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ABSTRACT

The scorpion toxin maurocalcine acts as a higmigffiagonist of the ryanodine receptor
isoform expressed in skeletal muscle. Here, wesitgated the effects of the reducing
agent dithiothreitol or the oxidizing reagent thnogal on type-1 ryanodine receptor
stimulation by maurocalcine. Pre-incubation of skal sarcoplasmic reticulum vesicles
with dithiothreitol did not affect maurocalcine-imced C4&' release compared to native
vesicles, but thimerosal prevented this responsaurbtalcine enhanced more effectively
equilibrium PH]-ryanodine binding to dithiothreitol-treated thao native reticulum
vesicles, and increased 5-fold the apparerioKMg?* inhibition of [PH]-ryanodine binding
to native vesicles. Single calcium release chanmalerporated in planar lipid bilayers
displayed a long-lived open sub-conductance stétier anaurocalcine addition. The
fractional time spent in this sub-conductance stderreased when lowering the
cytoplasmic C& concentration from 10uM to 0.1 pM or at cytoplasmic Mg
concentrations 30 uM. At 0.1 uM C& concentration, only channels that displayed poor
activation by C& were readily activated by 5 nM maurocalcine; sghset incubation
with thimerosal abolished the sub-conductance staieced by maurocalcine. We interpret
these results as an indication that maurocalcite & a more effective type-1 ryanodine

receptor channel agonist under reducing conditions.



1. INTRODUCTION

Ryanodine receptors (RyR) are intracellulaf'Galease channels with a key role in
skeletal muscle excitation-contraction coupling [Rhysiological activation of type-1 RyR
(RyR1) channels, the prevalent isoform expresseddut mammalian skeletal muscle,
occurs as a consequence of conformational chanfyéseointeracting dihydropyridine
receptors (DHPR) induced by membrane depolarizg@pnSeveral cellular components
and covalent modifications of the protein modify Ry activity, including ATP, cyclic
ADP ribose, H and Md®, phosphorylation or changes in RyR1 redox stafe I
particular, RyR redox state markedly influences affects of physiological RyR agonists
or inhibitors, such as & Mg®* and ATP, on RyR activity [3, 4]. Skeletal RyR1 phals
possess a few cysteine residues with high reactwitedox agents at physiological pH [5,
6]. Modification of essential sulfhydryl residues/olved in the gating of RyR1 channels
modulates the apparent Caffinity of both, the activating high affinity arttie inhibitory
low affinity C&*/Mg®* binding sites [7-9]. Oxidizing agents decreasenificantly the
inhibitory effects of MG" on RyR1 activity [10, 11].

Under conditions of sustained or strenuous exersledetal muscle cells increase the
production of reactive oxygen species that may caffeyR1 activity in vivo [12].
Consequently, to explore if the redox changesdhaiir in skeletal muscle during exercise-
associated contractile activity modify RyR1-media@& " release, it becomes important to
study RyR1 channels under different redox conditjavhich affect in particular their €a
activation/Md" inhibition profiles and the effects of selectivgoaists. Cell permeable

compounds that bind with high-affinity to RyR chatsrand modify their function are



useful tools to study RyR1 function in a cellulantext. The scorpion toxin maurocalcine
(MCa), a 33-mer basic peptide cross-linked by thiesilfide bridges that crosses cell
membranes within 1-2 min [13, 14] is a high-affyréind reversible RyR1 agonist. Addition
of MCa at nanomolar concentrations to RyR1 chaninelsrporated in planar lipid bilayers
induces a well-defined channel sub-conductance,stath long-lasting openings to a level
equivalent to 50-60% of maximal current [15]. Matalzine also activates channels
modified with ryanodine or lacking the FK506-bingiprotein [16, 17]. At 10 puM free
Cc&* concentration ([C&d]), MCa concentrations in the nM range @g€12 nM) stimulate
[*H]-ryanodine binding to RyR1 [16]. Maurocalcine fshithe stimulation of *H]-
ryanodine binding by CGA to lower concentrations and decreases the inljbitfects of
high [C&*] [17]. These findings correlate well with the madkstimulation of CH release
induced by MCa addition to skeletal SR vesicless(EC7.5 nM) or cultured myotubes
[17].

In this work, we used isolated skeletal SR vesielasched in triads to test the effects
of MCa on RyR1-mediated €arelease and®H]-ryanodine binding, under the different
redox conditions produced by the reducing agertiathreitol (DTT) or the oxidizing
agent thimerosal. We also tested the effects of ,Ofiifnerosal and of varying free ¥fg
concentrations ([Mg]) on the sub-conductance state induced by MCairigles RyR1
channels incorporated in planar lipid bilayers. @esults strongly suggest that, under
reducing conditions, MCa is an effective high-atfirRyR1 channel agonist. In addition,
we show that incubation with thimerosal hinders Ry&hannel activation by MCa at

resting C&" concentration.



