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Cytosolic calcium concentration in resting cardiac myocytes locally fluctuates as a result of spontaneous microscopic
Ca* releases or abruptly rises as a result of an external trigger. These processes, observed as calcium sparks, are fun-
damental for proper function of cardiac muscle. In this study, we analyze how the characteristics of spontaneous and
triggered calcium sparks are related to cardiac ryanodine receptor (RYR) gating. We show that the frequency of
spontaneous sparks and the probability distribution of calcium release flux quanta of triggered sparks correspond
quantitatively to predictions of an allosteric homotetrameric model of RYR gating. This model includes competitive
binding of Ca®* and Mg** ions to the RYR activation sites and allosteric interaction between divalent ion binding and
channel opening. It turns out that at rest, RYRs are almost fully occupied by Mg2+. Therefore, spontaneous sparks
are most frequently evoked by random openings of the highly populated but rarely opening Mg,RYR and CaMgsRYR
forms, whereas triggered sparks are most frequently evoked by random openings of the less populated but much
more readily opening CasMgoRYR and CagMgRYR forms. In both the spontaneous and the triggered sparks, only a
small fraction of RYRs in the calcium release unit manages to open during the spark because of the limited rate of
Mg* unbinding. This mechanism clarifies the unexpectedly low calcium release flux during elementary

release events and unifies the theory of calcium signaling in resting and contracting cardiac myocytes.

INTRODUCTION

In cardiac myocytes, a local increase of the calcium con-
centration observable as a calcium spark (Cheng et al.,
1993) was shown to be an elementary event of calcium
release causing cell contraction. It has also been demon-
strated that the local calcium release comprises a signifi-
cant fraction of diastolic calcium leak (Bassani and Bers,
1995) that regulates the diastolic SR calcium content
(Lukyanenko etal., 2001) and thus controls the extent of
triggered calcium release (Bassani et al., 1995). Under
pathological conditions such as heart failure, the in-
creased diastolic calcium spark frequency may decrease
SR calcium content (Kubalova et al., 2005; Belevych et al.,
2007), thus participating in the reduced contractility of
cardiac muscle. Increased diastolic calcium leak in ge-
netic diseases (catecholaminergic polymorphic ventricu-
lar tachycardia and arrhythmogenic right ventricular
dysplasia) as well as in heart failure and diabetes has been
attributed to dysregulation of RYR gating (Durham etal.,
2007). RYR dysfunction has also been hypothesized to
lead to the generation of calcium waves and arrhythmias
(Yano et al., 2006; Paavola et al., 2007). However, the re-
lationship between RYR gating and calcium spark fre-
quency is not clear.
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The morphological substrate of calcium sparks is the
calcium release unit (CRU), a terminal cistern of the SR.
In rat cardiac myocytes, it contains a cluster of ~182-267
RYR channels on average (Franzini-Armstrong et al.,
1999; Soeller et al., 2007). In other mammalian species, it
contains substantially less RYRs, ~130 in mouse (Franzini-
Armstrong et al., 1999) and human (Soeller et al., 2007)
and ~90 in dog myocytes (Franzini-Armstrong et al.,
1999). The spontaneous calcium sparks are indistinguish-
able from the triggered sparks on the basis of their ampli-
tude, duration, and size (Cannell etal., 1995). Itis generally
accepted that spontaneous sparks arise not from sponta-
neous triggers but from spontaneous openings of RYR
channels themselves (Cheng etal., 1993, 1996; Lukyanenko
and Gyorke, 1999). Lukyanenko and Gyorke (1999) have
shown that calcium sparks, identical to those in an intact
cell, occur in permeabilized myocytes as well. Moreover,
they showed that the frequency of calcium sparks is an
increasing function of cytosolic Ca®* in the diastolic con-
centration range and that the apparent calcium sensitiv-
ity of the CRU activity is similar to that of individual RYRs
in the presence of Mg* and ATP. These facts strongly
indicate that spontaneous calcium sparks are directly
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related to RYR gating under diastolic conditions. How-
ever, there is a lack of quantitative data on the activity of
RYRs at low Ca®" concentration because of their very low
open probability. The effort to resolve the mechanism of
spark activation directly by their analysis encountered
difficulties as well because of the transient and spatially
limited nature of sparks and the uncertain relationship
between the calcium-dependent fluorescence signal and
calcium release flux (for review see Rios and Brum, 2002;
Zahradnikova et al., 2007).

Itis generally accepted that once a single RYR in the
CRU opens, it activates all RYRs of the CRU (Stern,
1992; Zahradnikova et al., 2007) because it increases
Ca®" concentration within the dyadic gap to values by
an order of magnitude higher than the apparent RYR
calcium affinity under physiological conditions (Stern
etal., 1999; Fill and Copello, 2002; Valent et al., 2007).
Moreover, RYRs may even coordinate their gating via
protein—protein interactions (Marx et al., 2001). The
amplitude of the calcium release current flowing dur-
ing a cardiac calcium spark was estimated only roughly,
in the range of 1.4-20 pA (for review see Rios and
Brum, 2002). This current range would correspond to
3—40 RYRs simultaneously open during the spark with
the experimental estimate of the RYR single-channel
calcium current of 0.5 pA under physiological condi-
tions (Mejia-Alvarez et al., 1999; Kettlun et al., 2003).
Because the calcium gradient between the SR and the
cytosol decreases during the spark (Brochet et al.,
2005; Kubalova et al., 2005), RYR single-channel cur-
rent should decrease with time, increasing this esti-
mate to 5—60 RYRs. Other methods provided the
number of simultaneously open RYRs during the spark
in the range of 1-20 (Bridge et al., 1999; Lukyanenko
et al,, 2000; Wang et al., 2004). These estimates might
be questioned, as they represent only a small fraction
of RYRs in the CRU. However, the alternative proposi-
tion that all RYRs in the CRU open in concert, as ex-
pected for the CICR mechanism (Fabiato, 1985; Stern,
1992) or for coupled gating (Marx et al., 2001), ends
up with a very low single-channel current (<0.1 pA/RYR;
for review see Cheng and Lederer, 2008) and is not easily
reconciled with the variability of spark amplitudes
(Bridge et al., 1999) and with the quantal character
of calcium spark release flux at a single release site
(Wang et al., 2004).

The regulation of RYR activity by Mg** ions (Meissner
etal., 1986), which was recently described in bilayer stud-
ies (Laver etal., 1997; Copello etal., 2002; Zahradnikova
et al., 2003), might provide a hint. According to these
studies, a substantial fraction of RYRs is occupied by
Mg** ions at the RYR activation sites and at the indepen-
dent RYR inhibition sites under diastolic conditions.
Therefore, in this study, we address the question of how
the interaction of Mg®" ions with the RYR determines
the activity of RYR channels in relation to both the resting
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and the stimulated calcium sparks. To this end, we used
the published experimental data on calcium depen-
dence of spark frequency (Lukyanenko and Gyorke,
1999), distributions of calcium release flux quanta
(Wang et al., 2004), and a model of CRU activity based
on recent RYR gating models (Zahradnik et al., 2005).
We show that these independent experimental data can
be explained when Ca*" binding at the RYR monomer
activation site has a positive allosteric effect, whereas
Mg** binding has a weak negative allosteric effect on
RYR transitions to open states. The model of the CRU
activity presented here reconciles the low number of
RYRs active in a spark with the high number of RYRs in
the CRU and the observations on diastolic and systolic
calcium signaling in mammalian myocytes.

MATERIALS AND METHODS

The system of equations (see supplemental material) characteriz-
ing the Ca* and Mg?" dependence of state probabilities of the
RYR gating schemes was solved in Mathematica (version 6.0.1;
Wolfram Research) as previously described (Zahradnik et al,,
2005), thus giving formulae for the steady-state probabilities of
RYR occurring in the states of interest. All analyses were performed
using the program Origin (version 7.5; OriginLab). Least-squares
fitting of Eq. 5 was performed in Origin. Maximum likelihood
fitting of Eq. 8 was performed in Mathematica. The errors are
given as the standard error of the fit, where applicable.

