivity for activation in a
dose-dependent manner, as is the case without caffeine (sEa. 4 shows the Gd dependence of the rates of CICR that
Fig. 2). EG,for C&" was increased from 1M (control) ~ were determined in a chloride salt medium (Cl medium)
to 2.4, 4.2, and 6.uM by 0.8, 2.5, and 5.9 mM Mg, containing 4 mM AMP and 0—1.6 mM Mg. In the ab-
respectively. The analysis was carried out to obtain paramsence of Mg*, CICR shows a bell-shaped €adepen-
eters as described above in the three-step procedure. Tallence similar to that ofH]ryanodine binding (Fig. 2). The
2 shows the summary of parameters thus determined, irpeak value of the rate constant wag min—*, and EG,and
cluding those foB-RyR. The experimental results obtained ICg, for C&#" were 3uM and 1 mM, respectively. Mg
in the presence of varying amounts of #gin Fig. 3B had two distinct effects on the pCa-CICR activity relation-
coincided well with computed curves, when we used theship: it dose-dependently decreased the peak rate f Ca
parameters shown in Table 2. Caffeine markedly reducedelease with an I¢, of 0.3 mM and lowered G4 sensitiv-
Ka ca for both isoforms (from 11 to uM, 10-fold, with ity for activation. The EG, for C&* was increased to 5, 10,
a-RyR and from 18 to 3uM, sixfold, with B-RyR) with a  and 20uM by 0.4, 0.8, and 1.6 mM Mg, respectively.
slight decrease imy -, (from 2.1 to 1.5 witha-RyR and We also followed the procedure of analysis in the case of
from 2.3 to 1.7 withB-RyR). In contrastK, g andny yg [*H]ryanodine binding k.., and kypp however, replace
were not changed substantially by the reagent. These resuli;,,, andB in Egs. 1-3, respectivel¥k ., IS the maximum
suggest that caffeine increases the affinity of the A-site fovalue ofk;,, The curve for circles in the absence of Mg
Ca* but not for Mg". In addition to the effects on the (Fig. 4) was drawn by usinga co = 3.2uM, Ny ¢, = 1.6,
A-site, caffeine slightly increase] -, (from2.4t0 4.0 MM K, -, = 1.1 mM, andk,,, = 7.0 min ! as the best fit
for a-RyR and from 2.3 to 5.1 mM foB-RyR) andK; yq4 parameters. In this calculation, we assumggl, to be unity
(from 2.8 to 5.2 mM fora-RyR and from 3.1 to 7.8 mM for in all of the skinned fiber experiments, because determina-
B-RyR). This may be consistent with the decreased inactitions with 21 fibers gave an average of 0.92 0.15
vation in the presence of high €a concentrations. The (mean=+ SD) for the parameter. This conclusion is consis-
Brmax Was increased by 20-30%. This increas@jn, may  tentwith the results ofH]ryanodine binding (Table 2). The
partly contribute to the enhanced peak value of the bindingHill coefficient for the A-site,n, -, was calculated as a

Effect of Mg®*
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FIGURE 4 Effect of Mg" on the C&* dependence of CICR in skinned
muscle fibers. Rate constants of the?Caelease from SR using six
skinned fibers were determined in the Cl medium containing 4 mM AMP
and various C&" concentrations. Effects of various Kigconcentrations

o

150
were examined: 0F), 0.4 (»), 0.8 (J), or 1.6 mM (V) Mg?*. The results,
corrected for as described in Materials and Methods, are plotted. pH was
g — adjusted to 7.0 for these experiments. Parameters determined according to
3 "’E’ 100 the procedure described in Fig. 1 wérg, = 7.0 min *, K, c, = 3.2uM,
P! Naca= 1.6,K ca = 1.1 MM,K| g = 0.42 MM,Kp, g = 0.15 mM. The
% g drawn lines are curves calculated for indicated®¥goncentrations, using
Q E thgse parameters, c,, Na mg, @aNdN; iy Were fixed at 1.0 in these simu-
S35 lations.
TS
@ these parameters, and curves for 0.4, 0.8, and 1.6 mkf Mg

were drawn in Fig. 4. All of the CICR activity determined
in the presence of varied €aand Mg is consistent with
the values anticipated by the model. A similar set of param-
eters was also obtained all at once, using the 3D curve fitter

