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Divergent Effects of the Malignant Hyperthermia-Susceptible Arg® ' °>—Cys

Mutation on the Ca?* and Mg?* Dependence of the RyR1

Edward M. Balog, Bradley R. Fruen, Nirah H. Shomer, and Charles F. Louis

Department Biochemistry, Molecular Biology and Biophysics, University of Minnesota, Minneapolis, Minnesota 55455 USA

ABSTRACT The sarcoplasmic reticulum (SR) Ca®™ release channel (RyR1) from malignant hyperthermia-susceptible (MHS)
porcine skeletal muscle has a decreased sensitivity to inhibition by Mg?™*. This diminished Mg?™" inhibition has been attributed
to alower Mg?™ affinity of the inhibition (I) site. To determine whether alterations in the Ca®" and Mg®™ affinity of the activation
(A) site contribute to the altered Mg?®* inhibition, we estimated the Ca®* and Mg?™* affinities of the A- and I-sites of normal
and MHS RyR1. Compared with normal SR, MHS SR required less Ca®" to half-maximally activate [*H]ryanodine binding
(Ka.ca: MHS = 0.17 = 0.01 uM; normal = 0.29 = 0.02 uM) and more Ca®" to half-maximally inhibit ryanodine binding (K| c.:
MHS = 519.3 = 48.7 uM; normal = 293.3 + 24.2 uM). The apparent Mg?* affinity constants of the MHS RyR1 A- and I-sites
were approximately twice those of the A- and I-sites of the normal RyR1 (K yg: MHS = 44.36 + 4.54 uM; normal = 21.59 +
1.66 puM; K mg: MHS = 660.8 = 53.0 uM; normal = 299.2 = 24.5 uM). Thus, the reduced Mg®" inhibition of the MHS RyR1
compared with the normal RyR1 is due to both an enhanced selectivity of the MHS RyR1 A-site for Ca®* over Mg?" and a
reduced Mg?™" affinity of the I-site.

INTRODUCTION

Depolarization of the skeletal muscle plasma membran¢he C&" affinity of the A- and I-sites estimated (Zucchi and
results in the spread of the action potential over the surfacRonca-Testoni, 1997; Meissner, 1994), the?NMaffinity of
and transverse-tubule membranes. Transverse-tubule depbese sites has been reported only for frog RyRs (Murayama
larization effects a structural change in the dihydropyridineet al., 2000). In addition, the apparent affinity of each of
receptor/L-type C& channel that results in the release of these sites is dependent on the conditions under which the
ca " from the sarcoplasmic reticulum (SR) via the high- measurements are made (Fruen et al., 1996; Meissner et al.,
conductance Cd release channel/ryanodine receptor pro-1997). Thus, until the affinities of the two binding sites for
tein (RyR1). RyR1 is regulated in a complex fashion byCa&* and Mg* are determined under identical conditions,
numerous endogenous effectors and, in the absence of othigie potential physiological role of Mg at each site cannot
modulators, is activated by €& concentrations in the be concluded.
nano- to micromolar range and inhibited by“Caconcen- Malignant hyperthermia (MH) is a pharmacogenetic dis-
trations in the micro- to millimolar range. Thus, it has beenorder originating primarily from mutations in the RyR1.
concluded that the RyR1 has a high-affinity divalent bind-Although in the human population there are 24 known
ing site, which when occupied by €awill activate the ~ RyR1 MH mutations (McCarthy et al., 2000; Jurkatt-Rott et
channel (A-site), and a low-affinity divalent binding site, al., 2000), the primary defect in porcine MH is a single point
which when occupied by Ga will inhibit the channel mutation (Ar§*°*—Cys) in the RyR1 (Fuijii et al., 1991).
(I-site) (Meissner, 1994). RyR1 from MH-susceptible (MHS) individuals exhibits a

RyR1 channel opening is inhibited by physiological con-decreased sensitivity to inhibition by high concentrations of
centrations of M§" (Endo, 1977; Meissner, 1994). Mgy  Ca&* (Mickelson et al., 1988, 1990; Shomer et al., 1993;
could potentially be a competitive antagonist at the A-siteRichter et al., 1997). A greater sensitivity to*Caactivation
on the RyR1, be an agonist at the I-site, or inhibit RyR1has also been reported (Shomer et al., 1993; Herrmann-
channel opening via an independent inhibitory site. Laver eFrank et al., 1996; Richter et al., 1997). Although the?Nlg
al. (1997a) and Meissner et al. (1997) have suggested thaggulation of these channels also appears to be altered, most
Mg*" inhibits RyR1 channel opening via its interaction studies have focused on the interaction of ¥Mgvith the
with both C&" binding sites and that the extent of the low-affinity I-site (Mickelson et al., 1990; Laver et al.,
interaction of Mg ™" with the two regulatory sites depends 1997a; Owen et al., 1997). In their comparison of RyR1
on the C&" concentration. Although the regulation of the from normal and MHS pigs, Laver et al. (1997b) reported
RyR1 by C&" and Mg" has been extensively studied, and that in the presence of gM Ca?*, a C&* concentration
where they had previously found ¥ginhibition via the A-
, T o and I-sites to be equally important (Laver et al., 1997a), a
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The application of caffeine to skeletal muscle can triggeffilters and washed with 8 ml of ice-cold 100 mM KCI buffer. Estimates of
SR Ca&" release and muscle contraction (Herrmann_FranKnaximal PH]ryanodine binding capacity of each SR vesicle preparation
were determined in media that in addition contained 500 mM KCI, 6 mM

et al., 1999)' MHS skeletal muscle is more sensitive toATP, and 10uM Ca®*. Nonspecific binding was measured in the presence

caffeine-induced contracture than skeletal muscle from NOrG¢ 20 uM nonradioactive ryanodine. Binding experiments were performed

mal individuals, and this enhanced caffeine sensitivity isin duplicate using seven normal and nine MHS SR preparations.