2. MATERIALSAND METHODS

2.1 Materials

All reagents used were of analytical grade. Lipidse from Avanti Polar Lipids, Inc.
(Birmingham, AL). Bovine serum albumin, DTT, ryamoe, thimerosal, and protease
inhibitors (leupeptin, pepstatin A, benzamidingpsin inhibitor, phenylmethylsulfonyl
fluoride) were from Sigma Chemical Co. (St. LouM(Q). Calcium Green-2 was from
Molecular Probes, Inc (Eugene, OR) arfid]{ryanodine from NEN Life Sciences (Boston,

MA). Maurocalcine was synthesized as described. [15]

2.2 Membrane preparations

SR vesicles were isolated from fast skeletal musdleNew Zealand rabbits as
described [18]. Aliquots of vesicle-containing seispions frozen in liquid nitrogen were
stored at -80°C for up to 30 days. The Bioethicsm@ittee for Investigation in Animals of
the Facultad de Medicina, Universidad de Chile apgd all experimental protocols used

in this work.

2.3 Calcium release experiments

Cd" release was determined in a fluorescence spedieomesing the fluorescent

probe Calcium Green-2 to detect extravesiculaf €ancentration changes. To this end,



triad-enriched SR vesicles were diluted to 0.2 ragml in a solution containing (in mM):
100 KCI, 10 phosphocreatine plus 15 IU/ml creaphesphokinase, 20 MOPS/Tris pH 7.2
and 0.09uM Calcium Green-2. After addition of SR vesicleke {C&"] of the above
medium (Md*-free) was determined with a €alectrode (Orion, Beverly, MA) calibrated
with a commercial kit (WPI, Sarasota, FL). “Cauptake was initiated at 25°C by
simultaneous addition of 2.0 mM MgCplus 2.0 mM ATP ([M§] = 0.35 mM). C&"
release was induced by addition of MCa, or caffefssuming a i of 0.4 uM, the [C&]
was calculated from Calcium Green-2 fluorescengea¢Eording to the equation:

[Ca®"] = Kg (FmaxF)/(F-Finin)

The maximal (Fay and the minimal (&.) values of fluorescence were determined
after addition of 1.0 mM Caglor 10 mM ethyleneglycol-bis(’3-aminoethyl ether)NN,N’,
N'-tetraacetic acid (EGTA), respectively. In fildree solutions the values of [€h
calculated according to the above equation fromerdenhations of Calcium Green-2
fluorescence, coincided with the [Cavalues determined with the Ea&lectrode. Caffeine
addition produced some quenching of Calcium Grediu@rescence (10% at 5 mM

caffeine), which was corrected to calculate extsagdar [C4'] levels.

2.4 Equilibrium [*H]-ryanodine binding

SR vesicles (1 mg/ml) were incubated at 37°C fdr id a solution containing (in
mM): 150 KCI, 20 MOPS-Tris, pH 7.2, 1 EGTA, 1 CaCl0 nM [H]-ryanodine,
plus/minus MCa at the concentrations indicatechatext. In some experiments, vesicles

were pre-incubated for 15 to 30 min with DTT (0/51lomM). Non-specific binding was



determined by addition of 10 uM ryanodine to theowab incubation solution. After

incubation, H]-ryanodine binding was determined by filtrationdescribed [19].

2.5 Single channel experiments

Channel recordings were obtained as reported [2012 cis (cytoplasmic) solution
contained 0.5 mM C&HEPES and 225 mM HEPES-Tris, pH 7.4. To set thsirele [C&"]
and/or [Md'], N-(2-hydroxyethyl)-ethylenediamine-triacetic @fHEDTA) and/or EGTA
were added to the cis compartment. Total concémsbf HEDTA, EGTA, C& and Mdg*
required for each [G4 and/or [Md¢'] were calculated with the WinMAXC program
(www.stanford.edu/~cpattorifhetrans (luminal) solution contained 40 mM &aHEPES,

15 mM Tris-HEPES, pH 7.4; therefore, in all expegirts the charge carrier was?Carhe
lipid bilayer was held at 0 mV; channel recordimgere obtained at 22 + 2°C. Current data
were filtered at 400 Hz (-3 dB) using an eight-plae-pass Bessel type filter (902 LPF,
Frequency Devices Inc., Haverhill, MA). Data weigitized at 2 kHz with a 12-bit A/D
converter (Labmaster DMA interface, Scientific Smas, Inc., Solon, OH) using the
commercial software Axotape (Molecular Devices @oation, Sunnyvale, CA).