_ _ (Sigma Plot, version 5, for Macintosh) as mentioned above
FIGURE 3 ) Effect of caffeine on the Ca-dependent3H]ryanodine

binding to frog RyRs.JH]Ryanodine binding ta-RyR was carried out as (df'ita not Shown)’ supporting the assumpthn that the appro-
in Fig. 1 in the presence of @), 2 (A), and 10 () MM caffeine. Dataare ~ Priate values for the parameters were obtained by the three-
means+ half-range of deviations of duplicate determinatio®).Effectof ~ Step procedure. We would like to point out that the corrected
Mg?*" on the C&"-dependentH]ryanodine binding in the presence of 10k, (kj,) was used here as described in Materials and
mM caffeine. fH]Ryanodine binding tor-RyR was determined with 0 \ethods, This correction was significant at pCa 2.5 and 3.0.
e B e s s WihouL s correctont, c and, . wouid be 80% arger
protein; Kn ca = 1.19 pM; Np o = 1.5: K ca = 3.85 mMin,c, = 1.1;  and 16% smaller, respectively. Other parameté(g {,
Kamg = 379uM; Nayg = L1 Ky = 4.92 mM; Ny, = 1.1. Naca Kamgr Namgr Kimg: @ndn, ) Were not significantly
affected by the correction. Table 3 (the first group) summa-
rizes similar experiments at pH 6.8 with varied AMP con-
parameter to be determined, because it varied between 1d@ntrations.
and 2.0, depending on species and concentrations of adenine
nucleotides. Using the parameters forCaescribed above
(Kaca Naca Kica, the relation betweek;,, and Mg™"
concentration in the presence of G Ca?* (pCa 4.2) was
analyzed according to Eq. 3. The best fit was obtained wheAdenine nucleotides such as ATP, AMPPCP, ADP, and
the dissociation constant of the I-site for R/fg(K,yMg) was AMP are believed to stimulate CICR through the common
0.42 mM. Furthermore, &, \,q Of 150 uM was obtained responsible site(s) (Endo, 1981). To assess the effect of
according to Eq. 1 on the basis of Kigdependent inhibi- Mg®" on C&" release in situ, CICR activity should be
tion of k;,, at pCa 5.2. Hill coefficientsn, yg and ny g, determined in the presence of ATP. Its use, however, pre-
were also fixed at 1.0, based on the results’Bjfyanodine  vents us from analyzing clearly the €arelease itself
binding (Table 2). To verify whether the parameters ob-because it also drives €a uptake by activating the Ga
tained here explain all of the data at various concentrationpump. Therefore, we performed experiments in the presence
of C&" and M¢*", CICR activity was recomputed using of AMPPCP, a nonhydrolyzable ATP analog, which is very

The stimulatory principle of an adenine nucleotide: free or
bound form
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TABLE 3 Summary of parameters for Ca%?* and Mg?* of the A- and I-sites and k,,,,, which were determined from CICR
experiments with skinned fibers

A-site I-site
ca#t Mg?* ca* Mg?*
Kmax (Min~ %) Ka,ca (LM) Na ca Kamg (M) - Na yg® K ca (MM) N, ca” Ki.mg (MM) N mg™
1 mM AMP 26+01(3) 43:02(3) 20+02(3) 37+16(2) 1.0 075:007@3) 1.0 03k004(2) 1.0
4 mM AMP 56+05(4) 35-07(4) 16+04(4) 95:28(2) 1.0 040:012(4) 1.0 036-0.04(2) 1.0
0.2 mM AMPPCP 29-05(5) 3.0-03(5) 1.4+0.2(5) 97*+16(3) 1.0 040-0.06(5) 1.0 0.36-0.03(6) 1.0
1 mM AMPPCP 18+ 2.4(3) 25+04(3) 12+01(3) 49+5(3) 10 039:007(3) 10 018 002(3) 1.0

1 mM AMP, 5 mM caffeine 15 0.6 (3) 0.7=0.10(3) 1.7-0.4(3) 48%=18(2) 1.0 0.86-0.18(3) 1.0 0.29£0.03(22) 1.0
0.2 mM AMPPCP, 5 mM caffeine
11+1.0(3) 0.4+0.07(3) 1.0=0.1(3) 74+x12(3) 1.0 1.2-0.21(3) 1.0 0.3x0.03(3) 1.0

Data are means SE (number of determinations) or meanshalf-range of the deviation in duplicate determinations. Experiments with AMP were
performed in ClI medium, whereas those with AMPPCP were performed in Ms medium. *Hill coefficients were fixed at 1.0.