integral to the clinical diagnosis of MH (Jurkatt-Rott et al.,

2000). However, whether the MHS RyR1 itself is more

sensitive to caffeine remains controversial (Shomer et al.Single-channel studies

1994; Herrmann-Frank et al., 1996). Shomer et al. (1994)rh o _ _ _
. " . e RyR1 was purified from SR membrane vesicles as described previ-

reported that the MHS RyR1 is no more sensitive to_caffem%usly (Shomer et al., 1993). Muller-Rudin planar lipid bilayers were

than the normal RyR1 and suggested that the increas&grmed by painting a lipid mixture (phosphatidylethanolamine, phosphati-

caffeine sensitivity of MHS muscle may be secondary to ardylserine, and phosphatidylcholine in a 5:3:2 ratio by weight, 50 mg/ml

elevated resting myoplasmic €aconcentration or altered dissolved inn-decane) across a 250m aperture in a Delrin cup. Theis

ca" regulation of the RyR1. Although it has been reportedchamber was connected to the headstage input of an Axoclamp 200B patch

. N clamp amplifier (Axon Instruments, Foster City, CA). Ttrtans chamber
recently that the enhanced caffeine sensitivity of Mstas held at virtual ground. Data was filtered at 2 kHz with an eight-pole

muscle is mediated by an increase in the resting myoplasmigessel filter, recorded at 4.5 kHz, and stored on a Jazz disk drive (lomega,
C& " concentration (Lopez et al., 2000), the effect of-caf Roy, UT). Recording solution consisted of symmetric 100 mM KCI, 10
feine on the C&" and M¢" affinities of the A- and I-sites MM HEPES, pH 7.4, 1 mM EGTA. The Mg and C&" concentrations

of the MHS and normal RyR1 have not been rigc'mus'ywere adjusted by adding small aliquots of concentrated EGTA, Lagdl
examined MgCl, (Brooks and Storey, 1992). Single-channel data were collected

. . o using a pulsing protocol in which the potential was held at 0 mV for 4 s
We have now estimated the Caand M¢* affinities of  petween steps of 2-s duration #70 mV (CLAMPEX program, pClamp

the normal and MHS RyR1 A- and I-sites under identicalsoftware, Axon Instruments, Foster City, CA). Only those channels that
conditions in the presence and absence of caffeine. Comfad a conductance of at least 700 pS were used (Shomer et al., 1994).
pared with the normal RyR1, the MHS RyR1 I-site has E;.lSmgIe-channeI open probabilit?() was calculated from at least 50 2-s

. n sweeps using FETCHAN and PSTAT analysis programs (pClamp soft-
lower apparent aﬁlmty for both C4 and Mgz - In conr ware, Axon Instruments). When two channels were present in the bilayer,

trast, compared with the normal RyR1, the MHS RyR1ingicated by current amplitudes of twice the expected magnitgevas
A-site has a higher apparent affinity for €abut a lower  estimated as the averagg of the two channels, calculated & foye 1 +
apparent affinity for M§™. In addition, caffeine increased (Pojeve 2 2)l/2. Bilayers in which three channels had incorporated were
the C&* affinity of the MHS and normal RyR1 A-sites to dealt with similarly; recordings were not made from bilayers containing
a similar extent. However, caffeine increased the?Mg more than three channels.

affinity of the normal RyR1 A-site but not of the MHS
RyR1 A-site. Thus, the MH mutation has opposite effect
on the C&" and Mg¢" affinities of the RyR1 A-site that

would greatly enhance the sensitivity of the MHS RyR1 toThe C&* and M@* affinities of the A- and I-sites of RyR1 were estimated

Ca&* activation in intact muscle. according to the model of Murayama et al. (2000). The fraction of A-sites
bound with C&* (f,) and the fraction of I-sites not bound with €aor
Mg?* (1 — f,) were expressed as

SAnalysis

MATERIALS AND METHODS

fa = [CET ™ {[CaT ™o + K&
[H]Ryanodine binding
X (14 [M@® ™ elKpe)} (1)

Isolation of SR vesicles

Skeletal muscle SR vesicles were prepared from porcine longissimus dordi — f; = 1/(1 + [C&"]"/K e+ [Mg?*]mve/K mgg . (2)

muscle as described previously (Mickelson et al., 1990). Briefly, muscle

was homogenized in 0.1 M NaCl, 5 mM Tris maleate buffer (pH 6.8), andwhereK, ., Ka g Ki.ca @ndK, g are the apparent affinity constants for

the membranes collected between 2,600 and 1050@0vere extracted in ~ Cg+ and Mg of the A- and I-sites, respectivelfia co, Namg: Mca @Nd

0.6 M KCI, 20 mM Tris (pH 6.8), centrifuged at 100,000 g, and then - are the Hill coefficients for C& and M@* of the A- and I-sites,

resuspended in 0.3 M sucrose, 0.1 M KCI, 5 mM Tris (pH 6.8) buffer; all respectively.

buffers contained a protease inhibitor mixture. SR vesicles were flash- The above parameters were determined in a three-step procedure. First,

frozen in liquid nitrogen and stored at70°C. Ka ca Nacar Ki car @ndn, c,were determined from the €adependence of
SR vesicle {H]ryanodine bindingB) in the absence of Mg according to
Eqg. 3:

[BH]Ryanodine binding q

B= BpealiA(l =)

