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ABSTRACT: Calcium ions are frequently used second messengers in most living organisms. Members of
the family of ryanodine sensitive calcium channels (ryanodine receptors, RyRs) are responsible for many
important C&" signaling events in both excitable and nonexcitable cells. The biological activity of these
membrane proteins is modulated and regulated by a great variety of different cellular and extracellular
effectors, proteins, and small molecules. However, very little is still understood about how the modulators
work on a molecular level. The very large size of more than 2 million Da per functional tetrameric RyR
unit and its membrane association have made more detailed biochemical and structural analysis extremely
challenging.

In this study, we have investigated the effects of the main and RyR3 is found in different cell types that do not
cellular effectors of RyR,C&* and Mg™, on the properties  necessarily constitute contractile celly.(Although the Ca
for binding of the channel’s third cellular modulator, ATP, channel activity of the three different isoforms of RyR is
to RyR. Employing an innovative approach using ESR highly regulated by many physiologically and pharmacologi-
spectroscopy and an ATP analogue that carries an ESR-activeally important agents and proteirs«5), it is assumed that
reporter group, spin-labeled ATP, we directly observed for Ca&*, Mg?", and ATP are key cellular regulators of the
the first time that a total of eight ATP sites exist on the channel (for a recent review, see 68f A strong dependence
tetrameric RyR1 purified from rabbit back muscle. We show of the channel opening events on different concentrations
that the number of ATP sites that are occupied by the ATP of either ion or both ions was observe@<(13). Isolated
analogue and the respective dissociation constants directlyRyR1 was shown to be activated in the presence piiL
depend on the presence and concentrations Bf & Mg™* C&" and inhibited in the presence of 1 mM cytoplasmic
ions. The plant alkaloid ryanodine had no effect on ATP C&* (3), while inhibition of RyR by M@" may be the result
binding under activating Ga conditions. Our findings will  of two independent mechanisnisy. It is believed that Mg
have strong implications for the current models for the competes with C4 for the activating sitesl@) or, alterna-
regulation of cellular CH signaling. tively, that Mg can bind to low-affinity, inhibitory, non-

Ryanodine receptors are homotetrameric protein com- ion-selective sites that can also mediaté‘Gahibition of
plexes with a molecular mass of560 kDa per subunit,  the channel 15, 16). A reduced M@&" inhibition and
forming the largest known ion channel protein. There are increased Ca sensitivity) were found in malignant hypo-
three different isoforms of this Ca channel protein that are thermia, linking this important disease to a malfunctioning
found in different mammalian tissues. RyR1 is mostly located regulation of the ryanodine receptdr7j.

in the skeletal muscle; RyR2 is associated with heart muscle, A1p was also previously shown to strongly modulate the
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pyrroline-1-oxyl-3-carboxylic acid ester) ATP. where2 depicts a nucleotides in the cardiac muscle RyR are deemed to be part