We defined Ras the fraction of time a single RyR1 channel spethe open state in
the absence of MCa. Addition of MCa induced a wlefined sub-conductance state; we
defined Rica as the fractional time the channel spent in thlscnductance state, angkP
as the fractional time a channel not dwelling ie Ca-induced sub-conductance state

spent in the open state (see Fig. S1). Fractiomast were computed with the pClamp



commercial software (Molecular Devices Corporati8annyvale, CA). Nonlinear fitting

of data was performed using the SigmaPlot soft@ystat Software Inc., Richmond, CA).

2.6 Data expression and statistical analysis

Data are expressed as Mean + Standard Error (S&)e®’st-test was used for

statistical analysis, unless specified otherwise.

3.RESULTS

3.1 Effects of maurocalcine and caffeine on vesicular Ca®' release

Active C&" uptake, mediated by the sarcoplasmic/endoplaseificutum C&'-
ATPase (SERCA), was started by adding Mg-ATP tadtenriched SR vesicles isolated
from rabbit fast skeletal muscle. Addition of Mg-RTo native SR vesicles produced a fast
decrease in extravesicular [CJa(Fig. 1A), which decreased on averdgem 23.8+ 5.9
UM (N =7, measured with a calcium electrode) @.%5 uM, calculated from the decrease
in probe fluorescence. Addition of MCa to native @&icles actively loaded with calcium
induced fast Cd release, as illustrated in the fluorescence retom the representative
experiment shown in Figure 1A0 favor the reduced state of RyR1, SR vesicle®\pes-
incubated with the reducing agent DTT before itiitigu C&* uptake. Addition of MCa
effectively promoted Ca release from calcium-loaded SR vesicles pre-inubavith

DTT, as evidenced by the rapid increase in proberdéscence (Fig. 1B). The release of



cd”* from native or DTT-treated vesicles was transigmicating both that RyR1 channels
closed/inactivated rapidly after activation with B@nd that pre-incubation with DTT did
not modify SERCA activity. Similar behaviors weréoserved in four independent
experiments carried out with native or DTT-treatesicles. To test the effects of RyR1
oxidation, we added thimerosal (10 pM) afterCaptake completion. In contrast to the
behavior displayed by native or DTT-treated vesickubsequent addition of MCa (200
nM) did not stimulate release, whereas further tamidiof caffeine effectively induced
transient C&' release (Fig. 1C), showing that thimerosal did inbtbit RyR1 or SERCA
function. This same behavior was observed in findependent experiments. Addition of a
higher concentration of MCa (400 nM) did not ind@e" release from thimerosal-treated
vesicles (not shown), suggesting that - at the [@&'] present in the extravesicular
solution after C& uptake - oxidized RyR1 channels have significadkycreased MCa
affinity compared to native or reduced channels.

The results illustrated in Figure 1 show that teducing agent DTT did not hinder
MCa-induced C# release through RyR1 channels while incubatioth wie SH-oxidizing
agent thimerosal prevented MCa-induced but notegafinduced Cd release. Thus,
redox agents have opposite effects orf*Galease induced by MCa or caffeine, since
caffeine is a more effective agonist of RyR1-mestlaC&"* release under oxidizing than
under reducing conditions (Beltran et al, manuséripreparation). To test the hypothesis
that redox agents modify the effectiveness of ME&RgR1 agonist, we measured under
different redox conditions the effects of MCa orsicalar PH]-ryanodine binding and on

the activity of single RyR1 channels incorporatet iplanar lipid bilayers.



3.2 Maurocalcine increases equilibrium [*H]-ryanodine binding. Effects of DTT and

Mg®*

The plant alkaloid ryanodine is a highly selectirgagent, considered the gold
standard to monitor RyR channel function. A goodralation between single RyR1
channel activity and®H]-ryanodine binding density to skeletal SR vesiclkas been
reported [23, 24]. Maurocalcine stimulatéé{J-ryanodine binding density when added to
native SR vesicles (Fig. 2A), which correlates witre stimulation of C& release
described above. Native (untreated) SR vesiclashzed with MCa (50 nM) exhibited an
increase of 6.3 + 0.5 fold (Mean + SE, N=3) in diguium [*H]-ryanodine binding relative
to the values determined in the absence of MCaickssincubated with DTT displayed a
60% reduction, on average, SH|-ryanodine binding relative to native vesiclesg(R2A),
confirming the inhibitory effects of reducing agerin fH]-ryanodine binding to RyR
channels [3]. Addition of 50 nM MCa to DTT-treat&R vesicles, however, resulted in
higher stimulation of 3H]-ryanodine binding density compared with nativesicles (Fig.
2A). In DTT-treated vesicles MCa increaséd]fryanodine binding 11.1 + 1.4 fold (N=3)
relative to vesicles incubated only with DTT, abbwice the stimulation induced by MCa
in native vesicles (p = 0.048). Therefore, DTT evdesl the effect of MCa orH]-
ryanodine binding, which could reflect an increasapparent affinity of RyR1 for channel
activation by MCa. Irreversible RyR1 inhibition uiced by long exposure to thimerosal,
such as that required to measure equilibridri-fyanodine binding density, precluded a