Derivation of models

RYR gating. For calculating the open probability of the RYR
channel, we used two gating models that were shown to satisfy
the calcium dependence of activation of the wild-type cardiac
RYR in planar bilayers (Zahradnik et al., 2005). The two models
of RYR gating, the fully cooperative extended minimal gating
(EMG) model (Zahradnikova et al., 1999) and the allosteric
EMG (aEMG) model (Zahradnik et al., 2005), were based on the
homotetrameric concept of RYR function. To account explicitly
for the effect of Mg* on channel activity, the models were ex-
tended here to include the competition between magnesium
and calcium for the RYR activation sites. Furthermore, we in-
cluded the steady-state inhibition of the RYR channel by Mg*
ions as an independent process, as described in Zahradnikova
et al. (2003). The inhibition site does not distinguish between
Ca? and Mg2+ ions (Meissner et al., 1986; Laver et al., 1997).
However, because [Ca?'] << [Mgz*] during the diastole, we have
disregarded Ca®" binding to this site. Although the models are
based on the previously published gating core (Zahradnik et al.,
2005), we changed the model acronym from EMG to HTG (homo-
tetrameric gating) to underline their homotetrameric concept.
The prefix “a” will stay for allosteric.

In the HTG model, the channel opens only when all four diva-
lent ion-binding sites are occupied by calcium (Zahradnikova
etal., 1999) and, at the same time, the channel is not inhibited
by Mg** (Zahradnikova et al., 2003). The gating scheme of this
model was obtained (see supplemental material) by extending
the original EMG model for MgQ* binding, assuming that only one
divalent ion can be bound to the activation site of each RYR
monomer. Additionally, Mg*" was assumed to bind to the RYR in-
hibition site with a Hill slope of 2. Using the same methodology as
described previously (Zahradnik et al., 2005), the expression for
combined Ca*/Mg* dependence of the RYR open probability
was derived as
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Pé”c = ([Ca]" Ko K Kyg' (Koao + Kor)) / ([Cal* Ky (1 + Kep +
Ker Ker) Kouo + Ko Ker (1 + Koso) Kor) + 4[Cal® Key Ker, Ko KMg3
Kog Kor (Kyg + [Mg]) + 6[Cal® Kc.” Kor, Ker KMg2 Kouo Kor, (Kyg +
[Mg] )2 +4[Ca] Kc,” Ko Ko Kyig Koo Kor, (Kyg + [Mg] )% +Ke!
Ker, Ker Koo Kor, (Kyig + [Mg])4) x K/ (K + [Mg]z), (1)

where [Ca] and [Mg] are the free cytosolic concentrations of Ca*
and Mgg*. The set of equilibrium dissociation constants, K, for
each channel transition is described in detail in Table I and in the
supplemental material. It should be noted that despite the in-
creased complexity of the gating scheme, only one new parame-
ter, Ky, was included in the HTG model.

In the allosteric HTG (aHTG) model, which is obtained by ex-
tending the original aEMG model (Zahradnik et al., 2005) to in-
clude Mg2+ binding, the channel can open even without any
divalent ion bound to the binding sites if it is not inhibited by
Mg** at the inhibition site (Zahradnikova et al., 2003). Divalent ion
binding is coupled to channel opening through allosteric transi-
tions that modulate channel open probability. The gating scheme
of this model was also obtained (see supplemental material) by
assuming that only one divalent ion can be bound to the activa-
tion site of each RYR monomer. Additionally, Mg** was assumed
to bind to the RYR inhibition site with a Hill slope of 2. The Ca%/
Mg2+ dependence of the RYR open probability is then

PyATC = (Ker Ker ([Cal fMg4 KMg4(f(‘.a4 Kooo + Kov) +4[Ca] fc,’ g
K Kaig Ko (fug Ky + [Mg] )® + fea! Kea* Kor (fug Kagg + [Mg] )+
4[Ca]® fc, fMg3 Kea KMgS Kor. (fug Kaig + 2[Mg]) + 6[Cal® fc,® fMg2
Ko KM,; KoL (f\lg2 KMg2 + 4fyg Kagg [Mg] + [Mg]Q) )/ ([Cal* fMg4
KMg4 (Ker Ker Kot + fea' Kooo (1 +Ker (1 + Ke, + Ker, Kow))) +
4[Ca] fo,° fig Kei' Ker Kar Kag Kor (fMg3 KMg3 (1 + fea Kooo) + SfM;
KMg2 (1 + fea fag Kooo) [Mg] + 3ty Kygg (1 +fea fMg? Kooo) [Mg]2 +
(1 +fea fMg3 Koo) [Mgls) + o' Kea' Ko Ker Kot (fMg4 KMg4 I+
Kow) + 4fMg3 KMg3 (1 + fuig Kooo) [Mg] + 6fMg2 KM,; (I+ fMg2 Kooo)
[Mg]Q + Ay Kagg (1 4+ fMgS Kooo) [Mg]3 +(1+ fMg4 Kooo) [Mg]4) +
4[Ca)® fc, fMg3 Kea Ker Kex KNIgS Kor. (2[Mg] + fyg (Kyg + fea” K
Koo + fea® Koo [Mg])) + 6[Cal® fc,® fMg2 Keo? Ko Ko KMg2 Kor

The set of equilibrium constants, K,, and allosteric factors, f,, is de-
scribed in detail in Table I and in the supplemental material. It should
be noted again that the increased complexity of the aHTG gating
scheme is described with only two new parameters, Ky, and fy.

Steady-state frequency of sparks. After activation of calcium re-
lease, RYRs become refractory to further activation (Sham et al.,
1998; Terentyev et al., 2002; Szentesi et al., 2004; Sobie et al., 2005;
and Kubalova, Z., A. Zahradnikova, and I. Zahradnik. 2001. Bio-
physical Society 45th Annual Meeting. Abstr. 592). Refractoriness
is not fully understood but includes luminal regulation of RYR ac-
tivity by Ca* (Terentyev et al., 2002; Szentesi et al., 2004; Sobie et al.,
2005) and activation-dependent inactivation of RYRs (Zahradnikova
and Zahradnik, 1996; Sham et al., 1998; Zahradnikova et al., 2007).
Therefore, the period between the onsets of two consecutive
sparks at a single CRU consists of three components: the duration
of release itself (), the refractory period (t,), and the idle time
(t;). The duration of release (,) was defined as the mean of the
release durations of individual sparks, which have been shown to
be approximately equal to the time to the peak of calcium sparks
(Smith et al., 1998) or to the full width at half~maximum of cal-
cium spikes (Zahradnikova et al., 2007). The refractory period was
defined as the mean duration of the refractory periods after indi-
vidual sparks. The idle time (#;) was defined as the mean duration
of the period between recovery from refractoriness and activation
of a subsequent spark. During the idle time, the CRU is inactive,
neither refractory nor releasing, but ready for activation. Idle time
ends by the first RYR opening within the CRU, which demarcates
activation of the subsequent spark. According to this mechanism
of calcium release activation, each CRU may produce at most a
single spark (either spontaneous or triggered) during the period
(ta + ty). Activation of additional RYRs in the CRU will be dealt
with in the following section, Distribution of active RYRs in sparks,
because it does not affect calcium spark frequency.