rapid equilibrium of the ester bond between thagd 3 positions of of the primarily important regulation events during contrac-
the ribose. tion of the heart 21, 22).
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ESR spectroscopy employing spin-labeled nucleotide Determination of lon Concentrationéll concentrations
analogues was shown to be a powerful tool in studying for free C&", free Mg*, or unchelated and chelated spin-
structure, function, and binding characteristics of nucleotide labeled ATP were calculated using thiAXCalgorithms as
binding enzymes and protein23-30). The affinity and described previously3@). We assumed that the ion binding
stoichiometry for binding of spin-labeled (SL) substrate affinities of SL-ATP are identical or at least very similar to
analogues to proteins can be directly determined underthose of ATP. Due to our experimental setup, the concentra-
equilibrium conditions due to the fact that the signal shape tion of the free ions and free and ion-complexed SL-ATP
of the ESR spectra of the protein-bound spin-labeled substratechanged during the course of the titration experiments. The
differs significantly from that of the free substrate analogue. divalention concentrations given throughout this paper stand
The respective experiments are designed to incrementallyfor representative upper and lower limits of concentrations
increase the amount of spin-labeled substrate at knownduring the experiments. Potential complex formation of ATP
protein concentrations. The signal amplitude of the high- with Na" was not entered into the calculations since the Na
field ESR signal of freely tumbling, non-protein-bound spin- concentrations were essentially identical in the different sets
labeled nucleotide in the presence of protein is then comparedof experiments.
to the signal amplitude of the spin-labeled nucleotide in a  Synthesis of SL-ATR,3-(2,2,5,5-Tetramethyl-3-pyrro-
standard curve that was obtained in the absence of proteinline-1-oxyl-3-carboxylic acid ester) ATP (SL-ATP) was
This technique is especially amenable to the study of synthesized essentially as described previou8; 34),
membrane proteins, since light scattering effects that oftenexcept that the nucleotide analogue was purified using
influence other spectroscopic techniques, like fluorescenceDEAE-A25 anion exchange chromatography and a linear
spectroscopy, do not influence the ESR signal. The techniquegradient of 6-0.6 M triethylammonium bicarbonate buffer
can also be successfully applied in investigating enzymes(pH 7.5) as described previousIgQ).
with relatively weak substrate binding affinities, because the  Routine ProceduresProtein concentrations were deter-
signal amplitude of the freely tumbling spin-labeled analogue mined by a modified Lowry procedure&%) using bovine
is directly proportional to its concentration up tal mM. serum albumin as a standard. During this procedure, the
One prerequisite of the ESR technique is that relatively high proteins were precipitated using trichloroacetic acid in the
enzyme concentrations are needed to obtain high-quality ESRpresence of desoxycholate prior to addition of the color
spectra that will allow the respective substrate binding curves reagents. The denatured proteins were pelleted by centrifuga-
to be derived. RyR1 used in this study was purified from tion, leaving lipids, detergents, DTT, and other soluble
rabbit back muscle, and the purification procedure was components of the sucrose gradient in the supernatant. The

optimized to yield concentrations between 6 angiiD(10— supernatants were carefully removed. Thus, potential com-
20 mg/mL) of solubilized, biologically active protein that —ponents from the sucrose gradient that might interfere with
was more than 95% enriched. the color development of the Lowry reagents were efficiently
eliminated prior to addition of the Lowry reagents. Protein
EXPERIMENTAL PROCEDURES purity was assessed using 6% SBEflyacrylamide gel

electrophoresis and was found to $80%. Single-channel

Purification of RYRRyR was purified from rabbit back  measurements were performed as described previally (
muscles according to the original Meissner proced@a ( ESR Measurement#\ll ESR measurements were per-
with some modifications. To obtain high protein concentra- formed with a Bruker EMX 6/1 ESR spectrometer operating
tions of biologically active, pure RyR1 while retaining a in the X-band mode, using a high-sensitivity cavity. The
relatively low overall viscosity of the protein solution, we spectra were acquired at room temperature. The parameters
solubilized the heavy sarcoplasmic reticulum vesicle prepara-were as follows: microwave frequency, 9.33 GHz; micro-
tions prepared as described in Bdfat 7.5 mg/mL protein  wave power, 12.63 mW; modulation frequency, 100 kHz;
for 2 h at 4°C. The solubilization buffer contained 30 mM  modulation amplitude, 1 G; time constant, 10.40 ms;
PIPES/NaOH (pH 7.4), 1.5 M NacCl, 15 EGTA, 225 conversion time, 40.96 ms. The signal gain was adjusted to
uM CaCl, 1.6% (w/v) CHAPS, 0.35% (w/v) phosphatidyl- the different experimental conditions. Control experiments
choline (100%), 0.35% (w/v) lysophosphatidylcholine, 1.5 showed that the spin-label was not reduced by DTT during
mM DTT, and the usual protease inhibitors. Insoluble protein the time course of a typical experiment. The amount of
was removed by ultracentrifugation, and the supernatant wasprotein-bound spin-labeled nucleotide was determined as the
layered onto a 10 to 28% sucrose gradient generated in thedifference between the known total concentrations of spin-
same buffer. The RyR-containing fractions were extracted labeled nucleotide added to the ESR cuvette and the free
as described above, and an equal volume of buffer containingspin-labeled nucleotide observed. The free nucleotide was
40 mM PIPES/NaOH (pH 7.42 M NaCl, 200uM EGTA, assessed directly by comparing the signal amplitude of the
and 30uM CaCl, was added. The solution was concentrated high-field ESR signal of the unbound spin-labeled nucleotide
at 4 °C in a Centricon Plus-20 device to 4@0 mg/mL. to a standard curve of known concentrations of spin-labeled
Aliquots (50uL) were frozen and stored at80 °C for single nucleotide that was generated under the same conditions in
use in ESR experiments. Storage of the protein under suchthe absence of protein. Due to the high molecular weight of
conditions was previously shown to keep the channel in a RyR combined with the high concentration of protein needed
function-preserved tetrameric form that could be used for for the titration experiments, the viscosity of the protein-
single-channel measurementd); To stabilize the channel  containing solution was increased when compared to that of
for the duration of the ESR experiments, we chose to directly the solution of the standard curve. This increased viscosity
use the aliquots that were concentrated as described abovef the protein-containing solutions during a titration experi-
in the ESR experiments. ment led to a broadening of the ESR spectral lines, thereby
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Table 1: Binding of Spin-Labeled ATP to RyR under Different lonic Conditions