detailed study of the effects of MCa on thimerdszdted vesicles.
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Several reports indicate that Kigis a potent inhibitor of RyR1 activity [1].
Interestingly, oxidizing reagents decrease thebitdry effects of MG" on RyR1 activity
[11] while reducing agents increase the “Minhibition of [PH]-ryanodine binding to
endoplasmic reticulum vesicles isolated from ratibicortex [3]. Here, we investigated if
MCa modified the inhibition of *H]-ryanodine binding to RyR1 produced by fgAs
illustrated in Figure 2B, incubation of native sial SR vesicles with 200 nM MCa
significantly decreased the inhibitory effects ofg®¥ on equilibrium $H]-ryanodine
binding, which became somewhat cooperative since MiCreased 4 from 1.0 + 0.1 to
1.4 £ 0.1 (p = 0.047). Native SR vesicles incubatégth MCa displayed a 5-fold higher; K
value for Md*-mediated inhibition of3H] ryanodine binding relative to the; Kalue for

Mg?* exhibited by control vesicles (p = 0.008; see Bjg.

3.3 Effects of maurocalcine on RyR1 single channel activity

An earlier study showed that MCa induces a distlong-lasting sub-conductance
state in native RyR1 channels incorporated in plan@d bilayers [15]. We have
previously reported that single RyR1 channels digpthree different responses to
cytoplasmic [C&] changes (Fig. S2), which depend on RyR chanmklxstate [3, 8, 22].
Incubation with reducing agents favors the appearasf channels with “low activity”,
characterized by fvalues < 0.1 in the [G§ range 0.1-50QuM. Partial RyR oxidation of
“low activity” channels usually generates the “miade activity” response, the typical bell-
shaped response to cytoplasmic calcium previousponted for native skeletal RyR1

channels [25], with maximal activity in the 10-f [Ca®'] range and Pvalues < 0.1 at

11



0.1 or 500pM [Ca®']. Further oxidation increases channel activitylaw cis [C&’"],
increases markedly,Ro values as high as 0.99 at f§a> 100 uM and suppresses the
inhibitory effect of 500uM cytoplasmic[Ca’']; we call these channel behavior the “high
activity” response. Here, we tested the effects M€a on RyR1 single channels
incorporated into lipid bilayers that displayedheit the low or the moderate activity
behavior (Fig. S2). The effects of MCa were evadatsing two parameters, iy& that
represents the fractional time the channel spentisei MCa induced sub-conductance state
and ii) Rg that represents the fractional time spent in fiencstate in the presence of MCa,
during the intervals bridging two openings at thb-sonductance level (See Fig. S1).

The low activity single RyR1 channel depicted ige 3A displayed at 1QM
[Ca®] a P, value < 0.01. Addition of 5 nM MCa induced chanogenings to a well-
defined sub-conductance state, withcP= 0.50 and f = 0.01 (Fig. 3B, top trace). In the
continuous presence of MCa, lowering cytoplasmig{[cto 1 pM by addition of HEDTA
as chelating agent decreasgg:-£to a value of 0.31 while B stayed at 0.01 (Fig. 3B,
center record). Further lowering cytoplasmic {40 0.1 uM decreased j2-, even more,
to a value of 0.24, while,g decreased to 0.00 (Fig. 3B, lower record).

The single moderate activity RyR1 channel, illustdain Figure 4A, displayed,P
values of 0.01 at 50pM [Ca®"] (top trace) and of 0.65 at 3@M [Ca’"] (lower trace),
respectively. Addition of 5 nM MCa at }M cytoplasmic [C&] prompted the emergence
of the sub-conductance state, withicP= 0.84 and i = 0.71 (Fig. 4B, top trace). In the
continuous presence of MCa, lowering cytoplasmie’{Cto 1 pM decreased ja to a

value of 0.60 and {2 to 0.32 (Fig. 4B, center record). Further loweraytpplasmic [C&]

12



to 0.1 uM decreased both\f24 and RBg to 0.00 (Fig. 4B, lower record). Therefore, the
reduction in cytoplasmic [¢§ in the range of 10 to 0.1 uM decreased baqib.Rnd Rg.