Taking into consideration that openings of RYR channels are
equivalent, the CRU idle time (f;) can be related, in analogy to
the closed time of other single-channel ensembles (Kunze et al.,
1985), to the mean closed time 7o= 7, (1/P, — 1) of a single RYR
channel and to the number of RYRs in the CRU, ngyg:

(4 Kugg [Mg] + IME1* + furg® (Kugg® (14 fou® Kow) + 26’ Kugg =t W=l ®)
Koo [Mg] + fca2 Koo [Mg]g))) X K12/ (KI2 + [Mg]2)- (2) ’ Tryr TRy
TABLE |
Parameters of RYR gating
Parameter HTG aHTG Comments
Ke, (pM) 1.36 0.6 Zahradnik et al., 2005
Kyg (M) 431 +£12 79+8 Fitted parameter
fea N/A 0.046 Zahradnik et al., 2005
fug N/A 1.40 + 0.05 Fitted parameter
Kooo N/A 10,800 Zahradnik et al., 2005
Koo 0.00219 N/A Zahradnik et al., 2005
Kor, 0.5 0.5 Zahradnik et al., 2005
Ker 0.0333 0.89 Zahradnik et al., 2005
Ker 3.0 3.0 Zahradnik et al., 2005
K (LM) 760 760 Zahradnikovd et al., 2003
[Mg] (mM) 1.0 1.0 Lukyanenko and Gyorke, 1999

The corresponding gating schemes are shown in the supplemental material. N/A, not applicable. K¢,, calcium dissociation constant of the ion-free

closed state C0O0. Ky, magnesium dissociation constant of the ion-free closed state C00. Ko, dissociation constant of the ion-free open state O00. Koy,
dissociation constant of the open state O40. f¢,, allosteric factor coupling calcium binding to channel opening. fy,, allosteric factor coupling magnesium

binding to channel opening. Ky, dissociation constant of the L-mode open state OL. K, dissociation constant of the L-mode closed state CL. K,

dissociation constant of the inactivated state I. K;, inhibitory constant of Mgz* ions at the divalent inhibitory site. [Mg], free Mg2* concentration.
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where 74 is the mean RYR open time that has been estimated under
conditions close to physiological by Gaburjakova and Gaburjakova
(2006). The probability of RYR opening, Py, can be calculated
using Eqgs. 1 or 2. The mean number of RYRs per CRU, ngyg,
characterizing the size of CRU, has been estimated experimen-
tally (Table II).

The frequency of sparks at a single release site is the inverse of
the mean period between sparks:

Jsparke =1/ (b + 1y + L) (4)

Now, if the number of release sites per unit of volume (numerical
density) is vegy, the frequency of sparks in a volume unit is CPSP,,,,::

O, = Very
Ssparf b
3 Ly tly+Tp (I/P() _1)/nRyR

(5)

where Py is expressed using the HTG or aHTG model (Eq. 1 or
Eq. 2, respectively). All other parameters are summarized in
Tables I and II.

In a typical laserscanning confocal microscopic experiment,
calcium sparks are collected at a random line scanned longitudi-
nally along the myocyte. The volume sampled by the confocal
microscope per distance, £ =100 pm of the line scan, Vj, was
calculated as

Vs =lRyR, =36 pm’, (6)

where Ry = 0.4 pm and R; = 0.9 pm (Lukyanenko et al., 1999) is
the resolution of the confocal microscope in the y and z direc-
tions. This estimate is in approximate accordance with the simula-
tions of the relationship between the spark amplitude and the
distance from the focal plane (Smith et al., 1998). The value of
Vi, = 36 pm3 was used for estimation of the observed spark
frequency, Fpun:

F:Spark = chparles (7)

Distribution of active RYRs in sparks. The number of RYRs re-
cruited in a spark by the first (either spontaneous or dihydro-
pyridine receptor [DHPR] triggered) RYR openingis determined
by the probability that a single recruited RYR channel will be
open during a spark (po), i.e., the fraction of time a recruited
RYR is open during the spark on average, and by the number of
RYRs in the CRU (ngyz). The probability, Pno, that the exact
number n, of RYR channels out of the total ngyz in the CRU will
be open during the spark, i.e., that exactly n, — 1 independent
RYR channels will be recruited by the first RYR opening, is given
by the binomial distribution

Pno _ (’ﬂRyR - 1] (p())no* 1 _ (1 _ p())nRT,ganJr 1. (8)

ny —1

Eq. 8 was used to find the value of p, for a given ngy in the
CRU by fitting the experimental data of Wang et al. (2004)
(see Fig. 2).

Coupling fidelity. In general, the extent of CRU activation
is based on coupling of stochastically operating RYRs to the
opening of a channel that increases calcium concentration in
their vicinity. That channel can be either a DHPR channel,
as in the case of calcium release triggered by excitation, or an
RYR channel, as in the case of spontaneous sparks. By defini-
tion, coupling fidelity (Pg,) is the probability that a single open
channel will activate any channel in the CRU (Zhou et al.,
1999), and therefore it is equal to the complement of the prob-
ability that no channel will be activated (for an explanation see
Bridge et al., 2008).

n

By =1-(1-p)", ©)

where the probability, p, is equal to the open probability of RYR
channels of the CRU during the coupling process, and the expo-
nent 7 is equal to the number of RYRs in the CRU that may un-
dergo activation. The probability, p, can be calculated from the
known coupling fidelity as

p=1-3f1-Fy,

where all symbols have been defined previously.

Eq. 9 allows us to compare the coupling fidelity within the
CRU (""Pg,)) with the coupling fidelity between a DHPR open-
ing and activation of the first RYR during an evoked spark
(""P¢), which has been previously estimated under several
conditions (Zhou et al., 1999; Zahradnikova et al., 2004;
Poldkova et al., 2008). Conversely, Eq. 10 allows calculation of
the open probability, p,, of the RYRs in the CRU during their
activation by DHPR channels from the known DHPR-RYR cou-
pling fidelity, "*Pe.

(10)

Online supplemental material

The supplemental material provides a detailed description of the
HTG and aHTG models used for derivation of Egs. 1 and 2; a
description of the calculations of state probabilities of the aHTG
model, which was used for calculations depicted in Figs. 3 and
4; and estimation of coupling fidelity between RYRs in the CRU
(RRPC,,I) based on the procedure used in Poldkova et al. (2008).
Online supplemental material is available at http://www.jgp.org/
cgi/content/full/jgp.200910380/DC1.

TABLE 11l
Parameters of the spark frequency model
Parameter HTG aHTG Comments
To (ms) 15 15 Gaburjakova and Gaburjakova, 2006
tq (Ms) 15 15 Brochet et al., 2005; Kubalova et al., 2005; Terentyev et al., 2006;
Zahradnikova et al., 2007
tp (Ms) 1,300 = 280 713 + 80 Fitted parameter
NRyR 182 182 Soeller et al., 2007
VCerRU (pm’ﬁ) 1.01 1.01 Soeller et al., 2007

To, mean RYR open time. t,q4, release duration, approximately equal to the time to peak of calcium spark (Smith et al., 1998). t

p» Tefractory period for

calcium release. ngyr, number of RYR channels in the release site. vcry, the numerical density of calcium release sites.
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RESULTS

In the cell, the relationship between activation of RYRs
and the properties of calcium sparks is reflected in the
frequency of calcium sparks and in the number of open
RYRs that constitute sparks. The conjectures are that
the spark frequency in resting myocytes should be quan-
titatively related to the resting cytosolic calcium concen-
tration, that the number of open RYRs in the spark
should be quantitatively related to the calcium concen-
tration in the dyadic gap during the spark, and that
both processes can be described by the same calcium
dependence of RYR open probability. To test specific
hypotheses on calcium-dependent gating of RYR chan-
nels within the CRU against experimental data on cal-
cium sparks, we used mathematical relations describing
the CRU system, which were derived in the Materials
and methods section.

Calcium dependence of spark frequency

The calcium dependence of calcium spark activation
was studied in saponin-permeabilized rat myocytes by
Lukyanenko and Gyorke (1999). We used this unique
published dataset to test the hypothesis that the sponta-
neous (or better to say the basal) spark activity at resting
free cytosolic calcium concentration corresponds di-
rectly to the activity of RYRs. The model of spark fre-
quency (Eq. 5) with either of the two models of RYR
gating described in Materials and methods was fitted to
the experimental data in the cytosolic Ca** range of
0.05-0.25 pM (i.e., under conditions in which no cal-
cium waves were observed). Their comparison is pre-
sented in Fig. 1. The parameters of RYR gating models
(Table I) were taken as published previously except for
Ky, and fy,, the new parameters characterizing Mg2+
binding to the RYR activation site, which were optimized by
fitting. The parameters characterizing the CRU (Table II)
were taken from the literature with the exception of the
refractory period, ¢,, for which quantitative estimates in
permeabilized myocytes were not available, and there-
fore it was optimized as well.

Fitting of the spark frequency model to the experimen-
tal data provided a very good result for the aHTG model
but a very poor one for the HTG model (Fig. 1). The fit
for the HTG model was not improved even when all RYR
gating parameters were set free for optimization (unpub-
lished data). Because the HTG model failed to fit the
calcium dependence of spark frequency, even though it
approximated very well the single wild-type RYR channel
gating data (Zahradnik et al., 2005), we conclude that
the allosteric interaction, the specific feature embedded
only in the aHTG model, is essential for relating RYR gat-
ing to spark frequency.