maximal binding of SL-ATP apparent
experimental conditions to RyR1 (mol/mol) Kg (uM) R? reducedy?
2 mM EGTA (essentially no free divalent ions present) *.6.4 276+ 30 0.98 0.07
<100uM Ca&" with or without 20uM ryanodine 8.5£ 0.5 171+ 26 0.94 0.22
1.7-2 mM Mg?t 8.9+0.4 162+ 30 0.95 0.28
1.5-2 mM Mg?" with <100uM Ca?* 8.6+ 0.5 91+ 18 0.88 0.68
1.7-2mM C&*t 4.2+0.2 75+ 16 0.87 0.15
1.9-2.1 mM C&" with 1.7-2 mM Mg?" 4.2+ 0.08 50.4+ 4.2 0.98 0.03

aBinding of SL-ATP to RyR was performed as described in Experimental Procedures. Maximal binding and apparent dissociation constants
were determined by nonlinear curve analysis for a rectangular hypeRsdkathe correlation coefficient of the fit, and reducgdas calculated by
the fitting program represents the value for (data value minus function ¥gtuenber of points minus number of parameters). A low value of
reducedy? indicates a good match between the data and the fitting model. lon concentrations were calculated 0sag tigorithm 32).

causing a decrease in signal amplitude. A decrease in signaRESULTS
amplitude, however, mimics the binding of the spin-labeled SL-ATP as an Analogue of ATP for Binding to RyR&o

'Ar‘]TP to the plr Oé?'g.and wo_ulr(]:i. resultin _?n overestln]jatmtﬂlof different spin-labeled ATP analogues were tested with respect
the maximal binding stoichiometry. To correct for this . their ability to bind to RyR1 that was isolated from rabbit

phenomenon, we obtained sample standard curves in .theoack muscle. The two analogues contained the spin-label
presence of RyR that we had previously observed not to b'ndattached either to the C8 position (8-SL-ATP; see &8s

to SL-ATP, potentially due to minor damage during purifica- and29) of the adenine or to the C2r C3 position of the
tion. In addition, we added a large excess of 10 mM ATP to ribose @327, 30, 33, 34). Only the analogue where the

the solution to outcompete any potential binding of SL-ATP spin-label is attached to the ribos&32SL-ATP (SL-ATP),
to the channel. In Figure 1 of the Supporting Information, aq ohserved to bind to RyR. The biological activity of SL-

we present an ov_erlay of the high-field E.SR signa]s of free ATP was tested in single-channel measurements as described
SL-ATP (1254M) in the absence of protein (black line) and i, yof 11 The left panel of Figure 1 shows that the analogue

in the presence of “binding-inc‘PmpetePt” .pro.tein and 10 MM g4 jlated RyR1 channel activity like normal ATP (right
ATP (blue line) and of the “normal” binding-competent 5.0 in 4 concentration-dependent manner. Adding excess
protein (red line). The .protem concgntratlons were between normal ATP to the SL-ATP-stimulated channel evoked an
15 and 17uM for the_dlﬁerent_exper|ments; the amount O,f additional activating effect. Addition of ryanodine to the SL-
added SL-ATP was identical in all three cases. Broadening a1tp_sctivated channel produced the expected effects; i.e.
of the line shape of the ESR signal and the decreased signa yanodine caused the channel to achieve a half-maximal