Average Rica and Rg values obtained at different cytoplasmic {gdrom several
single channels that spontaneously displayed eitiveror moderate activity are illustrated
in Figure 5. At 10 pM [CZ], addition of 5 nM MCa induced the sub-conductasizge in
both low and moderate activity channels, which ldigpd Rica values of 0.5% 0.10 (N=6)
and 0.78+ 0.05 (N=5), respectively. In contrast, addition5ohM MCa at near resting
[Ca®] (0.1 pM) modified only low activity channels, vahi reached -, values of 0.24
0.04 (N=11) that differed significantly from thed values of 0.0& 0.03 (N=4) exhibited
by moderate activity channels (p = 0.001). ThevB®lues were similar to the,gvalues
obtained in low or moderate activity channels, eesipely, suggesting that 5 nM MCa had
no effect on channel activity between the sub-cotahce events (Fig. 5). As expected,
however, low activity channels displayed much lowsrand Rg values than moderate
activity channels at 10 pM [€§, but not at 0.1 pM [C4] (see Fig. 5).

Thimerosal increases markedly the response of lotiviy RyR1 channels to
cytoplasmic [C&] and sequentially promotes the moderate and tfie &itivity responses
[8]. To test if thimerosal affects the single chanresponse to MCa, we added thimerosal
to low activity channels treated with MCa. The #nghannel illustrated in Figure 6
displayed at 1uM cytoplasmic [C&] a P, value < 0.01 (Fig. 6A, top trace), typical of a
low activity channel. After lowering cytoplasmic €] to 0.1uM and adding 5 nM MCa,
the channel exhibited the MCa-induced sub-condeetatate, with 2., = 0.08 and B =
0.01 (Fig. 6A, lower trace). Thimerosal was addedthie cytoplasmic side to a final

concentration of 200 uM; after 80 s, the cytoplasoiiamber was perfused with 20 ml of
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225 mM HEPES-Tris, pH 7.4. Subsequent addition ofVb MCa at 0.1uM cytoplasmic
[Ca®™"] failed to elicit the sub-conductance state obsetvefore incubation with thimerosal,
although Bs reached 0.02 (Fig. 6B, lower trace). In three pedwlent experiments carried
out at cytoplasmic [G4] = 0.1 uM, single low activity RyR1 channels displayed age
values of Rica=0.07 £ 0.01 anddg = 0.00 £ 0.00 after addition of 5 nM MCa. Subseatque
addition of thimerosal as above decreasgg.fo 0.01 + 0.01 and increasegsRo 0.02 *
0.01 (N=3). Therefore, incubation of low activitigannels with thimerosal precludes RyR1
activation by 5 nM MCa at 0.uM cytoplasmic [C&], a response probably due to

modification of RyR1 cysteine residues by thimelosa

3.4 Mg* inhibits the effects of Maurocalcine on RyR1 single channel activity

In view of the fact that SR vesicles incubated witlEa displayed 5-fold higher;K
for Mg®" inhibition of [’H] ryanodine binding when compared to control viesi¢Fig. 2),
we investigated next the joint effects of Mgand MCa on low activity single RyR1
channels. As illustrated in Figure 7A, after aduitiof 5 nM MCa at 1QuM cytoplasmic
[Ca®*] a low activity channel displayedB. = 0.68 and R = 0.06 (top record). Subsequent
increase of cytoplasmic [M§ to 30 pM, decreased J. to 0.35 and B to 0.02 (center
record). Increasing cytoplasmic [¥fgjto 300uM further decreasedyRa to 0.09 and B to
0.00 (lower record). In this experiment, increasiytpplasmic [M§'] reduced Rca with
Ko.s = 30 £ 8 uM. Similar results were obtained witloter low activity channel.

The moderate activity channel illustrated in FigdBdisplayed Rca = 0.95 and ks

= 0.28 in 10uM cytoplasmic [C&"] plus 10uM cytoplasmic [M§'] and 5 nM MCa (top

14



record). Subsequent increase of cytoplasmic’[Mmp 30 uM had negligible effect on both
Pvca and Rg (center record), whereas further increase to [iMI0free [M¢?'] decreased
Pvca to 0.24 and § to 0.09 (lower record). In three independent expents with
moderate activity channels, cytoplasmic f¥]geduced Rca and Rg with Ko s of 72 + 19
UM and 61 = 13 uM, respectively. Therefore, theaappt affinity values of cytoplasmic
[Mg?"] for inhibition of Ryca and Rs were comparable (p=0.662), favoring the possibilit
that both effects are related. Moreover, the appaaéinity of Mg?* inhibitory effects is

seemingly higher in low than in moderate activitgRR channels.