similar to ATP in stimulating C& release but does not AMPPCP at 90uM Ca’*, where the activation site was
support C&" uptake (Kakuta, 1984). For these experiments expected to be fully saturated with €a The Mg depen-
we used methanesulfonate salt medium (Ms medium) indence with AMPPCP was very similar to that with AMP.
stead of Cl medium because the latter has been reported Tthe IC,, values of Mg were 0.52+ 0.09 mM and 0.44-
have some stimulating effects on RyR (Meissner et al.0.03 mM in the presence of AMP and AMPPCP, respec-
1997). In our experiments with skinned fibers, howevertively. The fraction of free AMPPCP, however, was much
there were no significant differences in the’Casensitivi-  less than that of AMP in the range of [¥ig] > 0.1 mM
ties of activation and inactivation sites between the two(bottom panél These results are consistent with the idea
media, whilek,., in the Ms medium was slightly smaller that free AMPPCP, MgAMPPCP, and CaAMPPCP are
than that in the Cl medium (averagég., values in the equally potent in stimulating CICR. Therefore, in the fol-
presence of 4 mM AMP were 56 0.5 min > (n = 4) and  lowing experiments we calculated the affinities of the A-
3.6+ 1.0 min * (n = 3) in Cl and Ms media, respectively). and I-sites for C&" and M¢f™ under the assumption that the
An obstacle in analyzing the effect of Mg on CICR  free and complexed forms of AMPPCP are equivalent to
activity in the presence of AMPPCP is that a substantiakach other in stimulating CICR.
fraction of AMPPCP binds Mg and C&* with an appar- We examined the effect of AMPPCP on each of the
entK of ~0.2 mM. Therefore, the question arises whetherparameters for CICR in situ by determining the*Cae-
the nucleotide complexed with a divalent cation is equivadease in the presence of various concentrations of AMPPCP.
lent to free nucleotide in stimulating CICR. To clarify this Initially, we determined the dependence kgf,, on AMP-
point, we compared CICR activities in the presence ofPCP concentration at pCa 4.05, which was around the
AMPPCP with those in the presence of AMP, which has aoptimum concentration (Fig. 8). In the absence of AMP-
much lower affinity to divalent cations. The top of FigA5  PCP, thek;,, was very small (0.1-0.3 mir). The Kapp
shows the C&" dependence of the relative CICR activities determined in a single fiber increased with increase in
normalized with the values at pCa 4.5 in the presence of AMPPCP concentration up to 3 mM (Fig 4G open circlel
mM AMP (filled symbol$ and 0.2 mM AMPPCPdpen At a concentration higher than 3 mM,,, was too great to
symbol}. A suitable set of parameters in Eq. 2 can predictbe reliable in our experimental system. Results in Fig 6
all of the data points, irrespective of AMP or AMPPCP, as(open circle¥ can be satisfactorily predicted by the conven-
shown by the curve in Fig. B. Fractions of free to total tional law of the mass reaction with an apparent dissociation
nucleotide at various Ga concentrations were calculated constant (5 mM) and the saturated valuekgy, (53 min ).
and are plotted in the lower panel. A substantial fraction ofSimilar results were obtained in three different fibers. The
AMPPCP binds to C& at calcium concentrations higher averages fok,, values in the presence of 0.2 and 1 mM
than 0.1 mM, whereas AMP is almost free up to 3 mMCa AMPPCP were 2.1 0.8 (0 = 9) and 13.2+ 2.0 (h = 6)
(bottom panél The C&* dependences af,pp, however, min~?, respectivelyfilled circles). In the presence of 1 mM
were not significantly different between the two nucleo-Mg?*, a similar dose-dependent increase in CICR was also
tides. The IG, values of CA" were 0.38+ 0.12 mM and  observed at pCa 4.05 (Fig./§ open triangle
0.43 = 0.03 mM in the presence of AMP and AMPPCP, The Cé*—dependenkgpp values in the presence of 0.2
respectively. Similar 1g, values with AMP were also ob- mM and 1 mM AMPPCP were normalized by each peak
tained in Cl medium. Fig. B shows the M§"-dependent value in Fig. 6B. They were homologous to each other in
inhibition of CICR activities in the presence of AMP or their C&* dependences. The second group in Table 3

Biophysical Journal 78(4) 1810-1824



1818 Murayama et al.

>
Y,

Normalized K'app
o
(&)}
T

Normalized K'app

0_///\ b ]

0.1 1 10
Mg (mM)

free / total
o
[9;]

free / total
o

o 01—

7 6 5 4 3 2 0.1 1
pCa Mg (mM)

FIGURE 5 Comparison of effects of AMP and AMPPCP orfCand Mg* dependences of CICR in skinned fibers) Ca* dependence in the absence

of Mg?*. The top panel shows &4 dependence of the relatig,,, which was normalized with the value at pCa 4.5. CICR was determined in the Ms
medium containing 4 mM AMP@®) or 0.2 mM AMPPCPQ, [, A, V, ¢). Different symbols indicate different preparations. The bottom panel indicates

the calculated fractions of the free form to total AM®)(or AMPPCP (O). AMP is mostly in the free form, whereas the complexed form of AMPPCP
makes up a considerable fraction of the total. The solid line in the top panel was drawn based on data with 0.2 mM AMPPCP according to Eg. 2, where
the parameters weli€, c, = 3.9 uM, Npcq = 1.4,K co = 0.43 mM, andn, ¢, = 1. (B) Mg**-dependent inhibition in the presence of @M Ca®" is

shown in the top panel, and the calculated ratio of free to total nucleotide is shown in the bottom panel. The results were normalized with those in the
absence of M§". The drawn line shows the curve of Eq. 3 best fit to data with 0.2 mM AMPPCP, where parametef§ yygre 0.36 mM andn, g =