gmplitude were ot_)served in the. presence c_>f the_ binding- opening in the presence of SL-ATP (data not shown). We
incompetent protein due to the increased viscosity of the gq|q stress here that these are single-channel experiments

solution (compare the blue line to the black line). An onq that one cannot expect each individual channel to be
additional decrease in the signal amplitude (red line) that identical in activity to the next. In the example shown here,

was observed when normal, functional RyR was incubated g tyq particular channels shown in Figure 1 had different
with SL-ATP (red line) was due to binding of SL-ATP 10 gtaring P, values, so the total values at different ATP or
RyR and was concomitant with the appearance of ESR ) ATp concentrations differ to some extent: what is
signals that correspond to the spectra of SL-ATP that was jmnqrtant however, it that the overall trend in opening events
bound to RyR. These “bound signals” are distinctly different s yery similar. One also needs to consider that the fourth
from those of free SL-ATP; for example, see Figure 2 of 006 in the left panel represents a total of 500 SL-ATP
the Supporting Information. The numbers of moles of j, aqgition to the 1 mM ATP added, which explains the
nucleotides bound per mole of RyR that are presented in o\ erq)| higheP, observed in this experiment when compared
this paper were corrected for the line broadening of the ESR 4 that in the experiment shown in the right-hand panel.
spectra due to increased viscosity and represent “real’ Binding of SL-ATP to RyR1 in the Presence of Aattng
binding of SL-ATP to the channel. Concentrations of C&. We demonstrated that SL-ATP
The corrected numbers of moles of protein-bound SL-ATP readily bound to the purified, solubilized RyR using stan-
per mole of protein were plotted over the concentration of dardized ESR titration experiments. In these experiments,
free SL-ATP present in the experiment, and the results werethe concentration of freely tumbling SL-ATP in equilibrium
fitted using the equatiory = P1 x x/(P2 + x) for a with RyR-bound SL-ATP is directly deduced from its signal
rectangular hyperbola. P1 represents the maximum numberamplitude and compared to a standard curve obtained under
of binding sites, and P2 represents the apparent equilibriumthe same conditions. The amount of RyR-bound SL-ATP
dissociation constantg). Nonlinear curve fits were per-  was then calculated from the known protein concentration.
formed using Origin 7 (OriginLab Corp.). The data were not The signal amplitude of the ESR signal of free SL-ATP was
weighted. The reduceg? for the individual fits and the  corrected for the increased viscosity of the sample solution
correlation coefficientsRp) for the fitted curves are given due to the high protein concentration. This increase in
in Table 1. The reduceg? as calculated by the fitting  viscosity caused an increase in the line width of the ESR
program represents the value for (data value minus functionsignal and thereby resulted in a decreased signal amplitude,
valuef/(number of points minus number of parameters). A which mimicked binding of the probe to the protein (see
low value of reduced;? indicates a good match between Experimental Procedures and Figure 1 of the Supporting
data and the fitting model. Information).
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= no nucleotides no nucleotides
o 100 uM SL-ATP 100 uM ATP
T | L " |
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500 uM SL-ATP 500 uM ATP
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+ 1 mM ATP to experiment in trace 3 1 mM ATP

Ficure 1: Single-channel measurements using SL-ATP. Representative current traces obtained at various SL-ATP and ATP concentrations
in a medium of symmetrical 250 mM KCI and 20 mM PIPES (pH 7.4). The free calcium concentrationsudf 8@¢*,,sand 472 nM

Ca&ts were adjusted using Ca-EGTA buffer. The holding potential w&® mV; downward deflections represent the channel openings.

Left: lane 1, no nucleotides present; lane 2, in the presence ofiMOBL-ATP; lane 3, at 50«M SL-ATP; and lane 4, after addition of

1 mM ATP to the mixture shown in lane 3. Right: lane 1, no nucleotides present; lane 2, in the presencalfADB; lane 3, 50«M

SL-ATP; and lane 4, 1 mM ATP.

We observed that in the presence of activating concentra-
tions of C&" ions (<100 uM), a total of eight SL-ATP | =
molecules readily bound to RyR, both in the presence and ¢ | .
in the absence of inhibitory concentrations of ryanodine | .