= Bpeal{[(:az_F]nA'Ca/([Caz-*—]m'Ca + KZ‘,‘SZ

SR vesicles (0.2 mg/ml) were incubated at 36°C in media containing 100
mM KCI, 10 mM HEPES, pH 7.4, 100 nMH]ryanodine, and a Ca-EGTA
buffer set to give the desired free €aconcentration (Brooks and Storey,
1992). In some experiments, the binding media also included 5 mM N . nica
caffeine. After 90 min, SR vesicles were collected on Whatman GF/B X {1 - [Caz ]n"ca/([caz ]m,Ca + Kllé:a)} (3)
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fraction of channels with activation the product of the fraction of channels with the A-site bound with'Q#,,

site occupied by Ca™ (1) dashed and dotted line) and the fraction of channels with the I-site free of
fraction of channels / ) both C&* and Mg* (1 — f,, dashed line). As a competitive antagonist of
with inhibition site Ca* lM 2 Ca" for binding to the A-site, M§" effectively increasek, ., shifts the
and Mg”” free (1-7) 4\ ’. Ca" dependence of, to higher C&* concentrations, and increases the

Ca* required for channel activation. Because #¥gs an agonist at the
I-site, Mg?* will decrease the fraction of channels with the I-site free of
both C&* and M@, resulting in a reduction in the number of channels
available for activation. Thus, it is clear that the diagram is drawn as would
occur in the presence of a Mg concentration somewhat below tHeyg
(at very low C&" concentrations, - f, > 0.5). It should be pointed out
that in the presence of Mg, differences in the Cd dependence of MHS
and normal RyR1 channel activation could potentially occur via an in-
crease in the CGa affinity of the A-site, by a decrease in the Rigaffinity
of the A-site, or both.
74 . In an initial experiment, to determine whether MHS and normal RyR1s
Ca™ Concentration differ in their sensitivities to inhibition by Mg, the Mg@* concentration
dependence of MHS and normal StiJryanodine binding was compared
FIGURE 1 Diagrammatic representation of the model described in Ma-n the presence of 1AM Ca2". In this experiment the inhibitory effect of
terials and Methods used to derive the*?Cand Mg affinities of the  Mg2+ could not be attributed to its action at a single site. Therefore, the
RyR1 A- and I-sites. The Ca dependence of channel activation (—) is half-inhibitory (ICyo) concentrations were determined using the Hill equa
the product of the fraction of channels with Tabound to the A-sitefl,  tion. Curve fitting was performed using SigmaPlot 5.0 (SPSS, Richmond,
—..—) and the fraction of channels with the I-site free of botlf Cand CA) software. All data are expressed as meanSEM. Comparisons
Mg®* (1, — — —). Because Mg’ is a competitive antagonist with  petween muscle types or treatments performed were made via two-sample
Ca" at the A-site, MG" will effectively increase theK, c, thereby  ttests with the level of significance setpt< 0.05.
shifting the C&" dependence of channel activation to highef Caon
centrations. As an agonist at the I-site, Mgwill decrease the fraction of
channels with the I-site free of €a and M@ and thus decrease the RESULTS
number of channels available for activation. Note that the parameters
illustrated were derived in the presence of 1 mM%¥ig The model used to estimate the*Cand M¢* affinities of
the RyR1 A- and I-sites (Murayama et al., 2000) is depen-
dent on the assumption that Kigis a competitive inhibitor
Bpeaxin these equations indicates the maximal SR vesfgrjanodine ~ with Caf* at the A-site and is an agonist at the I-site. This
binding under the conditions of the experiment. Then, the concentratiojyssumption was confirmed in single-channel studies (Fig.
dependence of Mg inhibition of SR vesicle H]ryanodine binding was 2)_ Thus, if channels were activated by low concentrations

measured at a €& concentration much greater th, .. At this C&" + .
concentration, Cd is bound to the A-site and the inhibition by ¥ig of C& (near Kn cg), the subsequent addition of a low

. o X
occurs via the I-siteK, ,, andn, ,,, Were determined by fitting the data CONcentration of M§" should compete with C& for the
from these experiments with Eq. 4 and including the values previouslyA-site and decrease the mean single-channel percent open

|V
/

Mg”"

MH, Caffeine

’

1-f, or fractional channel activation

fs

obtained forks caha, caKi ca@Nt c. time. Under these conditions, increasing concentrations of
B = Byeal1 — f)) Ca* would effectively compete with Mg for the A-site
and increase the single-channel percent open time. As
= Bpead 1/1+ ([CE]Me/K G + [Mg?F]"o/K Pe)}. shown in Fig. 2A, a normal RyR1 channel activated by 300

nM cis C&" had a mean single-channel percent open time
(4)  of 4.19. The addition of 5:M Mg2" to the cis chamber
Finally, the concentration dependence of Mgnhibition of SR vesicle ~ decreased the percent open time to 0.92. Increasing the
[*H]ryanodine binding was measured at @Caoncentration nea, c. C&" concentration in theis chamber to 3uM increased
At this C&" concentration, competitive inhibition by Mg at the A-site  the single-channel percent open time to 5.06. Similar results
predominatesk g andna,yy, were determined by fitting the data from - \yere optained in all six experiments, although the sensitiv-
these experiments with Eq. 5, using values previously obtaineH for, . + . .
1o Ko Mo Kingr AN, ity of the channels to Cd and M92 varied (Fig. 2C).
Thus, these single-channel experiments are consistent with
B = Bpeaxfa(1 — f)) the hypothesis that Mg can act as a competitive antago
[Ca e nist with C&™* at the A-site. ' '
k{ . . S . } Single-channel studies also confirmed the assumption
[Cat e+ KRE(L + [Mg? ™ e/K e that at C&" concentrations sufficient to saturate the A-site,
[Ca''e  [Mg? " Mg** in'geragts with 'Fhe I-site. Thus, the single normal
% {1/<1 + . + . )} (5) channel in Fig. 2B, activated by 30uM C&" had a mean
Kica KMo single-channel percent open time of 1.23. The addition of 50