1.0, in addition to those determined & Note that CICR activities in the presence of AMP and AMPPCP showed very simifar @ and M¢*
dependencesB}, although their ratio of the free form to total nucleotides was very different in the presence of high concentratiofis ahCg™*.

summarizes the results of analysis according to Egs. 1-3 aff the I-site for Mg" was similar between 0.2 and 1 mM
determinations with 0.2 and 1 mM AMPPCP in the presenceAMPPCP. This is also the case with the affinity of the
of various C&" and Mg concentrations. As AMPPCP A-site for Mg?™ (Table 3). It should also be noted thd,,
was increased from 0.2 to 1 mM,,., was enhanced as in the absence of G4 (10 mM EGTA, pCa~9) at 1.0 mM
much as sixfold. NeitheK, c, nor K, o, however, was AMPPCP (0.17+ 0.07 min %, n = 3) was significantly
significantly affected. This result was in accordance withhigher than that at 0.2 mM AMPPCP (0.630.02 min 2,
previous reports of unchanged Tadependence with n = 4). This activity was completely suppressed by less than
skinned fibers (Endo, 1981) and witfH]ryanodine binding 1 mM Mg®>". As AMPPCP was increased, €arelease in

to SR vesicles (Ogawa and Harafuji, 1990). The Hill coef-the virtual absence of & was more prominent, but it
ficient of the A-site (, ), however, appears to be slightly would be only a minor fraction (no more than 1%) of the
smaller at a higher concentration of AMPPCP: 1.4 and 1.2eak rate of CICR (data not shown). In summary, the
at 0.2 mM and 1 mM AMPPCP, respectively. The averagestimulating effect of adenine nucleotides such as AMP and
of K, mg @t 1 mM AMPPCP was 0.18 0.02 mM (ranging AMPPCP can be explained by enhandgd,, but affinities
from 0.13 to 0.22 mM), while that at 0.2 mM was 0.36 for C&" and Mg* of A- and I-sites remain unchanged,
0.03 mM (ranging from 0.26 to 0.46 mM). Under the being independent of the concentrations of nucleotides. This
experimental conditions where Mig and AMPPCP were conclusion was proved regardless of the medium used (Ms
used, some variations of th&, values for Mg* of AMP- or Cl) (data not shown).

PCP may lead to a different conclusion. For example, if

PKg is 4.38, which is two times larger than what we used
(4.68), the range oK, ,, would be 0.27-0.49 mM and
0.17-0.28 mM in the presence of 0.2 mM and 1.0 mMWe then examined the effect of caffeine on CICR in skinned
AMPPCP, respectively. We may conclude that the affinityfibers in the presence of varying amounts of’Caand

Effect of caffeine
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FIGURE 6 () Dose-dependent potentiation of CICR by AMPPCP. The Mg (mM)

Kapp Values were determined in the Ms medium containingu®0 ca?t

and various levels of AMPPCP withhj or without ©) 1 mM Mg?*, using ~ FIGURE 7 Effect of caffeine on the affinities of A- and I-sites for’Ca
different single fibers. Solid lines correspond to simple equations of the lanand Mg*. All determinations were carried out in the Ms medium con-
of mass reaction with a dissociation constant and a saturated vallg,for  taining 0.2 mM AMPPCP.4) Normalized C4"-dependenk,,,values in

of, respectively, 5 mM and 53 mirt in the absence of Mg and 10 MM the presence®f) and absenceX) of 5 mM caffeine. *Significant difference
and 11 min* in its presence®, Average with SE of all determinations between their normalized values € 0.05). Parameters that would give
(n=29and 6 for 0.2 mM and 1 mM AMPPCP, respectively) in the absencethe best fits are listed in Table 3. Determined valuekgf are plotted in

of Mg**, including the results of open circles. These results suggest thaghe inset. Note that caffeine enhanced thé Cgensitivity for activation by
Kappin the presence of 4 mM AMPPCP would be35-50 min* at pCa  sevenfold and thi,,,,at the optimal C&" concentrations by fourfold B)
4.05. @) Normalized C&"-dependent;,, values in the presence of 0.2 Inhibition by Mg?" in the presence and absence of 5 mM caffeine.
mM (O) or 1 mM AMPPCP @#). Parameters in Eq. 2 that would give a Determinations were carried out at the pCas indicated by arroigopen
best fit are listed in Table 3. Note that the two fitted curves are very similararrows, no caffeinefilled arrows, 5 mM caffeine). Rate constants of CICR
to each other. The averagkg,, values were 2.9 min* and 18 min* in at various concentrations of Mg in the absence of caffeine (—) were
the presence of 0.2 mM and 1 mM AMPPCP, respectively. determined at pCa 4.080] and 5.44 {) whereas in the presence of
caffeine (———) at pCa 4.5@) and 6.03 A). The results were normalized
by the value in the absence of FIgin each series of determinations.
Mgz+ (Fig. 7), and the results are summarized in the thirdBest—flt parameters in Egs. 1-3 are listed in the third section of Table 3.
group of Table 3. Fig. A shows the potentiating effect of
5 mM caffeine on the Cd -dependent CICR activity in the detectedf > 0.05,t-test) between normalized values in the
presence of 0.2 mM AMPPCP. Caffeine had two distinctpresence and absence of caffeine at pC4.5, except for
effects: it increased the maximum rate constant of'Ca pCa 3.0, because the experimental variation was large at
release by fourfoldk,,.,, = 2.9 versus 11.2 mift) (Fig. 7 higher C&" concentrations (Fig. A). The same conclusion