(Table 1). The concentrations of free ions and free and ion-
complexed SL-ATP were calculated using tihAXC

algorithm @2) as described in Experimental Procedures. As 2 , | .

an example of a representative binding curve, the results fora@ | " -
binding of SL-ATP to RyR in the presence of an activating < ;|
concentration of Cd (<100uM) and in the presence of 20
uM ryanodine (slightly superstoichiometric to the protein
concentrations used for the experiment) are shown in Figure
2. Nonlinear hyperbolic curve analysis extrapolates to a 4.
maximum binding of 8.5t 0.5 mol/mol of nucleotide bound

per RyR tetramer with &4 of 171 + 26 uM. Due to the 0 —
relatively long measurement times required for ESR experi- 0 100 200 300 400 500 600
ments and to ensure active RyR throughout the course of an SL-ATP free [uM]

experiment, all firation curves shown in this paper are Ficure 2: Titration of RyR with SL-ATP in the presence of

CQmDOSites_ _Of multiple independent ex.periments, using activating C&* and inhibitory ryanodine concentrations. Spin-
different purification batches of RyR. Experiments performed labeled ATP was added stepwise to a solution containing®

in the absence of ryanodine resulted in essentially the same«M purified, Soluliilized RyR in the presence of 2M ryanodine
binding stoichiometry and dissociation constant as in the and <100xM Ca" (the concentration of free Gaions changed

f di dat t sh indicati th tduringthetitration experiment due to chelating the ion to the ATP
presence of ryanodine (data not shown), indicating that 5510gue). The number of RyR-bound SL-ATP molecules was

binding of ryanodine and its effect on the channel activity determined by comparing the signal amplitude of the high-field
were not linked to changes in ATP binding affinity and ESR signal of the unbound spin-labeled ATP in the presence of
stoichiometry. RyR to that measured in a standard curve in the absence of RyR,
L . . but corrected for the increase in viscosity as described in Experi-
Binding of SL-ATP to RyR1 in the Absence ofdlent mental Procedures. Nonlinear curve analysis determined a maximal
lons. A similar binding stoichiometry of~8 mol of ATP/ binding of 8.5+ 0.5 mol of SL-ATP/RyR and an appareii of

RyR was observed also in the presence of 2 mM EGTA, 171+ 26 uM. Essentially the same values were obtained in the
which results in negligible concentrations of free?Cédata absence of ryanodine.

not shown). Under these conditions, we calculated that SL- obtained under the conditions described here can be seen in
ATP was also not ion-chelated. Nonlinear curve analysis Figure 2 of the Supporting Information. The spectra of the
indicated a maximal binding of 7.& 0.4 mol/mol and an  free, non-RyR-bound SL-ATP in the presence of RyR can
increased, of 276+ 30uM. The experiments demonstrated be observed as the three relatively sharp lines in the middle
that SL-ATP also bound to RyR in a non-metal-chelated of the spectra. The total concentration of SL-ATP added to
form, albeit with a decreased affinity, and that binding of this experiment was 8@M. The spectra of the protein-bound
divalent ions to RyR is not needed for binding of SL-ATP SL-ATP can be observed concurrently, together with the
to RyR. One representative set of ESR spectra that wasspectra of the free component; however, the bound spectra

54 ]

mol RyR
|}

mol SL-AT!
"

2 4
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are much broader and less pronounced than those of the free
components, which is typical for these experimer3—( 4
30, 34). These signals need to be re-recorded at a higher .
signal gain for visualization. The re-recorded bound spectra ] . -

are shown in Figures-24 of the Supporting Information in . s "
the high- and low-field area of the spectra. The concentrations >. 3

of total spin-label added to each experiment are giveninthe 5 | .
figure legends.