4. DISCUSSION

As pointed out earlier [26], Garelease from the SR is significantly more sensitiv
to redox agents than €auptake. The remarkable effects of redox agentSBnC&"
release reside in the great sensitivity of RyRIndets to oxidizing/reducing agents, which
by changing RyR1 redox state define the responsieeothannel to agonists and inhibitors.
Several authors have proposed that RyR channessamllular redox sensors [26-29]. The
redox state of a few highly reactive cysteine nesg] defined as such because they react
with redox agents at physiological pH, determing®k Rhannel activation/inhibition by
physiological agonists/inhibitors, and in particulaconditions how RyR channels respond
to changes in cytoplasmic [€hor [Mg®] [4].

The results presented in this work show that receagents modify the agonist
effects of MCa on skeletal RyR1 in a complex manfiére sulfhydryl-reducing reagent

DTT, which strongly inhibits RyR1 channel activatiby C&" [8], did not prevent the

15



stimulation of C&" release, or the opening of RyR1 single channeks $ab-conductance
state, produced by MCa addition at near resting]Gavels (0.1 pM [C&]). Moreover,
MCa increased®H]-ryanodine binding to DTT-treated vesicles twddfavhen compared
with native vesicles. In contrast, at 0.1 pM fGathe oxidizing reagent thimerosal
prevented both MCa-induced €arelease from SR vesicles and the emergence of the
typical sub-conductance state induced by MCa iglsiRyR1 channels. Thus, the present
results concerning the effects of redox agentsheragonist action of MCa on €aefflux,
ryanodine binding and single channel sub-conduetaopening, provide a consistent
framework.

The fact, however, that\?, decreased as single channel activity diminishednvh
lowering cytoplasmic [C4] (Figs. 2-4), discards the possibility that thdae-sensitivity of
the agonist effects of MCa is simply due to anéase in the apparent affinity of €a
binding site(s) involved in RyR1 activation. If $hwere the case, an oxidizing agent such
as thimerosal that favors channel activation by [@&'], should have increased&;
likewise, moderate activity channels should hawpldyed more activation by MCa than
low activity channels, exactly the opposite effexsgthose observed. Therefore, we propose
that in spite of the inhibition of RyR1 channeligation by C&* produced by reducing
agents, the reduction of RyR1 cysteine residuesrards the binding affinity of MCa to
RyR1. Accordingly, the stimulation by MCa of RyRldiated C& release at 0.1 pM
[Ca®] under reducing conditions would arise from insezh MCa binding to reduced
RyR1 (or low activity) channels, which are poorftigated by low [C&] but would have

high affinity for MCa binding. On the contrary, a¢sting [C&"] oxidized RyR1 (or
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moderate activity) channels would exhibit scant Midading in spite of their higher
activity, due to their lower affinity for MCa.

The simplest way to explain how both low and motieeativity channels decreased
Pvica When channel activity diminished on lowering far increasing [M§'] (see below)
is to propose that the binding site(s) for MCa iyRR are freely accessible in the open
channel state. This feature may explain why MCadu elicit C4' release when injected
into resting skeletal muscle fibers [30], in whiBlyR1 channels are closed due to their
mechanical interaction with the II-1ll loop of theeighboring DHPR [31-33]. A previous
study suggested that MCa binds to RyR1 channetsofpen on membrane depolarization
and that this interaction specifically alters thheqess of repolarization-induced closure of
the channels [30]. Furthermore, voltage-activated-amplitude local Cd signals persist
after fiber repolarization in the presence of MB4][ Based on these combined results, we
propose that MCa binding to open RyR1 channelssgnge to the MCa-induced sub-
conductance state that transiently keeps the clanefeactory to DHPR-induced closing
after repolarization.

Single channel experiments show that cytoplasmig’[Meduced the agonist effect
of MCa on RyR1. Since the apparent affinity of [Mgfor the inhibitory effects on 4
and on Bs were comparable, the most straightforward mecharo$ inhibition of the
agonist effect of MCa on RyR1 channel is the iriobi of P, by Mg®, with no
modification in RyR1 affinity for MCa binding. Weeport here that MCa induces a
significant decrease in Mginhibition of [°H]-ryanodine binding to native RyR1 channels,
suggesting that MCa binding to the RyR1 proteindpres a decrease in the Naffinity