There were three parameters in the aHTG and the
spark frequency models set free for fitting the data: the
microscopic Mg** dissociation constant Ky, the allosteric

407
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000 005 010 015 020 025 0.30
Calcium concentration (uM)

Figure 1. Approximation of the calcium dependence of spark
frequency. Symbols with error bars represent data on permeabi-
lized myocytes from Lukyanenko and Gyorke (1999). The lines
represent the best fits by Eq. 5 with parameters shown in Tables I
and II for the aHTG (solid line) and HTG (dashed line) models.
Both the experimental and model data were obtained at 1 mM of
free Mg®" in the cytosol. The abscissa shows the cytosolic calcium
concentration.

factor fy,, and the refractory period #,. The fitted value
of Ky 79 £ 8 pM, was close to the recently reported
value for the apparent K, of calcium spark inhibition
(100 pM; Gusev and Niggli, 2008) and comparable with
the value of the apparent Ky, obtained from the phenom-
enological model of Ca—Mg competition (250 + 150 pM;
Zahradnikova et al., 2003). The two orders of magnitude
difference between K, and K¢, is in accordance with the
chemistry of Mg®" and Ca®* ions.

The value of the allosteric coupling factor for magne-
sium, fy,, which is 1.40 = 0.05, brings about a threefold
reduction of the channel open probability between its
divalents-free and fully Mg*-bound activation sites. In
contrast, the allosteric factor for calcium, f¢,, is much less
than one (Zahradnik etal., 2005) and provides a 200,000-
fold increase of open probability of a fully Ca**-bound
channel over a divalents-free channel. This means that,
in the case of Ca®, there is a strong positive allosteric
coupling, whereas in the case of Mg*, there is a weak
negative allosteric coupling between ion binding to the
RYR activation sites and opening of the channel.

The value of the refractory period, #,, of 718 + 80 ms,
obtained here by fitting experimental data measured in
the presence of EGTA (Lukyanenko and Gyorke, 1999),
is close to the refractory periods observed in the pres-
ence of high affinity calcium buffers EGTA (~1 s [Sham
etal., 1998] and 300-400 ms [Terentyev et al., 2002]) or
DM-nitrophen (720 + 32 ms; Szentesi et al., 2004). In the
absence of EGTA, the value of t, should be shorter, as
high affinity calcium buffers might slow down SR refilling
by their slow unbinding of Ca** (Sham et al., 1998; and
Sham, J.S., L.S. Song, M.D. Stern, E.G. Lakatta, and H.
Cheng. 1999. Biophysical Society 43rd Annual Meeting.
Abstr. 385). Indeed, the refractory period observed in
intact resting myocytes was ~150 ms (Sobie et al., 2005).

Zahradnikova et al. 105



It can be concluded that the observed frequency of
spontaneous calcium spark activation is consistent with
the theory of RYR gating based on allosteric interac-
tion between binding of divalent ions and channel
opening and with the known CRU size, construction,
and distribution.

Quantal distribution of calcium release flux

The relation of CRU size to the amplitude of calcium re-
lease flux, or in other words, how many RYRs make a
spark, is not well known (for reviews see Rios and Brum,
2002; Cheng and Lederer, 2008). The probability distri-
bution of calcium release fluxes of calcium sparks was
studied in intact rat cardiac myocytes by Wang et al.
(2004). In these original experiments, calcium sparks
were evoked repetitively from a calcium release site un-
der the sarcolemma, and the measured calcium release
fluxes were quantified. By comparing the rising phase of
the sparks with the kinetics of calcium binding to the in-
dicator fluo-3, Wang et al. (2004) determined spark cal-
cium release fluxes (effectively, the rising rates of the
calcium sparks) and revealed their quantal character.
They interpreted the quantal character of the calcium
release flux as the consequence of dynamic recruitment of
small, variable cohorts of RYRs. The number of recruited
RYRs was estimated between one and eight (Fig. 2),
which is unexpectedly low for a CRU containing up to
a few hundred RYRs. We tested the consistency of this in-
terpretation with the aHTG model of RYR gating derived
and optimized in this study. To this end, the probability,
po, that a single RYR channel will be open during a spark
was estimated and compared with the predictions of the
aHTG model. At first, the probability, P, that the exact
number, nq, of independent RYR channels out of the total
ngyr in the CRU will open during the spark (Eq. 8) was fit-
ted to the observed distribution of the control dataset of
Wang et al. (2004) in the whole range of n, (1 — ngyg) as
shown in Fig. 2 A for n, < 8. For a typical CRU containing
182 RYRs (Soeller et al., 2007), the method of maximal
likelihood provided a p, of 0.0093, which corresponds
to a mean of 2.68 simultaneously open RYRs during a
typical spark (i.e., to 1.68 RYRs recruited by one DHPR-
triggered RYR opening). The same approach was used to
reproduce the distribution of calcium release current
amplitudes in the presence of the RYR channel inhibitor
tetracaine (Fig. 2 B). The effect of 100 pM tetracaine was
fitted with a po of 0.0014; that is, 15% of control, which
corresponded to a mean of 1.27 simultaneously open
RYRs (i.e., to 0.27 RYRs recruited by one DHPR-triggered
RYR opening).

The question is how this low p, reconciles with the gat-
ing of RYRs. Equipped with the allosteric mechanism, a
RYR channel can open even without divalent ion bind-
ing; that is, only by internal transitions caused by thermal
agitation. The aHTG model (Table I) predicts that RYR
can open also from Mg*-bound states with a total P, of

106 Calcium sparks and RYR gating

A 044 B 01
3 8
e 2 o084
qtg 0.3 = at)
3 3
8 8 0.6
« 024 -
2 S 04
2 2
5 3

0.1
P 8 024
= [
o o

0.0 0.0

1.2 3 4 5 6 7 12 3
ISpark (quantal units) or n Ispark (quantal units) or ng

Figure 2.  Approximation of the distribution of calcium release

fluxes (Is.i) with the theoretical distribution of the number of
open RYRs in sparks. (A) Black bars represent the probability
distribution of spark fluxes recorded under control conditions
(Wang et al., 2004 and their Fig. 2) expressed in units of the ele-
mentary quanta of calcium release flux. White bars represent the
probability distribution of the number, 7., of RYRs open during
spark, which was calculated using Eq. 8. (B) The same compari-
son as in A for the sparks measured in the presence of tetracaine
(Wang et al., 2004).

2 x 107° (Eq. 2). The contribution of RYRs occupied by
different numbers of Mg** and Ca*" ions (i.e., RYR ionic
forms CaMg;RYR with i +j < 4) to the overall steady-state
open probability (Fig. 3 A) was expressed as the products
of the probability of occurrence and the open probability
of these ionic forms (see supplemental material). It was
the largest for MgRYR (P x PJ*=6.2x107%), CaMg;RYR
(Pisx P)*=5.0 x 107°%), and MgsRYR (P x Py = 2.8 x
107°%) forms.