Binding of SL-ATP to RyR1 in the Presence of Inhibitory
Concentrations of M. In the presence of inhibitory
concentrations of free Mg (from 1.7 to 2 mM) and absence
of free C&" (with >2 mM EGTA), the binding curve for
binding of SL-ATP to RyR extrapolates to a maximal binding
of 8.9+ 0.4 mol/mol with a dissociation constant of 162
30uM (data not shown, Table 1). The dissociation constant
under these conditions is1.7-fold lower than in the absence 0 — T T T T T
of divalent cations but-1.8-fold higher than in the co- 0 100 200 300 400 500 600 700
presence of activating concentrations of2?Cédiscussed SL-ATP free [uM]
below), indicating that Mg -chelated ATP binds more Ficure 3: Titration of RyR with SL-ATP in the presence of

tightly to RyR but that activating Ca ions further promote inhibitory C&* concentrations. The experiment was carried out as
ATP binding described in the legend of Figure 2. The concentration of EGTA

- . . in the experiment was 250M. Ca?* concentrations were between
Binding of SL-ATP to RyR1 in the Presence of Aatthg 1.7 and 2 mM during the experiment. Nonlinear curve analysis

Concentrations of Cd& and Inhibitory Concentrations of  showed a maximal binding of 42 0.2 mol of SL-ATP/RyR and
Mg?*. In the presence of inhibitory free Mgconcentrations  an apparenKy of 75 4 16 uM.
(1.5-2 mM) and<100uM free C&", which can be assumed
to be borderline activating, binding of SL-ATP to RyR is
tighter than in the presence of Mg ions alone. The binding 44 -
curve shows an appareig of 91 + 18 M and extrapolates = >
to a maximum binding of 8.6 0.5 SL-ATP molecules/ ] . -
RyR tetramer (data not shown, Table 1). The maximum g ;.
concentration of non-ion-chelated SL-ATP in this experiment & -
was ~25 uM at the highest concentration of SL-ATP,
strongly indicating that M#f -chelated SL-ATP is the species
that binds to the channel under these conditions. The binding <
affinity increased by>2.5-fold as compared to that of
unchelated ATP (in the presence of 2 mM EGTA).
Binding of SL-ATP to RyR1 in the Presence of Inhibitory 14
Concentrations of CA. Further titration experiments were
performed in the presence of inhibitory amounts of freé"Ca
(1.7-2 mM). Under these conditions, ATP was calculated 0 -
to be complexed almost completely toZaand it can be 0 100 200 300 400 500 600 700
assumed that Ca-chelated SL-ATP is the species that interacts SL-ATP free [uM]
with RyR. The experimental curve is shown in Figure 3. Ficure 4: Titration of RyR with SL-ATP in the presence of

Nonlinear curve analysis shows a very tight binding constant inhibitory C&* and inhibitory Mg* concentrations. The experiment
of 75 + 16 uM for binding of SL-ATP to RyR,~4-fold was carried out as described in the legend of Figure 2" Ca

tighter than in the absence of free metal ions and lower alsoconcentrations varied between 1.9 and 2.1 mM and"Mgncen-

than in the experiments, where both Mgand C&* ions trations between 1.7 and 2 mM. Nonlinear curve analysis resulted

o - ... in a maximal binding of 4.2t 0.08 mol of SL-ATP/RyR and an
were present. Surprisingly, however, the maximal binding annarenty of 50.4+ 4.2 uM.

stoichiometry was observed to be only 42 0.2. This

experiment, combined with the previously described experi- experiments shown in Figure 3. Again, the maximum binding

ments, clearly demonstrates a direct effect of metal ions onstoichiometry found was 4.2t 0.08, and theKyq was

the nucleotide accessibility of RyR, potentially as a result determined to be 504 4.2uM for SL-ATP binding (Figure

of a conformational transition that in return may induce or 4), indicating that the effects of inhibitory concentrations of

be responsible for the opening and closing events of the Ca* on the bhinding stoichiometry and affinity of RyR could

channel. One corresponding set of ESR spectra that was usedot be overcome by the addition of Kgions, which by

to determine the binding of SL-ATP to RyR under the themselves or in the presence of only small amounts &f Ca

conditions described in the legend of Figure 3 can be seenlead to full occupancy of all eight nucleotide binding sites

in Figure 3 of the Supporting Information. of RyR. A corresponding set of ESR spectra that show the
Binding of SL-ATP to RyR1 in the Presence of Inhibitory increase in the level of binding of SL-ATP to RyR is shown

Concentrations of Mg and Inhibitory Concentrations of  in Figure 4 of the Supporting Information.