= Bpea

2+ : :
The model is depicted diagrammatically in Fig. 1 using parameters deriveé’“’vI Mg=" to thecis ghamber lowered the _percent.Open time
in the presence of 1 mM Mg. The C&* dependence of the fraction of 10 1.05. However, in contrast to experiments in 300 nM
channels activated, i.e., SR vesicheiryanodine binding (solid line), is C&", this channel could not be reactivated by the subse
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FIGURE 2 Effects of C&" and M@* in combination on the single-channel activity of the RyR1. Single-channel activity of normal channels was
recorded as described in Materials and Methods. Recording solution contained 100 mM KCI, 10 mM HEPES (pH 7.4), 2 mM EGTA ,aartiGAGT),

to obtain the indicated ionized €aand Mg concentrations. Single-channel currents were obtained with voltage steps from 0-rR0 tmV. The solid

line indicates the closed state of the channels; openings are upwu@) Single channel activated by 300 ndils Ca?*. Percent open time (%O

4.19, mean open time (OB 1.0 ms, and mean closed time (C¥)8.4 ms; p) Addition of 50 uM cis Mg®" decreased the %OT to 0.92 (GT0.9 ms,

CT = 21.4 ms); €) Increasingcis Ca&2* to 3 uM reactivated the channel (%OF 5.06, OT= 1.2 ms, CT= 8.8 ms). B) (a) Single channel activated

by 300uM cis C&" (%OT = 1.23, OT= 1.0 ms, CT= 16.6 ms); b) Addition of 50 uM cis Mg?* decreased %OT to 1.05 (OF 0.9 ms, CT= 17.2

ms); () Increasingeis Ca?" to 400uM further decreased the %OT to 0.51 (&T1.0 ms, CT= 32.5 ms). Each color bar i@ andD represents a different
experiment. In all experiments, the addition of BM Mg?" to thecis chamber reduced the mean single-channel percent open time when the ¥fee Ca
concentration was either 300 M= 6 (C) or 300uM, n = 6 (D). (C) When the C&" concentration was increased from 300 nM tplg in the presence

of Mg?", the %OT increasedD) When the C&" concentration was increased from 3@Bl to 400 uM in the presence of Mg, the %OT decreased.

quent addition of C&". Indeed, the additional 10@.M and normal SR exhibited the characteristic bell-shaped Ca
C&" added to thecis chamber further reduced the percent dependence of*H]ryanodine binding. However, compared
open time to 0.51. Similar results were obtained with all sixwith normal SR, MHS SR3H]ryanodine binding was more
experiments (Fig. D). Although the extent of inhibition sensitive to C&™ activation and less sensitive to inhibition by
was variable, in no case did increasrigCe " increase the Cé&" (Fig. 3. The Kaca Naca Kica andn c, of the RyR1
percent open time of Mg -inhibited channels. Thus, when determined for both muscle types according to Eq. 3 are
the C&" concentration is greater than that required topresented in Table 1. The MHS§, ,Was significantly smaller
maximally activate the RyR1 (i.e., when the A-site is in thethan the normaK, ., in contrast, the MH -, was more
C&" bound state), Mg" is an agonist at the low-affinity than 1.7-fold greater than the normgl., Thus, compared
I-site. with the normal RyR1, the MHS RyR1 A-site had a higher
The maximal fH]ryanodine binding (i.e., in 500 mM KCI, apparent affinity for C&" whereas the I-site had a lower
10 uM C&*, and 6 mM ATP) for 9 normal (11.6- 1.1  apparent affinity for C&".
pmol/mg protein) and 11 MHS (9.5 0.8 pmol/mg protein) To determine whether the normal and MHS RyR1 also
SR preparations were not significantly different. Both MHS differ in their sensitivity to M@" inhibition, the M¢*

Biophysical Journal 81(4) 2050-2058
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FIGURE 3 Comparison of the €& dependence offH]ryanodine bind e ) o
ing to normal and MHS SR vesicle€H]Ryanodine binding to normaty) FIGURE 4 Inhibition of PH]ryanodine binding to normal and MHS SR

ot 13 . Y
and MHS @) skeletal muscle SR vesicles was determined as described ifY Mg”" - [’HIRyanodine binding to normaly) and MHS @) skeletal
Materials and Methods. Media contained 100 mM KCI. 10 mM HEPES Muscle SR vesicles was determined as described in Materials and Methods.

(PH 7.4), and Ca-EGTA buffer set to provide the indicated freé'Ca Media contained 100 mM KCI, 10 mM HEPES (pH 7.4), and 2 mM
concentrations. Data are expressed as percentages of the maijmpt [ ECTA. C"i and M¢ _concentrations were adjusted to+ma|nta|n an
anodine binding capacity of the SR preparations. Solid lines are based dfnized C&" concentration of 1uM and various ionized My concen
fits to Eq. 3 (see Materials and Methods). MeansSEM are of seven trations as indicated. Data are expressed as percentages of the maximal

independent experiments performed in duplicate (seven different SR ved-Hlryanodine binding capacity of the SR vesicle preparations; solid lines
icle preparations). are based on fits to the Hill equation. MeahsSEM are of five indepen-

dent experiments preformed in duplicate (five different SR vesicle prepa-
rations).