Immediately after opening of the first RYR, the ionic
conditions at the CRU change dramatically. Therefore,
steady-state probabilities of channel states cannot be
used under these conditions. Calcium reaches saturat-
ing concentration (~100 pM; Valent et al., 2007), and in
~0.2 ms (Zahradnikova et al., 1999) it binds to all free
RYR-binding sites (see Fig. 3 B and supplemental mate-
rial for the contribution of individual states to the open
probability). Because the calcium-binding step is much
faster than other channel transitions, the increase of
open probability caused by calcium binding can be
calculated analytically, without having to resort to the
differential equations of the model (see supplemental
material). The overall open probability resulting from
rapid calcium binding is 6 x 10™*, still much less than the
estimated p,. The expected level of open probability
may be reached only if some Mg*" ions are liberated
from the RYR activation sites because the emerging diva-
lentfree sites can be immediately occupied by Ca®* and
the open probability can be further increased. Even a
small fraction of dissociated Mg*" ions will strongly in-
crease the RYR open probability because Py, steeply in-
creases with each Mg** replaced by Ca** (Fig. 3 D). To
maintain consistency with the data of Wang et al. (2004),
we expressed the value of p as a function of the mean
fraction of Mg** dissociated from an activation site.
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This non-steady-state calculation could again be per-
formed analytically (see supplemental material) because
it calculates the integral of Mg** dissociation for the pe-
riod reflected in the measurements of Wang etal. (2004).
To achieve p,=0.0093, the fraction of RYRs from which
one, two, three, or four (n) Mg2+ ions dissociate has to be
0.25" i.e.,0.25,0.063, 0.016, and 0.004, respectively (see
supplemental material). Therefore, the mean number
of Mg* ions bound to the RYR would decrease from
3.68 at rest to ~3.25 during the spark. The contribution
of individual ionic forms of RYR to the open probability
during the sparks resulting from the aforementioned
changes in occupation by Mg*" is shown in Fig. 3 C.
Another question is how the low value of p, reconciles
with the postulated high coupling fidelity between the
first RYR opening and the remaining openings (i.e., with
the notion that the first RYR opening activates the whole
CRU; Stern, 1992; Zahradnikovd et al., 2007). Using Eq. 9,
p=po=0.0093 and n = npyr— 1 = 181, we obtain Py, =
0.82. An alternative estimate of coupling fidelity based
on published values of coupling fidelity between DHPR
and RYR channels ("*Pg,) and on current amplitudes
and open times of these channels (see Eq. S27 of the
supplemental material) provided RRPCM =0.96, which cor-
responds to po=0.018 (Eq. 10). Although calculation
according to Eq. 10 makes no assumptions regarding
the distance between the triggering and the triggered
RYR, calculation according to Eq. S27 assumes that the
triggering and the triggered channels are the nearest

Figure 3. Contribution of different
divalent ion-bound states to RYR
open probability. (A) Resting condi-
tions (50 nM Ca* and 1 mM MgQ*;
Eqgs. S18 and S19 of supplemental
material). (B) Immediately after
opening of the first RYR (100 pM
Ca* and 1 mM Mg*) and binding
of Ca®* ions to all free RYR-binding
sites (Eqgs. S20 and S21 of supple-
mental material). (C) At the steady
state (100 pM Ca*" and 1 mM Mg*)
after a decrease in the mean num-
ber of RYR activation sites occupied
by Mg from 3.68 to 3.25 (Eqs. S22
and S23 of supplemental material).
(D) The maximum open prob-
abilities of RYRs fully occupied by
divalent ions at different Ca?*/Mg2+
ratios (Nc,/Nyg) -

4/0 311 2/2 1/3 0/4

neighbors. The values of 0.82 and 0.96 may be viewed as
the low and high estimates of the coupling fidelity be-
tween RYRs. Both calculations show that the low value of
po during the spark is not at odds with a high RYR-RYR
coupling fidelity.

It can be concluded that the observed quantal distribu-
tion of spark calcium release flux requires the vast ma-
jority of RYR channels to stay closed during the spark.
According to the aHTG model with parameters opti-
mized for the description of spontaneous spark fre-
quency, this can be explained by occupation of most
RYRs by two or more Mg*" ions at their activation sites.
Calcium release flux during the sparks is generated by
the small fraction of RYRs occupied by at most one Mg**
and three or four Ca*" ions.

Effects of RYR gating, couplon properties, and cytosolic
Mg?* concentration

Under pathological conditions, the frequency of calcium
sparks in the diastole or at rest is increased (Kubalova
et al., 2005; Song et al., 2005; Fernandez-Velasco et al.,
2009), probably as a result of changes in RYR gating
(Yano et al., 2006). To elucidate this observation, we
have simulated the effects of changes in individual pa-
rameters of the model and evaluated their impact on
the RYR open probability, on the calcium spark fre-
quency, and on the number of open RYRs in sparks.
The parameters of RYR gating estimated previously
(Zahradnikova et al., 2003; Zahradnik et al., 2005) from
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independent bilayer experiments (Li and Chen, 2001;
Zahradnikova et al., 2003) or in this work (Table I) were
used as standard parameters.

The effect of variation of model parameters is com-
pared in Fig. 4. The analysis suggests that the diastolic/
resting open probability can vary by an order of magni-
tude under the influences that modify parameters affect-
ing RYR gating to half or twice the standard value (Fig. 4,
left column). Of note is the effect of Mg**-related param-
eters, especially the unexpectedly pronounced sensitivity
to fy, that reveals a potential pharmacological target. The
extent of simulated Mg** concentration changes exceeds
normal variability in vivo, except for acute ischemia
(Murphy et al., 1989), but should be considered in de-
sign and interpretation of experiments in which non-
physiological concentrations of Mg** are occasionally
used. The frequency of calcium sparks is sensitive to all
interventions, especially to changes in allosteric coupling
of Mg*" binding to channel opening and to changes in
Mg?** concentration. There is a close correlation, albeit
not linear, between the variation of the open probability
and of the frequency of spontaneous sparks. The refrac-
tory period does not have a significant impact on the
spark frequency at 50 nM cytosolic calcium; however, for
cytosolic calcium levels above 100 nM, the prolongation
of £, may become a spark frequency limiting factor (un-
published data). In most cases, the higher the cytosolic
calcium level is, the more pronounced are the effects of
parameter variation, except for the allosteric factor for
magnesium, fy,, whose contribution decreases with in-
creasing calcium and even ceases in the systolic Ca** con-
centration range.

The sensitivity of the number of RYRs recruited dur-
ing the spark to parameter variation is markedly differ-
ent from that of spark frequency. The value of the mean
no is substantially influenced by fo,, Ky fue Kp and
[Mg*] through their modulation of the distribution of
the number of Mg** ions bound to the RYRs. The param-
eter K¢, although affecting the spark frequency, does
not have a significant effect on n,. Interestingly, the
mean number of open RYRs in a spark is relatively insen-
sitive to the cytosolic Ca level unless Mg** concentration
is decreased. The refractory period (¢,) does not affect
no (unpublished data) because it has no relation to the
equilibrium distribution of RYR gating states.

In the high Ca*" concentration range, at which mea-
surements of RYR activity are typically performed, the
effects of parameter variation on P, were accompanied
by shifts of the apparent K¢, Again, the role of Mg**-
dependent parameters Ky, and K;as well as the effect of
cytosolic [Mg*] were dominant. It is apparent that the
effect of parameter variation on P, is substantially differ-
ent at low and high calcium concentrations. The alloste-
ric factor f,is the mostillustrative in this respect because
its variation has no effectin the micromolar calcium con-
centration range but the strongest effect in the diastolic
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calcium concentration range. Therefore, conclusions or
predictions regarding diastolic open probability and
spark frequency cannot be safely made from measure-
ments of RYR activity in the micromolar calcium con-
centration range.

Variability of the CRU

The variability in the number of DHPR channels per
CRU (Inoue and Bridge, 2005) as well as in the quantal
substructure of sparks (Wang et al., 2004) indicates that
individual CRUs differ in their size. It is clear that the
numerical density and the size of CRUs vary within myo-
cytes (Soeller et al., 2007; Hayashi et al., 2009). For
many reasons (e.g., as a result of ontogenesis, work load,
or diseases), the amount of expressed RYRs, that is, the
size of CRU as well as the distribution of RYRs between
CRUs, may also vary considerably (Vatner et al., 1994;
Dan et al., 2007). Predictably, it should have functional
consequences because both vepy and ngyg affect spark
frequency (Eq. 5).

Variation of the total number of RYRs to 200 or 50%
of the default value was implemented as variation in the
numerical density of CRUs (vgy), in the size of CRUs
(ngyr), or as a proportional variation of both. Simulated
effects of changes in the numerical density of CRUs on
spark frequency are shown in Fig. 5 A. It should be
noted that these changes are accompanied by a change
in the mean distance between two CRUs on the same
Z line and by increased steepness of the observed cyto-
solic calcium dependence of spark frequency. The mean
distance changed from 0.97 pm (Chen-Izu et al., 2006)
to 0.69 and 2.34 pm for increased and decreased CRU
density, respectively. Numerically identical results are
obtained if, at a constant numerical density of the CRU,
the volume (V) sampled by the confocal microscope is
varied (Eq. 7).