A, inse} and increased the sensitivity of the®aactivation ~ was also obtained by ANOVA analysip  0.09) with
(Ka,ca = 3.0 versus 0.44M) by sevenfold (Fig. 7A). The  StatView 5.0 for Macintosh.

averaged affinity of the I-site for G4 appeared to be The inhibition by Mg* of the CICR activity determined
lowered to one-third by caffeinek(., = 0.40 versus 1.2 at C&* concentrations where the occupation wittPCaf

mM) (Fig. 7 A). However, significant differences were not the A-site was hardly affected by Mg (pCa 4.56 and 4.05,
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in the presence and absence of caffeine, respectively) issite was claimed to be negligible. It is still unclear, how-
shown in Fig. 7B (the two right curves with circles The  ever, whether these parameters can be valid in situ, because
normalized M3* dependence in the presence of caffeinethe sensitivities for Ca” and Mg were largely affected by
(Fig. 7 B, filled circleg was very similar to that in its several factors, including ionic species and their concentra-
absence (Fig. B, open circle} although the absolut€,,, tions (Murayama and Ogawa, 1996; Ogawa et al., 1999).
values were increased severalfold by caffeldg,q values  Laver et al. (1997), on the other hand, determined these
determined by Eq. 3 were not significantly changed byparameters with cardiac RyR, where the inactivation by
caffeine Kyg = 0.31 versus 0.36 mM). The two left Ca&" and Mg* was claimed to be weak, and extended
curves friangles in Fig. 7 B represent the Mg~ depen-  these findings to the skeletal muscle RyR to obtain a sim-
dences obtained at €aconcentrations that gave60% of  plified relationship with a necessary approximation.
the maximum activity (pCa 6.03 and 5.44, with and without We performed systemati¢H]ryanodine binding experi-
caffeine, respectively). The curve in the presence of caffeinenents with - and B-RyRs purified from frog skeletal
(Fig. 7 B, filled triangled was not significantly different muscle in the presence of various concentrations df'Ca
from that in the absence of caffeine (Fig.open trianglek and Mg in an isotonic medium that simulated the char-
Taken together, similar Mg dependences under the two acteristics of the sarcoplasm as far as possible and deter-
specified conditions indicate that caffeine does not changeined the parameters according to the three-step procedure
the affinity for Mg?™ of the A- or I-sites. Actually, calcu- with the aid of computer simulation. ThéH]ryanodine
lated K, g in the presence of caffeine (74M) was also  binding activity in an isotonic salt solution is too low to be
indistinguishable from that without caffeine (Q@M). In precisely analyzed in the absence of any stimulator other
contrast to the case for €3 the affinity for Mg?* of the  than C&" (Murayama and Ogawa, 1996). Here, AMP was
A-site was not affected by caffeine. In the presence of 1 mMused to increase the activity without a significant change in
AMP in the Cl medium, very similar results were also C&* dependence. The adenine nucleotide has another ad-
observed for the effect of caffeine: an approximately sixfoldvantage in that it shows very weak affinity for €aand
increase irk,,,, and an approximately sixfold reduction in Mg?". Another important precaution is to keep the ionic
Ka.ca Without a significant change in other parameters (Ta-strength of the medium constant, because the activity in the
ble 3). The four- to sixfold enhancement kof,, by 5 mM  presence of high concentrations of Caand M¢* may
caffeine at the optimal Ga was consistently obtained in otherwise be changed. After these considerations, the pa-
the presence of 0-10 mM AMP (data not shown). Theseameters for C& and Md¢" of the two C&" sites on
observations indicate that caffeine and adenine nucleotidedividual isoforms can be obtained under the same condi-
may act independently through the different underlyingtions. To know the parameters for the*Caelease channel
mechanisms. This is consistent with previous reports (Endadn situ that maintain the organization of RyR and related
1981; Sitsapesan and Williams, 1990; Coronado et al.proteins, furthermore, we measured the CICR activity, us-
1994; Meissner, 1994; Ogawa, 1994; Sutko and Airey,ng frog skinned skeletal muscle fibers under conditions as
1996). close as possible to those of the physiological environment.
In analyzing these results, we took advantage of the deter-
minations ofn yg = Nica = Mg = 1 in [*H]ryanodine
DISCUSSION binding experimé;nts, because mgore laborious maneuvers of
It is well known that Mg* decreases the biphasically CICR experiments impeded such numerous determinations,
Ca*-dependent CICR activity of the €arelease channel as in PH]ryanodine binding.
(RyR) with a shift to a higher Gd concentration range. All of the results obtained are summarized in Table 2 for
However, there was no quantitative consideration on thig*H]ryanodine binding experiments and in Table 3 for CICR
matter until recent investigations made by Laver et alfrom SR in frog skinned skeletal muscle fibers.
(1997) and Meissner et al. (1997). During the course of this
investigation, we have learned that there are some possible
reasons for the difficulty. One of these is a substantial . o4 .