dependence of SR vesicldH]ryanodine binding was de
termined in the presence of M Ca?*, a C&" concen
tration that is more than 30 times th&, -, As shown in  differences in the Cd affinities of both sites, it is not
Fig. 4, in the presence of 1AM Ca’* the concentration possible, from the data presented in Fig. 4, to identify the
dependence of Mg inhibition of [*H]ryanodine bindingto  mechanism responsible for the decreased inhibition of the
MHS SR was shifted to significantly higher ¥ig concen MHS RyR1 by Mg*. The MHS RyR1 I-site may have a
trations compared with that of normal SR. The®alues, reduced M§" affinity as suggested by Laver et al. (1997b),
derived from the Hill equation, for MHS and normal SR the MHS RYR1 A-site may have a reduced Mgaffinity,
were 652.0+ 46.5 uM and 304.9+ 49.6 uM Mg?", or both. Furthermore, an increased affinity of the MHS
respectively. Thus,?H]ryanodine binding to MHS SR ap RyR1 A-site for C&", with no change in the Mg affinity,
pears to be less sensitive to inhibition by Mgthan is  could also result in a decreased competitive inhibition of the
[*H]ryanodine binding to normal SR. MHS RyR1 by Md™". To distinguish between these pessi

From the experiments described above, we conclude thdtilities, we estimated the affinities of the normal and MHS
compared with the normal RyR1, the MHS RyR1 A-site hasRyR1 A- and I-sites for M§".
a higher C&" affinity, the I-site has a lower Ga affinity, We determined the Mg dependence of the inhibition of
and the MHS channels are less sensitive to inhibition by*H]ryanodine binding in the presence of 3pM Ca®*, a
Mg?*. However, because Mg inhibition occurs via its concentration of C& that is 1000-fold greater than the
binding to both regulatory sites, and there are significanRyR1 K, c, (Table 1). At this C&" concentration the

TABLE 1 Ca?* and Mg?* parameters for the activation and inhibition sites of normal and MHS RyR1

C&" parameters Mg?* parameters
Kaca (M) Na Ki.ca (£M) n Kamg (uM) Na Kimg (M) n

No caffeine

Normal 0.29+ 0.2 1.8+ 0.2 293.3*+ 24.2 1.0+ 0.1 21.59+ 1.66 1.0+ 0.1 299.2+ 245 0.8+ 0.1

MHS 0.17+ .01* 1.6+ 0.1 519.3+ 48.7* 1.3+ 0.1* 44.36+ 4.54* 1.2+ 0.1 660.8+ 53.0* 1.2+ 0.1
5 mM caffeine

Normal 0.071+ .005" 2.1+0.3 376.1+ 45.8 1.2+ 0.1 5.50+ 1.28 1.2+0.1 285.6+ 51.5 0.7+ 0.1

MHS 0.051+ .003*" 1.3+ 0.1* 584.1+ 27.2* 1.3+ 0.1 50.45+ 1.93* 1.5+ 0.1+ 531.0+ 41.5* 1.1+ 0.1*

*Significantly different from normalp < 0.05.
TSignificantly different from the absence of caffeime< 0.05.
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A-sites should be fully occupied by €% and inhibition of
[*H]ryanodine binding by M§" should occur primarily via
the I-site. Fitting this data with Eq. 4, using the previously
determined C&" affinities and Hill coefficients, allowed us
to estimate the Mg affinity of the I-sites of both MHS and
normal RyR1 (Fig. 5; Table 1). This analysis indicated that
theK, 4 Of the MHS RyR1 I-site was approximately twice
that of the normal RyR1 I-site. However, the relative Vg
ca" affinities for MHS and normal RyR1 were both1
(Table 2), indicating the MHS mutation decreases the af-
finity of the I-site for both divalent ions in a similar fashion.

Next, we examined the concentration dependence of the
inhibition of SR FH]ryanodine binding by M§" in the
presence of 300 nM G&, a C&" concentration near the
Ka.ca At this C&" concentration, Mg" will inhibit RyR1
channel opening primarily via its action at the RyR1 A-site.
Fitting these data in Fig. 5 with Eq. 5 provided values for
Kamg- As shown in Table 1, the MHE, yy, Was approx
imately twice the value for the normal RyR1. Consequently,
in contrast to its effect on the I-site, the MHS mutation
altered the apparent affinity of the A-site for €aand
Mg?" in opposite ways, increasing the ¥aaffinity and
decreasing the Mg affinity. As a result, the selectivity of
the MHS RyR1 A-site for C&" over Mg" was ~3.5-fold
greater than the normal RyR1 A-site (Table 2).

If the model described in the methods and derived pa-
rameters in Table 1 are valid, it should be possible to predict
the C&" dependence ofH]ryanodine binding to SR ves
icles in the presence of various concentrations offMg
Therefore, we determined the €adependence of ryaro
dine binding to normal and MHS SR vesicles in the pres-
ence of 100uM and 500 uM Mg?" and fit the data

80
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o

o
o
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O 10umca®
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100 1000 10000
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according to Eq. 5 using the parameters given in Table FIGURE 5 Mg" dependence offH]ryanodine binding to normal and
(Fig. 6). If the conditions are established such thatZIVIg MHS SR in the presence of various concentrations 6fCEH]Ryanodine
inhibition occurs primarily as a result of its binding to the binding to normal ) and MHS B) skeletal muscle SR was determined as

A-site, a shift in the activation side of the €adependence

described in Materials and Methods. Media contained 100 mM KCI, 10
mM HEPES (pH 7.4), and 2 mM EGTA. The concentrations of Mggid

: o . . .
curve to_h|gh?r C& concentrations, with no change in the CaCl, were adjusted to maintain the ionized®Caoncentration of 300 nM
inactivation side of the curve would be expected. Thus, 10Q@), 10 uM (O), or 300uM (¥) and Mg as indicated in the figure. Data

uM Mg®", a Mg concentration near thi€, \,, increased
the C&" concentration required to activate normal an
MHS SR vesicle JH]ryanodine binding compared with

experiments performed in the absence of’NgHalf-actr
vating C&" concentrations (Eg) of 0.50 + 0.03 uM and

0.34 = 0.03 uM were derived for normal and MHS SR,
respectively (compare witK, 5 in Table 1). In contrast,
the C&" dependence of RyR1 inhibition was not signifi

cantly altered in either muscle type. Thegjalues in the
presence of 10uM Mg?" were 344.7+ 22.6 uM for

normal and 416.3- 36.1 uM for MHS SR (compare with

K, cain Table 1). Thus, low concentrations of fg(=100
uM Mg?*) affect PH]ryanodine binding primarily via com
petition with C&" for the A-site on the RyR1.