The effect of varying the mean number of RYRs per
CRU, i.e., the size of CRU, is shown in Fig. 5 B. In this
case, neither the distance between CRUs nor the steep-
ness of the cytosolic calcium dependence of spark fre-
quency is changed. Changes in the size of CRUs lead to a
much less prominent alteration of spark frequency than
changes in the numerical density of CRUs.

A proportional change in both vczy and ngyg to
V2 and v (1/2) of their original values, respectively, also
results in a change of the mean distance between two
CRUs on the same Z line, in this case to 0.82 pm and
1.15 pm, respectively. The effect on spark frequency is
intermediate (Fig. 5 C).

The effect of the clustering of RYRs into CRUs of vari-
ous sizes is shown in Fig. 5 D. In this case, the total num-
ber of RYRs was kept constant. The distance between
CRUs is changed from 0.97 pm to 0.69 and 2.34 pm. It
can be seen that redistribution of RYRs has very little
effect at low cytosolic Ca® values, but the effect becomes
prominent at elevated Ca*".
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Figure 4. Simulated calcium dependences of RYR open probability, of calcium spark frequency, and of the mean number of open
RYRs. Black lines are the results of simulations with standard parameter values (Tables I and II). The red and green lines correspond to
the 200% and 50% change, respectively, of the parameter (indicated on the left) relative to its standard value. The abscissas show the
cytosolic calcium concentrations. Ordinates are specified above each column.

It transpires that increasing the size of CRUs represents a
safer strategy for regulation of SR calcium content than in-
creasing the number of CRUs because the latter also may
cause an increased danger of wave propagation as a result
of the reduced distances among neighboring CRUs.

DISCUSSION

This study scrutinizes the relation between calcium sparks
and RYR gating in cardiac myocytes. The results revealed
that the allosteric principle of RYR gating is at the heart
of the calcium signaling system generating local calcium
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Figure 5. Simulated calcium dependence of calcium spark fre-

quency (Fy.s) and its variation with the size and distribution of
CRUs. (A) The effect of varying the numerical density of CRUs
(vcru) at a constant CRU size (nzyg). (B) The effect of varying the
CRU size (ngyg) at a constant numerical density of CRUs (v¢gp).
(C) The effect of varying the overall number of RYRs by chang-
ing vepp and npyg by the same extent. Parameters corresponding
to the overall number of RYRs equal to 100%, 200%, and 50%
of control are shown as black, red, and green lines, respectively.
(D) The effect of varying the numerical density of CRUs (v¢p) ata
constant overall number of RYRs (i.e., by changing the size of the
CRUs [ngyz] in the direction opposite to that in C). The red line
shows the case when vy was increased to 200% and, at the same
time, the CRU size (ngzyz) was decreased to 50% of the default
value. The green line shows the case when vy was decreased to
50% and the CRU size (ngyp) was increased to 200% of the default
value. Abscissas show the cytosolic calcium concentrations.

release that is known to regulate both the SR calcium
content at rest and the rate of calcium release upon stim-
ulation. Introduction of this principle enabled theoreti-
cal description of the calcium dependence of spontaneous
calcium spark frequency and of the quantal distribution
of calcium spark release fluxes based on gating of inde-
pendent RYRs in the CRU.

Spark frequency

To study the relation of RYR activity to spark frequency,
we used a theoretical approach based on experimental
indications (Cheng etal., 1993; Lukyanenko and Gyorke,
1999) that the basal frequency of calcium sparks is di-
rectly related to RYR gating. With the assumption that
calcium sparks arise upon the first opening of any RYR
in the CRU, we have derived an equation for spark fre-
quency (Eq. 5) that accounts for the open probability of
RYRs and for the density and size of the CRUs. In addi-
tion to RYR open probability, the equation for the spark
frequency uses five parameters, four of which were taken
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or calculated from previously published experimental
data (Table II). With this equation, the task was to solve
the problem of RYR activity under resting cytoplasmic
conditions. Previously (Zahradnik et al., 2005), we have
solved RYR models for the calcium dependence of RYR
gating for diverse sets of experimental data in the high
calcium concentration range in the absence of magne-
sium. In the present study, we extended those RYR mod-
els for Mg** binding to account for the resting cytosolic
conditions at which the calcium spark recordings take
place. In the resulting HTG and aHTG models, six out
of seven and seven out of nine RYR gating parameters,
respectively, were taken as estimated in previous stud-
ies (Table I).

Approximation of the experimental calcium depen-
dence of spark frequency with the theoretical equation
(Fig. 1) was acceptable only if RYR gating was described
by the aHTG model (Eq. 2); that is, only if Mg** and Ca**
ions compete for the RYR activation site at each RYR
monomer and only if ion binding is allosterically coupled
to the channel opening. If the RYR states corresponding
to the allosteric gating transitions were not considered,
i.e., such as in the HTG model, unacceptable deviation
from the experimental data was obtained (Fig. 1). Addi-
tionally, the calcium dependence of the HTG open prob-
ability in the presence of Mg”*" (unpublished data)
deviated strongly from the experimentally observed
values (Laver et al., 1997; Gyorke and Gyorke, 1998;
Zahradnikova et al., 2003). These results underline the
central role of the allosteric principle in the regulation of
RYR open probability at resting/diastolic calcium con-
centrations and provide grounds for understanding the
failing RYR function in diseased myocardium.

Parameter analysis of the aHTG model revealed (Fig. 4)
that under resting cytosolic conditions, the changes in
parameter values and in cytosolic Mg®" concentration
may alter the frequency of sparks substantially, espe-
cially at increased diastolic calcium levels. The basal
spark frequency does not reach zero even in the com-
plete absence of calcium in the cytosol, but it is greatly
reduced when fy, and [Mgg*] are increased or when K;
is decreased. The effect of cytosolic Mg** on the rest-
ing calcium spark frequency, which is consistent with
our simulations, has been experimentally documented
(Lukyanenko et al., 2001; Gusev and Niggli, 2008).

RYR gating models that do not include Mg** bind-
ing to the RYR activation site (e.g., the aEMG model;
Zahradnik et al., 2005) may also fit the experimental data
on calcium dependence of spark frequency if K, and ei-
ther Koy or ngyg are left free for optimization and if Ca?
binding is kept allosterically coupled to channel open-
ing (unpublished data) because the allosteric coupling
of Mg*" binding to channel opening is very low. How-
ever, such models would not only miss the experimentally
established effects of Mg** on RYR activity but, and even
more importantly, models lacking Mg* binding would



fail to explain the quantal distribution of the spark
release flux (see section The number of RYRs open
during the spark).

Incorporation of Mg*" inhibition into the model
(Laver et al., 1997; Zahradnikova et al., 2003) provided
an inhibitory mechanism that has a striking effect on the
maximum RYR open probability at calcium levels corre-
sponding to an activated CRU. The Mg** inhibition site
on the RYR also has a suppressing effect on spark fre-
quency (see the effect of K;variation in Fig. 4) and there-
fore represents an important stabilizing factor.

The size of the CRU

Recently, it has been reported that in the mouse ventri-
cle, there is a high variability in the size of the CRUs, and
the occurrence of a large number of closely spaced small
CRUs has been described using electron tomography
(Hayashi et al., 2009). New data from Baddeley et al.
(2009) also suggest that at least some CRUs may be sub-
stantially smaller than previously assumed. To assess the
effect of CRU size, we have analyzed the dependence of
the fitted model parameters Ky, fu,, and #, on CRU size
for two estimates of the total number of RYRs per cell,
which were previously considered as the upper and lower
estimates (Soeller et al., 2007; i.e., 182 and 78 RYRs per
CRU, corresponding to 5.5 x 10® and 2.4 x 10° RYRs per
30-pl cell). The analysis of simulations revealed that for
a given total number of RYRs, the estimates of RYR gat-
ing parameters are independent of CRU size, whereas
the refractory period, ¢,, is inversely proportional to the
size of CRU (i.e., directly proportional to the numerical
density of CRU; unpublished data). These relations fol-
low from Eq. 5, taking into consideration that %, >> .
Therefore, an increase of the number of CRUs at the ex-
pense of their size would result in a proportional in-
crease of t, for the observed calcium dependence of
spark frequency. Reducing the size of the CRUs to less
than ~30-50 RYRs would result in very large refractory
periods that are not realistic. Thus, we propose that the
groups of closely spaced small RYR clusters separated by
~20-nm gaps (comparable with the size of an RYR) that
were observed in mice (Hayashi et al., 2009) might be-
have as functionally coupled unless the spark frequency
in mice cardiac myocytes is not substantially higher than
in rats.