L - Comparison between Ca“™ release channel in
overlap between the 4 activation curvef,, and the C& SR and burified RYR
inactivation curve, (1— f,). As shown in Fig. 8A, Mg®" and puritied Ry
affects thef, and (1— f,) curves differently. These effects Table 2 shows tha&- and 8-RyRs are very similar in the
of Mg?" in particular make determination of the parametersvalues for all parameters in the presence of 4 mM AMP.
difficult without numerous systematic experiments such asThis means that there was only a minor difference at most
those shown here. To be freed from this difficulty, Meissnerin the C&"-dependentJH]ryanodine binding and its mod-
et al. (1997) performed experiments under different condiulation by M¢™ between the two isoforms. Frog skeletal
tions to obtain separately parameters for the A- or I-sitemuscles express the two isoforms in almost equal amounts
some determinations were carried out in a solution containfMurayama and Ogawa, 1992; 1994). This indicates that
ing 0.5 M choline chloride, where the contribution of the both a- and 3-RyRs contribute to the CICR activity in frog
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FIGURE 8 Simulations of effects of Mg on the CICR activity in situ
and analysis of the occupancy by divalent cations of the A- and I-sAgs. (
The fractions of C&'-occupied A-sitef(,) and vacant I-site (1) and the
anticipated CICR activity = K,ax X fo X (1 — f,)) were calculated in the
presence or absence of 1 mM kg f, (-—-), 1— f, (), andk (—)
were calculated as a function of free®Causing the following parameters,
which are assumed to be those for thé Ceelease channel of SR in situ:
Kmax = 45 Min % Ky ca = 2.5 uM; Ny = 15 K ca = 0.4 MM Ny ¢, =

1 Kamg = 75 uM; Na mg = 1, K yg = 0.3 mM; 0y g = 1. We assumed

Na.cato be 1in the presence of 4 mM AMPPCP, based on the finding that
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skinned skeletal muscle fibers, although we cannot exclude
the possibility that either isoform might be silent in situ.
Comparison of Tables 2 and 3 tells us that purified RyR
shows lower affinities for Ca and Mg than does the
Ca" release channel in SR, ¢, (~10 uM versus~3
uM), K mg (—300 uM versus~70 uM), K| c, andK| yq
(~2 mM versus~0.4 mM). However,Kx yg/Ka ca (=
10-30) andK|yq/Kica (= 1) remained constant. This
means that the selectivity between’Cand Mg " in each
of the A- and I-sites was unchanged, although their affinities
for divalent cations were varied. Addition of CHAPS to SR
vesicles and the following process of purification altered the
Ca" sensitivity of both A- and I-sites (Ogawa et al., 1999).
Changes in the environment around RyRs (e.g., phospho-
lipids, detergent, associating protein(s), and so on) may
affect properties of the RyR molecule or Tarelease
channels. We would like to point out that troponin C in the
thin filament shows a 10-fold higher affinity for €& than
purified troponin C (Ebashi and Ogawa, 1988).

Effect of adenine nucleotides on the
activity of RyR

Although ATP is thought to be an endogenous activator of
RyR in situ, it has not been known whether MgATP is as
potent as free ATP in stimulating RyR. The comparison of
divalent cation dependencies in the presence of AMP and
AMPPCP (Fig. 5) suggests that free AMPPCP, CaAMP-
PCP, and MgAMPPCP are equipotent in stimulating CICR.
Because AMPPCP and ATP are reported to be very similar
in this stimulation (Kakuta, 1984), these results suggest that
MgATP stimulates RyR as much as free ATP does in situ.
The CICR activity in the absence of any adenine nucle-
otide was as low as 0.1-0.3 mihy even at the optimum
pCa, whereas that in the presence of 1 mM AMPPCP was
around 13 min* (see Fig. 64). In the presence of 3-9 mM
ATP, which corresponds to the myoplasmic concentration
in frog skeletal muscle (Godt and Maughan, 1988), the
enhancement of CICR activity by ATP would be as great as
>200-fold. These findings suggest that ATP is critically
important for activation of RyRs in frog skeletal muscle.
Whereas Meissner et al. (1986, 1997) reported that ade-
nine nucleotides render RyR less sensitive to inhibition by
ca&* and Mg, we did not find any evidence of a decrease
in Ca*/Mg?* sensitivity with increase in adenine nucleo-
tide concentration. However, we cannot exclude the possi-
bility that the I-site of CICR activity might be more sensi-
tive to Mg?" in the absence of adenine nucleotide than in its
presence. We did not determine the affinity for #gn the