The lower-affinity I-site has a similar affinity for Ga

and Mg (Table 1). Therefore, a Mg concentration near
the K -, should inhibit ryanodine binding by acting at both MHS

for 10 uM Ca2* (O) are replotted from Fig. 3 for comparison with 300 nM

dand 300uM Ca2*. Data are expressed as percentages oftjgyfanodine

binding in the absence of Mg; solid lines are based on fits to Eq. 5 (see
Materials and Methods). Means SEM are of five independent experi-
ments preformed in duplicate (five different SR vesicle preparations).

the A- and I-sites. Accordingly, 50@M Mg?* shifted both
the C&" dependence of activation and decreased the-max
imal extent of C&" activation (Fig. 6). This concentration

TABLE 2 Relative Mg®* and Ca?* affinities of the activation
and inhibition sites of normal and MHS RyR1

No caffeine 5 mM caffeine
KA,Mg/KA,Ca KI,Mg/KIca\ KA,Mg/KA,Ca KI,Mg/KIca\
Normal 74.5 1.0 78.7 0.8
260.9 1.3 989.2 0.9
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A. Normal channel, rather than increased caffeine affinity, underlies
o 100 1 the greater responsiveness of MHS muscle to caffeine.
£ Therefore, we examined the effects of 5 mM caffeine on the
N Ca&" and Mg" affinities of the normal and MHS RyR1
o g 60 | A-and I-sites (Table 1). Caffeine did not significantly alter
© 5 the C&* or Mg®" affinity of the I-site of either the MHS or
LS wm 40 4 normal RyR1. Caffeine had a similar effect on the MHS and
'g = normal A-site C&" affinity, increasing the apparent affinity
% E‘i 20 approximately 3—4-fold. In contrast, caffeine had divergent
> effects on the M§" affinity of the MHS and normal A-site.
x 0 - ——— The caffeine-induced increase in the #gaffinity (3.9-
01 .1 1 10 100 1000 10000 fold) of the normal RyR1 A-site was similar to the increase
[Ca2+] (M) in the C&" affinity (4.1-fold). In contrast, caffeine did not
significantly increase the affinity of the MHS RyR1 A-site
B. MHS for Mg®*. Thus, 5 mM caffeine increased the Caaffinity
o 0 ® omg” of the A-site of both channel types to a similar extent.
£ 8 0.1mMMg” However, caffeine increased the selectivity of the MHS but
2 = 80 1 A 0.5mMMg” not the normal A-site for Cd over Mg+ (Table 2).
11] E 60
g% » DISCUSSION
-8 = In agreement with previous reports (Mickelson et al., 1988;
s § 20 Shomer et al., 1993; Herrmann-Frank et al., 19983]ry-
> anodine binding to SR from pigs with the A'g—Cys
x 0 - RyR1 MHS mutation was more sensitive to’Caactivation

01 4 1 10 100 1000 10000 and less sensitive to €4 inhibition than SR from normal

ca®1 (uMm R . . o
[Ca™] (uM) individuals (Fig. 3; Table 1). An increased sensitivity of
Cé&™" activation has also been reported for SR isolated from
FIGURE 6 C&" dependence of*H]ryanodine binding to normal and individuals with the RyR1 G|§f34ﬁArg human MH mu
I\gIHS SR |n'the presence or absence of various concentrations f.Mg tation (Richter et al., 1997) as well as individuals with
[°*H]Ryanodine binding to normalA) and MHS B) skeletal muscle SR "
was determined as described in Materials and Methods. Media containegosfmve MH contracture t_eTStS but unknown and probably
100 mM KCI, 10 mM HEPES (pH 7.4), and 2 mM EGTA. The concen- Variable genotypes (Valdivia et al., 1991). Therefore, we
trations of MgC}, and CaCJ were adjusted to maintain an ionized fg conclude that the porcine A?b5—>Cys mutation, its human
concentration of either 0 mM, @), 0.1 mM (I, W) or 0.5 mM (, A) ~ homolog, and likely other MH mutations as well, increase

e . :
and C& as indicated in the flgl_Jre. Data are expressed as .percentages %e sensitivity of the RyR1 to activation by taand
the maximal fH]ryanodine binding capacity of the SR vesicle prepara