The number of RYRs open during a spark

The agreement between the data of Wang et al. (2004)
and the aHTG model prediction regarding the RYR open
probability during a spark (Fig. 2) is acceptable when
partial Mg*" unbinding is allowed. Although the rate of
Mg?** unbinding is not known, there are indications that
it should be in the millisecond range (Zahradnikova
et al., 2003); that is, comparable with the time scale of
spark duration. Acceptance of the aHTG model bears
the conclusion that during the spark, a very substantial

fraction of RYRs remains shielded with Mg** ions and has
avery low open probability. Consequently, a typical spark
should be produced by a small randomly activated co-
hort of RYRs. This subgroup need not be clustered to-
gether because the calcium level that increased as a result
of the first RYR channel activation is well above the cal-
cium dissociation constant at any RYR of the typical CRU
(Valent et al., 2007).

Calcium current flowing through a single RYR channel
as well as the calcium release flux through a single CRU
might not be constant (Song etal., 1998; Stern et al., 1999;
Brochet et al., 2005; Kubalova et al., 2005; Zahradnikova
etal.,, 2007), and therefore the assumption of Wang et al.
(2004) about the linear relationship between the extrap-
olated amplitude of the fluorescent signal and the cal-
cium release flux might not hold for the whole duration
of the spark. If we assume that the measurements of Wang
et al. (2004) reflect the time when the peak of release
flux is maximal (6.67 ms as estimated in Zahradnikova
et al., 2007), the rate constant of Mg®' unbinding re-
quired for the observed 25% dissociation of Mg** from
the activation sites would be 43 s™'. This value is three
times less than that for Mg®* unbinding from ATP, a
compound with affinity to Mg”" similar to that of the
RYR channel (koy = 1.5 x 108 M~ 571 kopr = 150 571,
and Ky, = 100 pM; Baylor and Hollingworth, 1998).
This slow rate of dissociation results in recruitment of
the mean number of 1.68 RYRs by the first RYR open-
ing (one to seven additional RYRs in individual in-
stances; Fig. 2).

Simulations using the aHTG model have revealed that
the RYR gating parameters and the cytosolic Mg*" affect
the number of open RYRs during a spark independently
of their effect on the spark frequency. This could not be
resolved experimentally because the change in spark
frequency induces a secondary change of calcium load
of the SR (Lukyanenko et al., 2001) that feeds back on
both the RYR open probability and on the single-channel
release flux. However, it has been shown that the
spark amplitude increases upon removal of Mg** (Gusev
and Niggli, 2008) and decreases upon the increase of
Mg*" (Lukyanenko et al., 2001), which is in agreement
with the simulations in which changes in cytosolic Mg**
concentration had a prominent effect on n, in the
observed directions (Fig. 4). Therefore, it is very likely
that the number of open RYRs participates substantially
in the variation of the spark amplitude with cytosolic
Mg?** concentration.

Comparison of spontaneous and triggered calcium sparks

Our results reveal that spontaneous and triggered cal-
cium sparks do not emerge from the same RYR states.
Spontaneous sparks originate in 75% from a random
opening of an RYR occupied by three to four Mg** ions at
the activation site. The very low maximum open proba-
bility of these channel forms (9 x 10”° for Mg,RYR and
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2.6 x 10~* for CaMg;RYR; Fig. 3 D) determines the very
low RYR open probability (2 x 107°) and the very low
probability of a single CRU activation (~0.003 for a CRU
containing 182 RYRs; calculated as t4/fg.x) under dia-
stolic conditions. In contrast, sparks triggered by in-
creased calcium in the dyadic gap occur with relatively
high probability. The DHPR-RYR coupling fidelity is in
the range of 0.05-0.7 (Zhou et al., 1999; Wang et al.,
2004; Polakova et al., 2008), which corresponds to an
RYR open probability of 0.0005-0.007 for a CRU contain-
ing 182 RYRs (Eq. 10). Eq. 10 also allows examination of
the role of individual RYR ionic forms during activation
of the calcium spark by a DHPR opening. Comparison of
the contributions of individual ionic forms of RYR to the
overall open probability at py = 0.0006 and 0.0093, the
po values similar to those of triggered RYR openings at
low and high coupling fidelity (Fig. 3, A and B, respec-
tively), allowing approximate estimation of the ionic com-
position of RYRs that open in response to the DHPR
trigger. At the lowest DHPR-RYR coupling fidelities
(p = 0.0006; Fig. 3 A), the first triggered RYR opening is
most often from an RYR occupied by one or two Mg*" ions
and two or three Ca* ions, whereas at the highest DHPR~
RYR coupling fidelities (p = 0.0093; Fig. 3 B), it is most
often from an RYR occupied by one Mg** and three Ca**
ions. These numbers are only approximate because they
do not take into account the repeated openings of multi-
ple DHPRs and the resulting reequilibration of RYR states
after subthreshold calcium increase in the dyadic gap
that occur at low coupling fidelity (Zahradnikova et al.,
2003, 2004; Polakova et al., 2008) and that participate in
the effect of the recent history of DHPR openings on
coupling fidelity (Zahradnikova et al., 2004).

After opening of the first RYR in a CRU, the difference
between spontaneous and triggered CRU activation
ceases. This is caused by the high single RYR channel cal-
cium flux that provides saturating Ca** concentration for
RYR activation in the gap of the dyadic junction. The in-
creased junctional calcium level strongly increases
the probability of RYR openings that manifests as high
RYR-RYR coupling fidelity within a CRU (0.92-0.96; see
Quantal distribution of calcium release flux in Results).
Although much higher than the fidelity of DHPR-RYR
coupling, for kinetic reasons it will result in a limited and
variable number of open RYRs during the spark.

General considerations

The general validity of this model of CRU activation can
be tested by comparing the relative amounts of calcium
provided with the cytoplasm by influx via DHPR chan-
nels and by calcium release via RYR channel. Assuming
2.68 open RYRs per spark with a calcium flux amplitude
of 0.5 pA per channel (Kettlun et al., 2003) and with an
open time of 15 ms (Gaburjakova and Gaburjakova, 2006),
the calcium charge of an average spark is Qgyr = 20.1 fC.
Assuming seven RYR channels per DHPR channel (Bers
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and Stiffel, 1993), a DHPR open probability of 0.1 (Rose
et al., 1992), ipypr = 0.084 pA at 0 mV (calculated us-
ing Eq. 525 in supplemental material), and assuming
that during stimulation each CRU generates a single
spark that will inactivate its adjoining DHPR channels
(Zahradnikova et al., 2004) within the duration of the
spark, the integral of calcium current through DHPRs
of one couplon is Qpppr = 3.3 fC. At a CRU density of
1 pm’3 (Soeller et al., 2007), the amount of calcium en-
tering the cytoplasm upon activation of all CRUs is thus
120 pmol/liter, in accordance with the experimental ob-
servations (Bers, 2001). Thus, our model predicts that
the contribution of calcium influx and calcium release to
the systolic calcium elevation is 14% and 86%), respectively,
which is quite consistent with the experimental estimates
(Bassani et al., 1994).

In-depth analysis of calcium sparks, allowed by the
presented theory, provides common ground for inter-
pretation of experimental observations as different as
spontaneous calcium sparks and triggered calcium re-
lease in cardiac myocytes. To summarize, the major find-
ings of this work give independent evidence that the
elementary quantum of calcium release flux observed by
Wang etal. (2004) corresponds to the opening of a single
RYR channel; they resolve the discrepancy between the
large number of RYRs in the CRU (Franzini-Armstrong
etal., 1999; Soeller etal., 2007), the high maximum open
probability of RYRs (Li and Chen, 2001; Gaburjakova
and Gaburjakova, 2006; Qin et al., 2008), the high cal-
cium concentration in the dyadic space when an RYR
channel opens (Valent et al., 2007), and the modest
number of RYRs simultaneously open during calcium
sparks (Bridge etal., 1999; Lukyanenko et al., 2000; Wang
et al., 2004) that has not been predicted by the CICR
mechanism. These findings also substantiate the ob-
served occurrence of calcium sparks in resting myocytes
(Lukyanenko et al., 2000). All of these observations are
based on the allosteric coupling of binding of divalent
ions to RYR opening and on Ca*/Mg*" competition.