Na.ca Values decreased with an increase in AMPPCP concentration (frondecreased peak valu@& &ndC) The probabilities of occupancy by divalent

1.4 at 0.2 mM to 1.2 at 1 mM; see Table 3). Rig(1 mM) shifts curvef,
rightward along the abscissa to decrease the apparéhts@asitivity and
reduces (1— f,) throughout all C&" concentrations, resulting in the

cations of A- B) and I- (C) sites were calculated as a function of fre¢Ca
in the presence of 1 mM Mg. The same parameter values as thosa in
were used for calculation. See text for details.
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absence of any adenine nucleotide where the RyR activitpation for the weak enhancement. Because effects of caf-
was too small to analyze the effect of /g feine and adenine nucleotides are synergistic in the en-

It has long been known that adenine nucleotides enhandeancement ok, ., Or B.,., this effect should also largely
CICR without changing Cd sensitivities (Endo, 1981). contribute to the C& -releasing action of caffeine in frog
The results of the present study showed that the affinities foskeletal muscle. SR vesicles from a mammalian skeletal
Ca&" and M¢" of both A- and I-sites were not significantly muscle that often fails to contract with caffeine showed a
affected by any species or concentrations of adenine nuclemaller enhancement oB,,, than those from frogs,
otides in skinned fibers (Fig. 6 and Table 3). ORly., the  whereas there was no significant difference in thé'Ca
calculated maximum CICR activity, was largely enhancedsensitizing effect of caffeine between them (Ogawa et al.,
by adenine nucleotides. These findings indicate that thd999). Thus the enhancementlgf,, or B, iS also criti-
occupation of the A-site by G4 is not the sole determinant cally important for the induction of G4 release in vivo.
for the CICR activity of RyR. In other words, the occupa- The results presented in this study thus suggest that
tion by C&" of the A-site may be a necessary but not acaffeine activates frog skeletal muscle RyRs by two differ-
sufficient condition for C&" release. The stimulating effect ent mechanisms: increasing the “Casensitivity of the
of ATP was also observed in the absence of Cas wellas ~ A-site and enhancing,, ..
in its presence. ATP may affect the transition between
closed and open states of the’Caelease channel in favor . . L
of the open state (Smith et al., 1986; Coronado et al., 1994;Relevant physiological significance
Meissner, 1994). The increasekp,, andB,, may reflect  The affinities for C&" and Mg* of each site of the Ca
this effect (Figs. 6 and 8). release channel in the skinned fibers ranged in the presence
of AMPPCP as follows: 2.5-gM for K, ¢, ~0.4 mM for
Ki.ca 50—100uM for Ky yq; @and 0.18—-0.36 mM foK;
(Table 3). The physiological concentration of free Mdnas
Caffeine has been known as a potent stimulator of CICRbeen estimated to be-1 mM in skeletal muscle cells
The main action of the drug was thought to be to enhancéWesterblad and Allen, 1992; Konishi et al., 1993). The
the C&" sensitivity for the activation of CICR (Endo, myoplasmic C&" concentration is 0.1-0,38M at rest (Har-
1981). We here showed that caffeine specifically increasedins et al., 1993; Kurebayashi et al., 1993) and increases to
the affinity for C&" of the A-site but left that for M§" ~10 pM during maximum activation (Konishi and Baylor,
unchanged (Tables 2 and 3). This is characteristic of caf1991). Thek,,,, value in situ was estimated to be 35-50
feine. Furthermore, the drug decreases slightly the affinitiesnin~* from the results with 0.2 and 1 mM AMPPCP (Table
for C&" and M¢* of the I-sites ofa- and B-RyR, to an 3 and Fig. 6), assuming that myoplasmic concentration of
almost equal extent. With SR in skinned fibers, the affinity ATP is 4 mM. Fig. 8A depicts the effect of 1 mM Mg on
for C&* of the I-site appeared to be decreased in thehe CICR activity in skinned fibers, using these parameters.
presence of 0.2 mM AMPPCP but unchanged in the presThe simulated probabilities of A- and I-sites that are occu-
ence of 1. mM AMP (Table 3). The drug did not change thepied by C&" or Mg®" as a function of free G4 concen-
affinity for Mg?* of the I-site in either case, suggesting tration are shown in Fig. 8 andC. An important conclu-
minor effects on the I-site. These results suggest that cakion is that nearly 80% of the I-sites are saturated with
feine may only minimally affect the interaction of Mg  Mg?", irrespective of the myoplasmic €aconcentration,
with the A- or I-sites. The removal of inactivation by €a  from 0.1 to 100uM Ca&" (Fig. 8 C). This means that the
or Mg cannot be the underlying mechanism for thé Ga  fraction of potentially activatable channels for CICR (i.e.,
releasing action of caffeine, although this was claimed to b1l — f,)) will be only ~20% at most in the presence of 1
the case for several drugs, such as bastadins (Mack et amM Mg>" (see Fig. 83). In addition, at the resting level of
1994). submicromolar C&', more than 90% of the A-sites will be