of its C&"/Mg®" inhibitory sites. Previous studies indicate thatRR oxidation also
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decreases RyR1 sensitivity to Kignhibition [9, 11]. Moreover, reducing agents seem
increase markedly the affinity of RyR1 channels €a, suggesting the presence of
cysteine residues in the MCa binding site(s). Maalane binds to two discrete RyR1
regions, fragment 3 (residues 1021- 1631) and feand (residues 3201- 3661) [35].
Noteworthy, one cysteine residue susceptible ttugnionylation (Cys1591) is present in
fragment 3 whereas fragment 7 contains a cystesidue (Cys3635) that is susceptible to
S-glutathionylation, S-nitrosylation and disulfidexidation [6]. In addition, another
cysteine residue (Cys3193) susceptible to S-glisaykation is situated only eight amino
acids away from the beginning of fragment 7. Basedhe present results, we suggest that
MCa binding to RyR1 modifies the environment of @menore of these cysteine residues,
resulting in a decreased affinity for g Conversely, modification of these residues by
oxidation with thimerosal would decrease the affirif MCa binding to RyR1, albeit we
cannot rule out other possibilities. Accordinglywiould be of interest to study if mutations

of these three particular cysteine residues affexstimulation of RyR1 activity by MCa.
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ABREVIATIONS

[Ca] =
[Mg*] =
DHPR =
DTT =
EGTA =
HEDTA =
MCa =

Pvca =

P, -

RyR =
RyR1 =
SE =
SERCA =

SR =

free calcium concentration

free magnesium concentration

dihydropyridine receptor

dithiothreitol

ethyleneglycol-bis(3-aminoethyl ether) N,NN, N'-tetraacetic acid
N-(2-hydroxyethyl)-ethylenediamine-triaceticid

Maurocalcine

fractional time spent by the channel in the sabeuctance state
induced by Maurocalcine

fractional time spent by the channel in the ogtate

fractional time spent by the channel in the ogp@ate, excluding the
time spent in the sub-conductance state inducédaayocalcine
Ryanodine receptor

type-1 Ryanodine receptor

standard error

sarcoplamic/endoplasmic’GATPase

sarcoplasmic reticulum
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FIGURE LEGENDS

Figure 1. Effects of MCa on C# release from actively loaded triad-enriched SRivks.
Active loading with C&" was initiated by addition of ATP-Mg, as indicatiedthe figure.
Changes in extravesicular [Ehwere determined with Calcium Green-2, as detaited
Materials and Methods. In the three representai@eriments illustrated (Panels A-C),
addition of ATP-Mg promoted fast auptake, and decreased probe fluorescence to a
steady value corresponding to an extravesiculaf JGal50 nM (see Results). Subsequent
addition of MCa caused effective and transient’ @elease from native vesicles (Panel A)
or from vesicles pre-incubated for 30 min with 10AnDTT (Panel B). Addition of the
sulfhydryl oxidizing agent thimerosal after comjpet of C&" uptake prevented €a

release induced by MCa but not by caffeine (Panel C

Figure 2. Maurocalcine enhances’H] ryanodine binding to triad-enriched SR vesicles
and decreases the inhibitory effects of fgAs illustrated inPanel A, incubation of
native vesicles with 50 nM MCa stimulated equililni [?H]-ryanodine binding density
(light grey bar) relative to the values determiriadthe absence of MCa (empty bar).
Vesicles incubated with DTT displayed lowéH]-ryanodine binding relative to native
vesicles (Panel A, black bar). Addition of 50 nM BIGo DTT-treated SR vesicles
increased 3H]-ryanodine binding relative to vesicles incubatedy with DTT (Panel A,
dark grey bar). ***. p < 0.0001 calculated by OneywANOVA followed by Dunnett's
multiple comparison test. As illustrated Panel B, incubation of native skeletal SR

vesicles with 200 nM MCa significantly decreasee thhibitory effects of M§ on
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equilibrium PH]-ryanodine binding. Fitting the experimental psirto a non-linear Hill
function yielded py =1.0 £ 0.1 and K= 125.3 + 8.8uM for native vesicles, andyp = 1.4
+ 0.1 and K= 676.4 + 49.QuM for native SR vesicles incubated with 200 nM MZaues

represent Mean = SE (N=3).

Figure 3. Effects of MCa on a low activity RyR1 chael. Representative current
recordings obtained with the same low activity #ngyR1 channel in the absence (Panel
A) or at 5 nM MCa (Panel B).\Ra and RBg values, calculated for the whole recorded
periods (at least 180 s) and the free cytoplas@&’] are depicted above each current
trace. Addition of MCa induced channel openingsatavell-defined sub-conductance
current level, indicated by an arrow at the righth® current traces. Sequential reduction
of cytoplasmic [C&] using HEDTA and/or EGTA (see Materials and Method

progressively reduced botly& and RBg (second and third trace).