C&t. In separate experiments, 2 mM Rtgwas added to In all the experiments described herein, the spin-labeled

the inhibitory C&* concentrations that are described for the ATP that was bound to RyR could be completely displaced

24
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upon addition of excess normal ATP (for example, see Figure Mo ions

3 of the Supporting Information), demonstrating that binding

of SL-ATP to RyR was mdee(_j solely dgpendent on the ATP Tnhibitory Mg (2 M) Activating Ca®*
part of the analogue and did not arise from NoONSPecific  + activating Ca?* (< 100 111y (< 100 pMy
interactions of the spin-label with the protein. 8 ATP BOUND

DISCUSSION

It has been reported that ATP can open the ryanodine 8 ATP BOUND \ ‘ /8 ATF BOUND
sensitive Ca channel from skeletal muscle, RyR1, even under

conditions where almost no free €ds present10). Small

amounts of cytosolic Ca also activate the channel, while Inhibitory Ca®* and . N
large amounts of G4 are responsible for closing the channel Mg® RyR1 \I”h“”“ry Ca

. ; o (2 mM each) Y (2 ml)
(3), which may been explained by the presence of activating

C&" binding sites on RyR with a high Ca binding affinity

and low-affinity, inhibitory Ca" binding sites. The role of

Mg?"t and its function in RyR regulation are even more

controversial. It has been suggested that®Mipns may 4 ATP BOUND 4 ATP BOUND

inhibit the channel by competing with the activating Ca Ficure 5: Schematic of the ion-dependent binding of SL-ATP to
binding sites and/or binding to non-ion-selective inhibitory the ryanodine receptor and their potential role in channel opening.
sites (L5—17). It was also shown earlier that magnesium The circles represent the open channel. In the presence of activating

PRI ; : C&" concentrations, eight SL-ATP molecules are able to bind to
inhibition of RyR was altered in the presence of ATP. While RyR. A total of eight ATP molecules bound was observed also in

isolated RyR that was incubated with aCt'Vat!nngcm the  i1e total absence of divalent ions. Under such conditions, functional
absence of ATP showed cooperativity of Mg-induced inhibi- studies by others have shown that the channel was activated for
tion, no cooperativity was observed in the presence of cellular C&* release. The hexagons represent the intermediate/primed
amounts of ATP 11). channel. In the presence of inhibitory &fgconcentrations but in

. . . the presence of activating &aconcentrations, again eight ATP
In this paper, we show for the first time that these events yjecules were able to bind to RyR. Although functional studies

may be linked and that the accessibility and occupation of show that the channel is not opening under such ionic conditions,
the ATP binding sites on RyRs strongly depend on the the data presented here may suggest that RyR may be primed by
presence and concentration of divalent ions and may be theATP binding for opening events. The squares represent the closed

; : channel. In the presence of inhibitory &aoncentrations, with or
common denominator for the different regulatory events. without Mc?*, only four SL-ATP molecules bind to RyR, under

Using ESR spectroscopy and an ESR active analogue ofcongitions that were previously shown to cause the formation of a
ATP, we were able for the first time to directly assess binding closed channel.