In addition to the effects on the A-sites, caffeine at 5 mMoccupied by M§", and the vacant and €&-occupied sites
enhancedk,,,, by four- to sixfold in CICR activity. The are only 7% and less than 1%, respectively (Fi@®)8The
increase by caffeine of the peak CICR activity at the opti-fraction of A-sites occupied by & increases with increase
mum C&" concentration has also been reported by Endan free C&". Thus it appears that the exchange of Mg
(1981). Such a great enhancement in maximum activity wasiith Ca&€* at the A-site may occur during activation of
also observed with®H]ryanodine binding with SR vesicles CICR by C&". The fraction of the A-sites occupied by
from frog skeletal muscle (Ogawa and Harafuji, 1990;C&" (i.e.,f,) is estimated to be 3% at AM C&®", 8% at
Ogawa et al., 1999). With purified isoforms, in contrast, the3 uM Ca®", and 22% at 1uM Ca®>". The fractions of the
enhancement of°H]ryanodine binding was at most only CICR channel activated by €4 (i.e., f, X (1 — f)) are
~20% (Table 2; see also Murayama and Ogawa, 1996). The.06—0.2, 0.6, 2, and 5% at 0.1-0.3, 1, 3, angWMDCa’",
presence of CHAPS, which potentiates the effect of adenineespectively (see Fig. 8). These indicate that Mg po-
nucleotide (Ogawa et al., 1999), may be a possible explatently reduces the CICR channel activity in frog skeletal

Actions of caffeine on the function of RyR
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muscle, not only in the resting state, but also during actiimolecule. They claimed that it could be a high-affinity site
vation by interacting with both the A- and I-sites. with a micromolar value or less for the dissociation con-
The rates of the physiological depolarization-inducedstant. Jong et al. (1995), on the other hand, interpreted the
ca" release in frog intact and cut muscle fibers are re-Ca&*-dependent inactivation differently with a similar
ported to be 2-5%/ms, which corresponds to 1200-300&nodel. They claimed that the responsible inactivating sites
min~* (Csernoch et al., 1993; Pape et al., 1995). The CICRnust be near or within the mouth of the Tarelease
activity predicted by this study, on the other hand, is esti-channel. Although they did not state it explicitly, the affinity
mated to be not more than 10 mihin the presence of 4 for C&™ appears to be low, because’Cahat comes out of
mM ATP and 1 mM Mg " (see Figs. @ and 8A). Because the lumen of the SR should bind to the site before the ions
5 mM of caffeine potentiatek,,,, by four- to sixfold, the are sequestered by EGTA or fura-2. Some groups have
rate of C&" release induced can be estimated to be 5Guggested the possibility that the luminaPC#as access to
min~! or less, which would correspond to only a few the inactivation site and inhibits CICR activity (Tripathy
percent of the rate of G4 release on depolarization. The and Meissner, 1996; Kurebayashi and Ogawa, 1998). It is
tension development by a frog intact single skeletal muscl¢herefore possible that the €ainactivation site of the
fiber on exposure to 5 mM caffeine was traced by a mechadepolarization-induced G4 release might be the same as
noelectrical transducer (RCA5734), while the isometricthe I-site of CICR that is mentioned here. Our calculation
twitch tension was too fast to follow and had a spike-like suggests that the I-sites free of Kfgor C&* (i.e., 1— f,)
appearance (figure @ of Liittgau and Oetliker, 1968). This can be~20% at rest and that the increment of’Cat 1-3
suggests that our speculation about the rate of the caffein@aM, which is the putative free & concentration near the
induced C&" release may be not very far from the truth. mouth of the channel during €a release, would decrease
Therefore, we can conclude that CICR is much slower tharthe (1 — f,) value to 8—15%. Therefore, the population of
depolarization-induced G& release. This will mean that the active channel would be decreased by 25-60% By Ca
the contribution of the CICR to the physiological Ta released from the SR. Although this consideration may
release is minor, even at the optimal*Caconcentration. support the possibility that the alleged site might be the
Lamb and Stephenson (1991) found that a spontaneoussite, this inactivation seems ineffective, because 80% of
C&" release occurred at a resting level of free{Qaby  the channel has already been suppressed by Meurther
lowering myoplasmic M§" concentration from 1 mM to study is needed to identify the inactivation site in the de-
0.05 mM, and they proposed a model for E-C coupling inpolarization-induced Cd release and the effect of €a
which activation of the voltage sensor of T-tubule mem-and M¢" on the physiological Cd release.
brane might decrease the affinity for Kig of the Ca&"
)
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