tions; solid lines are based on fits to Eq. 5 (see Materials and Methods) angecrease the sensitivity of the RyR1 to inhibition byZCa
the parameters presented in Table 1. Data for "M@, @) are replotted Consistent with Mickelson et al. (1990), we found that
from Fig. 1 for comparison with 0.1 and 0.5 mM ¥y Means*+ SEM are Mg2+ is a less effective inhibitor o?H]ryanodine binding
of five t(_) seven indepe_ndent experi_ments performed in duplicate (five tog MHS than to normal SR (Fig. 4). Mg has also been
seven different SR vesicle preparations). shown to be less effective at inhibiting MHS RyR1 channel
opening (Laver et al., 1997b) and €arelease in mechan
ically peeled MHS muscle fibers (Owen et al., 1997).
of Mg®" increased the G4 EC, for both types of SR Because M§" competes with C& for binding to the
(MHS: 5.86*+ 1.06 uM; normal: 6.36* 1.32 uM). Like-  two divalent cation regulatory sites on RyR1, and the extent
wise, the C&" IC., was also increased for both MHS of Mg?* inhibition at each site is dependent on theCa
(740 = 8 uM) and normal (630t 13 uM) SR. concentration (Figs. 5 and 6), the relative magnitude of the
The fitted lines in Fig. 6 derived from Eq. 5 and using the Mg®" effect at each site has been difficult to assess. This is
parameters presented in Table 1 appear to fit the data welif particular importance as it relates to the molecular basis
and adequately describe the combined effects 6f Gad  of MH, as it is now clear that RyR1 channels with the
Mg?* on ryanodine binding to both MHS and normal SR. Arg®*®>—Cys mutation are more sensitive to activation by
Thus, the data presented in Fig. 6 support the validity ofC&* and less sensitive to inhibition by both £aand
both the model and the derived parameters. Mg?*. Although the decreased sensitivity of the MHS
Although MHS skeletal muscle fibers are more sensitiveRyR1 to inhibition by Mg" has been extensively studied, it
to caffeine-induced contraction, Shomer et al. (1994) sughas not been clear whether the decreased inhibition of the
gested that an increasedCasensitivity of the MHS RyR1 MHS RyR1 by Mg is due solely to a decreased affinity of
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the MHS RyR1 I-site for M§* or whether alterations in the 2000). The Ar§*>—Cys RyR1 mutation opposes the- ef
affinity of the MHS RyR1 A-site for divalent cations also fects of Mg™ on RyR1. Thus, in a manner similar to
plays a role. Either an increase in the affinity of the A-sitecaffeine, in the presence of Mg, the MH mutation shifted
for C&*, or a decreased affinity of the A-site for My  the C&" dependence of, to lower C&" concentrations
would enhance the ability of & to compete with M§* (Fig. 1). However, in contrast to caffeine, at low Ca
for the A-site and activate the RyR1. We show here that inconcentrations, the MH mutation also increased f (Fig.
addition to a decreased affinity of the MHS RyR1 I-site for 1). As a result, maximal Ca activation of the MHS RyR1
Mg?", alterations in the MHS RyR1 A-site contribute to the is increased and the €& dependence of activation is
decreased Mg inhibition; i.e., both an increased €a shifted to lower C&" concentrations compared with the
affinity and a decreased M§ affinity of the MHS RyR1  normal RyR1.
A-site contribute to the decreased #ginhibition of the The concentration of free Md present in the myoplasm
MHS RyR1. is sufficient to inhibit activation of the RyR1 by €& in
Although the increased sensitivity of MHS skeletal mus-intact muscle (Endo, 1977). Indeed, based on the parameters
cle to caffeine-induced contracture is integral to the clinicalgiven in Table 1, and using Egs. 1 and 2, at a resting Ca
diagnosis of MH (Jurkatt-Rott et al., 2000), the mechanisticconcentration of 0.uM and 1 mM Mg (Konishi, 1998)
basis for the differential response of normal and MHSthe I-sites of normal and MHS RyR1 are predicted to be
muscle to caffeine has been unclear (Shomer et al., 1994yartially occupied {86% and 72%, respectively) by M.
Herrmann-Frank et al., 1996). Shomer et al. (1994) reporteMg?* is predicted to occupy-99% of the A-sites of both
no difference in the apparent affinity of the MHS and normal and MHS RyR1. Thus, at physiological levels of
normal RyR1 for caffeine and suggested the increased caMg®" both MHS and normal RyR1 channels can be-par
feine sensitivity of MHS muscle may be due to an increasedially activated (~15% and 30%, respectively) by increas-
resting myoplasmic Cad concentration and/or alterations in ing the C&" concentration. If the channels are to be max
the C&" affinity of the RyR1. Recent measurements of imally activated, the Mg" inhibition at the I-site must be
intracellular C&" in MHS skeletal muscle fibers are con removed. At the same time, €amust replace M§" oc-
sistent with the former hypothesis (Lopez et al., 2000).cupying the A-site. However, the resting myoplasmi¢TCa
However, the effects of caffeine on the Taand Mg™  concentration is not sufficient to activate RyR1 channel
affinity of normal and MHS RyR1 have not been thoroughly opening. Therefore, if maximal SR €arelease is to occur,
examined. The data presented suggest that the increastie C&" sensitivity of the RyR1 A-site must be increased
Ca" affinity of the MHS RyR1 A-site does indeed con concurrent with the removal of the Mg-dependent inhi
tribute to the increased caffeine sensitivity of MHS skeletalbition of the RyR1. The increased €aaffinity of the
muscle. Because caffeine increased thé&'Gaffinity of the  A-site could depend in part on other endogenous effectors
A-site of both the normal and MHS RyR1 to a similar extentof the RyR1, such as ATP (Meissner, 1994) and calmodulin
(3—4-fold) the CA&" affinity of the MHS RyR1 A-site (Fruen et al., 2000), or alternatively on the interaction of the
remained significantly higher than the normal RyR1 A-siteRyR1 with the dihydropyridine receptor.
(Table 1). This alone could increase the sensitivity of MHS The single point mutation in the porcine MHS RyR1
skeletal muscle to caffeine-induced contraction. Howeverresults in an increased sensitivity of the muscle to voltage
because the extent of the caffeine-induced increase in thectivation (Gallant et al., 1982; Dietze et al., 2000). Al-
affinity of the normal RyR1 A-site for Cd and M¢" were  though the mechanism by which this occurs is unclear,
similar, the selectivity of the A-site for €& over Mg did Dietze et al. (2000) suggested the MHS mutation alters the
not change. In contrast, caffeine did not alter the affinity ofequilibrium for a voltage-independent transition of the
the MHS A-site for Mg *; thus, caffeine further increased RyR1 from the closed to the open state. The association of
the selectivity of the MHS A-site for Ca over Mg ™" the increased voltage sensitivity of MHS SR*Caelease
(Table 2). Thus, both an increased®Caffinity of the MHS  with the enhanced sensitivity of the MHS RyR1 to activa-
RyR1 A-site and a greater selectivity of the MHS A-site for tion by C&* raises the possibility that endogenous effectors
Ca&" over Mg+ contribute to the enhanced caffeine sensi may modulate the voltage-independent transition. Thus, the
tivity of MHS skeletal muscle. 3.5-fold increase in the selectivity of the MHS RyR1 A-site
The extent of RyR1 channel activation reflects the prod{Ka yq/Ka co Table 2) for C4&" over M@ might provide
uct of the fraction of channels with €abound to the A-site  the basis for the enhanced sensitivity of MHS muscle to
(fo) and the fraction of channels with the I-site free of bothvoltage activation.
ca’ and Mg" (1 — f,). Mg?* shifts the CA" dependence  The Ard®*®>—Cys mutation likely alters the affinity of the
of f, to higher C&" concentrations, and decreases f, at  A- and I-sites via a conformational change transmitted over
all C&" concentrations (Murayama et al., 2000). Conse a significant distance because the mutation is a substantial
quently, Mg decreases the maximal €aactivation of  distance along the primary sequence from putative locations
the RyR1 and shifts the €& dependence of activation to of the A- (near amino acid 3885 of RyR3) (Chen et al.,
higher C&" concentrations (see Fig. 8. of Murayama et al.,1998) and I-sites (between amino acids 3726 and 5037) of
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RyR1 (Du and MacLennan, 1999). The proposal thatﬁﬁﬁg porcine ryanodine receptor associated with malignant hyperthermia.