of ATP to RyR under different ionic conditions. The
differential effects of the divalent cations, Ffgand C&", conditions almost all eight ATP sites were occupied by the
are summarized in Table 1. A model depicted in Figure 5 ATP analogue. While it cannot be shown unequivocally at
recapitulates the overall effects of Rtgand C&" ions on this time that full occupancy of all eight ATP sites is indeed
binding of ATP to the ryanodine receptor that were observed essential for channel opening, the results from our experi-
in the experiments described here and their potential relationsments are suggestive of this possibility.
to channel characteristics. The two ATP sites that reside on each of the RyR
In this first direct measurement of binding of ATP to monomers seem to be functionally different. In the absence
RyR1, we show that a total of eight nucleotide binding sites of free divalent ions, which may not represent a physiologi-
are located on RyR1 from rabbit skeletal muscle. The cally relevant condition, all eight ATP sites on RyR are
presence of two different ATP sites per RyR monomer had available for ATP binding and are occupied by SL-ATP with
been proposed earlier by inferring ligand binding from a dissociation constant which is in the high micromolar range
functional studies. In competition experiments using the (~300uM). This implies, however, that even at drastically
competitive inhibitor of ATP activation, adenosine, two decreased cellular concentrations of divalent cations but a
different classes of ATP sites with simil&y values were normal cellular ATP level, the channel can be fully occupied
suggested to reside on RyR)j. In other studies, the biphasic  with eight ATP molecules, which may represent a channel
activation of RyR in response to increasing ATP concentra- that is “ready for activation” for CA release.
tions (11) also implied different classes of ATP sites on RyR. In the presence of activating concentrations of‘Cat
Using ESR titration experiments, we showed in direct activating C&" concentrations together with inhibitory ¥ig
measurements that 8 mol of a spin-labeled ATP analogueconcentrations, as well as in the presence of high, presumably
readily bound to the RyR tetramer under certain conditions. inhibitory Mg?" concentrations alone, all of these eight
We showed that a spin-labeled ATP analogue that carriesbinding sites are also accessible and are occupied by ATP,
the radical at the ribose of ATP is a suitable analogue of even at ATP concentrations that are well below the normal
ATP in single-channel measurements (Figure 1). SL-ATP- cellular ATP levels. Except for the “no free metal ions”
dependent RyR1 activation was observed and was similarsituation, the different scenarios potentially mimic different
to activation by normal ATP. In the presence of 500 but essentially possible cellular states that may either prime
SL-ATP, considerable channel opening was observed inthe channel for subsequent opening events or have previously
single-channel experiments (Figure 1, left panel), and titration been shown or have been assumed to evoke channel opening
experiments (depicted in Figure 2) showed that under similar events (low C&" concentrations alone, or low &aconcen-
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trations in the presence of cellular levels of My The data istics of binding of ATP to ryanodine-modified RyR under
presented here suggest that the occupation of eight ATP siteglifferent ionic conditions will be of great interest, as will
is linked to “open” or “opening” C&# channels. correlating those to functional assays.

In the presence of high €aconcentrations while the free In this paper, we show for the first time and in direct
Mg?" concentration is low or in the presence of both high measurements that ryanodine receptors from skeletal muscle
C&* and high Mg+ concentrations, only four of these ATP  contain a total of eight nucleotide binding sites that can be
sites are accessible and occupied by ATP, even at high ATPdivided into two different classes. We hypothesize that the
concentrations. We speculate that this particular state of thebinding of a total of eight ATP molecules per RyR tetramer
channel may represent a fail-safe feedback reaction of theeither stabilizes an open channel conformation or primes the
muscle that prevents continuous contraction after an excita-channel for opening events, while binding of ATP to only
tion event. Our observation that only four of the ATP sites four of the sites seems to correlate to conditions that were
are accessible under these conditions suggests that even ishown to cause formation of a closed channel. Whether the
the presence of high Mg and high ATP concentrations, eight sites found under low-€a conditions (potentially
which would allow fast C& export by the SERCA ATPase, activating) include the four sites found under hightCa
this feedback inhibition remains intact. Similar calcium- conditions (inhibitory) or whether those sites are unrelated
induced inactivation effects were reported previous§)( is unclear. Experiments aimed at identifying the respective

There are potentially two alternative explanations for the ATP binding sites using photoaffinity nucleotide probes and
differential binding of four or eight ATP molecules to RyR subsequent analysis of the labeled peptides are underway in
in the presence or absence of Mgand/or C&". (1) The our laboratory. Linking the occupancy of the specific ATP
channel assumes different conformations (which may relate sites to specific regulatory events of the receptor, i.e., linking
to open or closed in function) in the presence or absence ofthe occupancy to functional studies, will give unprecedented
C&" or Mg?*. This may then result in different accessibilities insight into the mechanism of this physiologically and
for the binding of ATP, leading to maximal binding of either pharmacologically important protein family.
four or eight ATP molecules. Binding ATP may then
stabilize the open or closed conformation. Alternatively, the ACKNOWLEDGMENT

opening or closing events may be caused by conformational \ye thank J. Zirkel (Lipoid GmbH, Ludwigshafen, Ger-
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for RyR. We believe the events proposed in the first
alternative to be more likely, especially since almost equimo- SUPPORTING INFORMATION AVAILABLE
lar, high concentrations of Mg and C&" result in maximal
binding of only four ATP molecules per RyR (see Figure 4)
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