Figure 4. Effects of MCa on a moderate activity RYRhannel. Representative current

recordings of the same moderate activity single RylRannel obtained in the absence
(Panel A) or at 5 nM MCa (Panel B)u& and Rg values, calculated for the whole

recorded periods (at least 150 s) and the freeplagmic [C&'] are depicted above each
current trace. Addition of MCa prompted the emeogenf the sub-conductance current
level, as indicated by an arrow at the right of top and middle traces of Panel B.
Sequential reduction of cytoplasmic fCJausing HEDTA and/or EGTA (see Materials and
Methods), progressively reduced boticPand RBg (second and third trace). Notice that

Pwca and Rg values were equal to 0.00 at 0.1 pM{Ga
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Figure 5. Comparative effects of MCa on low and nevdte activity RyR1 channel®ars
represent mean,PP,s and Rica values (£ SE) obtained from several single chantiedt
spontaneously displayed either low (empty barsmaderate activity (black bars). As
illustrated inPanel A, addition of 5 nM MCa at 10 uM [€§ induced the sub-conductance
state in both low and moderate activity channaiscdntrast, as illustrated iRanel B,
addition of 5 nM MCa at 0.1 pM [§ modified only low activity channels. Numbers
above or on each bar represent the number of sicigggnel data included in each

condition. *: p < 0.05; **: p = 0.001.

Figure 6. Thimerosal treatment inhibited MCa actitian of a single RyR1 channel at 0.1
UM [Ca®']. Panel A shows representative current recordings obtainem fa single low
activity channel at the indicated cytoplasmic {gdefore (upper trace) and after addition
of MCa (lower trace). Sub-conductance current lev@hdicated, as usual, with an arrow at
the right of lower trace. a2 and Bg values, calculated for the whole recorded per{atls
least 70 s) and cytoplasmic [€are displayed above each traBanel B was obtained
with the same channel recorded in Panel A, afarbation with 200 uM thimerosal for 80
s followed by extensive perfusion of the cis chamtioeeliminate non reacted thimerosal
(for further details, see Results). At 0.1 uM fGaaddition of 5 nM MCa did not elicit the
sub-conductance state displayed by the channetebagfoubation with thimerosal (compare

trace in Panel B with lower trace in Panel A).
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Figure 7. M¢?" inhibits the effects of Maurocalcine on low and rderate activity RyR1
channels. Representative current recordings were obtainedPgtM cytoplasmic [Cd]

and in the presence of 5 nM MCa, from single chntiat spontaneously displayed either
low (Panel A) or moderate activityRanel B). In each case, the same channel was
sequentially exposed to increasing cytoplasmic{¥@s indicated near each current trace.
Pvuca and RBg values, calculated from the whole recorded peri@sleast 180 s), are
depicted above the recordings. The arrows indithé sub-conductance current level

induced by MCa.
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Figure 3

Low activity channel

A. Control
10 uM [Ca®*], cis P <0.01

B. 5nM MCa
10 pM [Ca**], cis Py, = 0.50; Pz = 0.01




Figure 4

Moderate activity channel
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500 uM [Ca**], cis P =0.01
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Figure 6

A. Low activity channel, before Thimerosal

10 pM [Ca®*], cis P_=0.00

B. After Thimerosal

0.1 pM [Ca?*], 5 nM [MCa] P, =0.00; P, =0.02
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Figure 7

A Low activity channel
10 pM [Ca*'], 5 nM [MCa]

0 uM [Mg"’], cis =0.68; P g =0.06

MC‘]

y “ \‘L‘l“ ‘ “W‘L Vi ‘\‘ u J ‘

B Moderate activity channel
10 uM [Ca?*], 5 nM [MCa]

10 pM [Mg?*], cis Py, = 0.95; P =028

30 pM [Mg?*], cis P, =0.90; P, =030
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SUPPLEMENTARY MATERIAL

Figurelegends

Figure S1. Graphical representation of\lka and Rys. To calculate ¢, values we added
all individual dwell times in which the channel spén the MCa-induced sub-conductance
state, defined as,sand divided this sum by the total recorded tifin@ calculate F values
we added all jovalues, which represent the channel dwell timéhanfull open state, and
divided this sum by the sum of thevalues, which represent the dwell times in whioh t

channel did not reside in the MCa-induced sub-cotadhce state.

Figure S2. Single RyR1 channels spontaneously digpkhree different responses to
cytoplasmic [C&']. These responses include tloev activity response (filled triangles),
characterized by Pvalues < 0.1 in the [G§ range 0.1-50QuM; the moderate activity
response (open circles) with maximalif the 10-30uM [Ca®] range and P< 0.1 at 0.1
or 500pM [Ca?"], and thehigh activity response (filled circles) characterized by sigaifit
activity at 0.1pM [Ca®"] and R close to 1.0 in the 1.0-500M [Ca’"] range. Thelow

activity response data are displayed in an expanded Jestak in the inset.
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