Limitations

Most parameters of the models (Zahradnik et al., 2005)
used in this study were originally obtained by fitting ex-
perimental data from expressed RYR channels in planar
bilayers in the absence of calsequestrin, triadin, and
junctin (Li and Chen, 2001). However, the calcium sen-
sitivity and maximum open probability of expressed RYR
channels (Li and Chen, 2001) were similar to those ob-
served after maximal activation by luminal Ca* in the
presence of all auxiliary proteins (Qin et al., 2008). At
the same time, the calcium sparks analyzed in this work
were recorded in permeabilized myocytes, which showed
calcium waves in the absence of added EGTA, and the
properties of which resembled intact myocytes exposed
to 5 mM external Ca** (Lukyanenko and Gyorke, 1999).
Therefore, the fitted parameters of the presented model
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of spark frequency should be considered to represent
the conditions of a very high SR calcium load.

The calculation of the volume sampled by the confo-
cal line scan is quite simplified because we assumed that
sparks are fully detectable when they are positioned be-
low half-magnitude of the point spread function and un-
detectable otherwise. The fraction of detected sparks,
even if they are in the focal plane, is not known with cer-
tainty because it has been usually assumed that all sparks
have equal amplitude (Smith etal., 1998). The observed
sevenfold variation in the calcium release flux of sparks
(Wang et al., 2004) must result in unequal amplitude of
sparks as well, even if the relationship between the re-
lease flux and the amplitude of sparks is not straightfor-
ward (for review see Rios and Brum, 2002; Wang et al.,
2004). It is obvious that for the same calcium depen-
dence of spark frequency, a change in the sampled
volume (i.e., in the number of CRUs included in the cal-
culation) requires either a change in the number of
RYRs per CRU or in the refractory period (see The size
of the CRU). On the other hand, it should be pointed
out that the value of the sampled volume used in the cal-
culations has no significant effect on the estimated RYR
gating parameters.

The CRU system was modeled upon several supposi-
tions that may have impact on quantitative but not on
qualitative model predictions. For comparison, if the size
of CRU was 267, as estimated by Franzini-Armstrong et al.
(1999), the parameters of the aHTG and spark frequency
models would not change significantly, but the estimated
po would be 0.009 and 0.0019, respectively, for the con-
trol and tetracaine experiments of Wang et al. (2004).
Furthermore, the aHTG model was developed upon data
on RYRs in vitro (Li and Chen, 2001; Zahradnik et al.,
2005) or in permeabilized cells (Lukyanenko and Gyorke,
1999), whereas data on spark calcium fluxes were ob-
tained in intact cells (Wang et al., 2004). Therefore,
the extent of Mg®* unbinding during the spark, which
was determined in this study, has to be considered as
only approximate.

It has been shown that luminal calcium affects the
maximum open probability of RYR channels as well as
their apparent calcium sensitivity (Gyorke and Gyorke,
1998; Gyorke and Terentyev, 2008; Qin et al., 2008). At the
same time, luminal Ca®* has been shown to be a critical reg-
ulator of diastolic calcium spark frequency (Lukyanenko
et al.,, 2001; Terentyev et al., 2002). In the aHTG model,
control of RYR activity by the steady-state or diastolic lu-
minal calcium may be achieved by changes of either of
the allosteric factors fg, or fy, or by changes of the disso-
ciation constant of the calcium-free open state, Ko, but
not by changes in K; or K,. To distinguish between the
possible mechanisms, single-channel data at very low
open probabilities (i.e., in the cytosolic Ca®* range below
0.2 pM) should be acquired, which is not an easily feasi-
ble goal (Fig. 4, left column). Additionally, the prespark

level of luminal calcium and the kinetics of its decline
during the spark have been shown to affect the refracto-
riness of the CRU (Terentyev et al., 2002, Szentesi et al.,
2004) as well as spark duration (Terentyev et al., 2002).
Because changes in RYR gating affect termination and
refractoriness of the CRU (Domeier et al., 2009), the gat-
ing parameters of the RYR and the parameters ,, and ¢,
may not be fully independent. However, the relationships
between RYR gating and termination properties of the
CRU are not at present sufficiently understood to en-
able quantification.

Physiological significance

This study provides a platform for interpreting the effect
of physiological and pathophysiological modulations af-
fecting RYR channels on the activation of spontaneous
calcium sparks. From this viewpoint, the spontaneous ac-
tivation of a single calcium spark reflects the spontane-
ousopening ofasingle RYRin the CRU atresting/ diastolic
cytosolic calcium concentration. The relatively high fre-
quency of calcium sparks with respect to the opening fre-
quency of a single RYR is caused by numerous RYRs in
the release unit. The number of RYRs that activate dur-
ing a calcium spark is a fairly small fraction of all RYRs
presentin the CRU because of the prevalence of multiple
Mg*-bound RYRs and because of the slow Mg** unbind-
ing kinetics. This has important ramifications for the pro-
cess of calcium release termination: the low number of
RYRs activated during the spark and the shielding effect
of cytosolic magnesium dampen the positive feedback
inherent in the calcium-induced calcium release mecha-
nism and thus increase the room for stochastic attrition
of RYR activity.

This study shows that the flat calcium dependence of
calcium spark frequency is caused by the very low but sig-
nificant occurrence of Mg*-bound RYR open states, the
existence of which is a direct consequence of the alloste-
ric mechanism included in the aHTG model. This allo-
steric principle enables a very smooth control of SR
calcium load by regulating the frequency of spontaneous
sparks at the low diastolic levels of 50-100 nM Ca®*.

Cellular responses of cardiac myocytes at the level of
local calcium release that may result from physiological
or pathological stimuli (workload, development, hy-
poxia, energetic starvation, and morphological remodel-
ing) or from mutations in the RYR protein itself (such as
in catecholaminergic polymorphic ventricular tachycar-
dia and arrhythmogenic right ventricular dysplasia dis-
eases) share many common features. These may include
changes in the characteristics of RYR channels (divalent
ion sensitivity, strength of allosteric coupling, and intrin-
sic opening tendency), in the intracellular environment
(cytosolic concentration of free Ca** and Mg*), or in cel-
lular morphology (density and size of CRUs) treated in
this study. In healthy cells, the convergence of cellular re-
sponses may contribute to the robustness of physiological
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behavior as numerous influences that make up the
changes in contractility come to the local calcium release
by seemingly unspecific pathways. In pathologies, the
convergence of cellular responses implies that defects of
different origin having the same consequences may have
the same treatment, i.e., an intervention that compen-
sates for the defective molecular mechanism indirectly.
In other words, the RYR may represent a potential phar-
macological target for drugs that may potently intervene
with the diastolic open probability of RYRs and thus con-
trol the frequency of spontaneous calcium sparks, in ef-
fect optimizing the calcium load of the SR and thus
improving the priming of myocytes for contraction.

Conclusions

In brief, this study shows that a spontaneous calcium re-
lease event (calcium spark) in resting cardiac myocytes
results from the spontaneous opening of a single RYR
channel, which activates the fraction of RYRs in the CRU
that are kinetically available to respond to the local cal-
cium increase. That this is a small fraction of the chan-
nels in the couplon explains the low mean number of
channels involved in a spark. For the same reason, indi-
vidual stimulated sparks differ widely in their release flux
amplitude as a result of the limited number of RYR chan-
nels capable of rapid opening and their ensuing random
variation. The frequency of spontaneous calcium sparks
and the coupling fidelity of stimulated calcium release
are shaped by allosteric coupling of divalent ion binding
to RYR channel opening. This mechanism may help to
explain the physiological regulation or pathological mal-
function of calcium cycling during the diastole and is
compatible with the molecular mechanism of the stimu-
lated calcium release during the systole.
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