is not located in either of the RyR1 &€aMg?*-binding S”det”CEezﬁ:gSA_‘gl' Cand S R Tavior. 1982, Cel A
. . . allant, E. M., G. A. Gronert, and S. R. Taylor. . Cellular membrane
sites is supported by the observation that the human Mﬁ potentials and contractile threshold in mammalian skeletal muscle sus-

mutation, G|)%434ﬁAr9, has a similar effect on the €& ceptible to malignant hyperthermibleurosci. Lett28:181-186.
sensitivity of activation and inhibition of the RyR1 (Richter Herrmann-Frank, A., H. C. Luttgau, and D. G. Stephenson. 1999. Caffeine
et al. 1997). Although it is difficult to envision how resi- and excitation-contraction coupling in skeletal muscle: a stimulating

. story.J. Muscle Res. Cell MotiR0:223-237.
dues 615 and 2434 could form part of both the hlgh- E;mq—|errmamn-Frank, A., M. Richter, and F. Lehmann-Horn. 1996. 4-Chloro-

low-affinity Caz*-binding sites, the mechanism by which  m-cresol: a specific tool to distinguish between malignant hyperthermia-
these and other MH mutations alter RyR1 function will susceptible and normal musc®iochem. Pharmacob2:149-155.
remain a matter of speculation until the relationship of thelurkatt-Rott, K., T. McCarthy, and F. Lehmann-Horn. 2000. Genetics and

. . . pathogenesis of malignant hyperthernfiéuscle Nerve23:4-17.
primary sequence to the tertiary structure of the RyR1 I%(onishi, M. 1998. Cytoplasmic free concentrations ofCand Mg " in

resolved in detail. skeletal muscle fibers at rest and during contractifgn. J. Physiol.
In summary, we have determined the*Caand M¢™* 48:421-438.

affinities of the A- and I-sites of both the MHS and normal Laver, D. R., T. M. Baynes, and A. F. Dulhuny. 1997a. Magnesium-
inhibition of ryanodine-receptor calcium channels: evidence for two

RyR1. Alt+hough th_e _I-site displayed no prefer_ence fofCa independent mechanism. Membr. Biol.156:213-229.
over Mg, the affinity of the MHS RyR1 I-site for these Laver, D. R., V. J. Owen, P. R. Junankar, N. L. Taske, A. F. Dulhunty, and
ions was reduced nearly twofold compared with the normal G. D. Lamb. 1997b. Reduced inhibitory effect of fgon ryanodine

RyR1. The A-site of the normal RyR1, however, ha@ds- receptor-C&" release channels in malignant hypertherr@iaphys. J.

73:1913-1924.
; . + ; +
fold hlgher aﬁmlty for C& compared with Mé , whereas Lopez, J. R., J. Contreras, N. Linares, and P. D. Allen. 2000. Hypersensi-

the MHS A-site had more than a 250-fold greater preference tivity of malignant hyperthermia-susceptible swine skeletal muscle to
for C&" over M92+_ This significant increase in Ga caffeine is mediated by high resting myoplasmic {Ca Anesthesiol

L. + . . 0gy.92:1799-1806.
SeIeCtIVIty over Mé may contribute not Only to the 4n MccCarthy, T. V., K. A. Quane, and P. J. Lynch. 2000. Ryanodine receptor

creased voltage sensitivity of MHS skeletal muscle but also ytations in malignant hyperthermia and central core disgdaen.
to the increased sensitivity of MHS muscle to caffeine and Mutat. 15:410-417.
other pharmacological activators. Meissner_, G. 1994. Ryanodine receptofCaelease channels and their
regulation by endogenous effectofsnu. Rev. Physiob6:485-508.
Meissner, G., E. Rios, A. Tripathy, and D. Pasek. 1997. Regulation of
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