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Magnesium Ions Moderate Calcium-Induced Calcium Release in Cardiac Calcium Release Sites by Binding to Ryanodine Receptor Activation and Inhibition Sites












	 
	ORIGINAL RESEARCH
published: 25 January 2022
doi: 10.3389/fphys.2021.805956





[image: image]

Magnesium Ions Moderate Calcium-Induced Calcium Release in Cardiac Calcium Release Sites by Binding to Ryanodine Receptor Activation and Inhibition Sites

Bogdan Iaparov, Iuliia Baglaeva, Ivan Zahradník and Alexandra Zahradníková*

Department of Cellular Cardiology, Institute of Experimental Endocrinology, Biomedical Research Center of the Slovak Academy of Sciences, Bratislava, Slovakia

Edited by:
Niall Macquaide, Glasgow Caledonian University, United Kingdom

Reviewed by:
Christian Soeller, University of Exeter, United Kingdom
William E. Louch, University of Oslo, Norway
Yohannes Castro Shiferaw, California State University, Northridge, United States
Wayne Rodney Giles, University of Calgary, Canada

*Correspondence: Alexandra Zahradníková, alexandra.zahradnikova@savba.sk

Specialty section: This article was submitted to Cardiac Electrophysiology, a section of the journal Frontiers in Physiology

Received: 31 October 2021
Accepted: 21 December 2021
Published: 25 January 2022

Citation: Iaparov B, Baglaeva I, Zahradník I and Zahradníková A (2022) Magnesium Ions Moderate Calcium-Induced Calcium Release in Cardiac Calcium Release Sites by Binding to Ryanodine Receptor Activation and Inhibition Sites. Front. Physiol. 12:805956. doi: 10.3389/fphys.2021.805956

Ryanodine receptor channels at calcium release sites of cardiac myocytes operate on the principle of calcium-induced calcium release. In vitro experiments revealed competition of Ca2+ and Mg2+ in the activation of ryanodine receptors (RyRs) as well as inhibition of RyRs by Mg2+. The impact of RyR modulation by Mg2+ on calcium release is not well understood due to the technical limitations of in situ experiments. We turned instead to an in silico model of a calcium release site (CRS), based on a homotetrameric model of RyR gating with kinetic parameters determined from in vitro measurements. We inspected changes in the activity of the CRS model in response to a random opening of one of 20 realistically distributed RyRs, arising from Ca2+/Mg2+ interactions at RyR channels. Calcium release events (CREs) were simulated at a range of Mg2+-binding parameters at near-physiological Mg2+ and ATP concentrations. Facilitation of Mg2+ binding to the RyR activation site inhibited the formation of sparks and slowed down their activation. Impeding Mg-binding to the RyR activation site enhanced spark formation and speeded up their activation. Varying Mg2+ binding to the RyR inhibition site also dramatically affected calcium release events. Facilitation of Mg2+ binding to the RyR inhibition site reduced the amplitude, relative occurrence, and the time-to-end of sparks, and vice versa. The characteristics of CREs correlated dose-dependently with the effective coupling strength between RyRs, defined as a function of RyR vicinity, single-channel calcium current, and Mg-binding parameters of the RyR channels. These findings postulate the role of Mg2+ in calcium release as a negative modulator of the coupling strength among RyRs in a CRS, translating to damping of the positive feedback of the calcium-induced calcium-release mechanism.
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INTRODUCTION

Magnesium ions, as the most abundant divalent cations in the cell cytoplasm, take part in many cellular processes including the contraction-relaxation cycle and excitation-contraction coupling of cardiac myocytes. They often act in antagonism to the activating function of calcium. In excitation-contraction coupling, the Mg/Ca antagonism arises from the direct and indirect interactions of Mg2+ with the ryanodine receptor (RyR). Since the cytosolic concentration of free Mg2+ is by several orders of magnitude over that of Ca2+, magnesium ions compete effectively with calcium ions for binding to the RyR calcium-activation site despite their relatively low affinity (Rousseau et al., 1986; Xu et al., 1996; Laver et al., 1997; Copello et al., 2002; Zahradnikova et al., 2003). Additionally, the ability to bind polyphosphates makes Mg2+ an important regulator of ATP-dependent processes through buffering the free ATP concentration and thus plays indirectly a role in the priming of RyRs by ATP to activation by Ca2+ (Xu et al., 1996; Tencerova et al., 2012).

In dyads of cardiac myocytes, the activation of RyR channels causes efflux of Ca2+ ions to the cytosol that can be observed as a transient and localized increase of Ca2+ concentration, dubbed calcium spark (Cheng and Lederer, 2008). In the absence of external activating stimulus, the activation of RyRs may happen by chance due to the non-zero RyR open probability at the resting cytosolic Ca2+ concentration and lead to the production of spontaneous calcium sparks (Cheng and Lederer, 2008; Zahradnikova et al., 2010) as well as of the non-spark (invisible) calcium release flux (Niggli and Shirokova, 2007; Bovo et al., 2011; Shang et al., 2014). Both the sparks and non-sparks are of small amplitude and duration and thus many of them are buried in the background noise. Still, the relationship between the frequency, amplitude, and time course of calcium release events (CREs) and the activity of RyR channels in situ has not been determined due to experimental difficulties. Analysis of observable calcium sparks indicated simultaneous activation of many (Bridge et al., 1999; Lukyanenko et al., 2000) or only a few RyRs (Wang et al., 2004; Janicek et al., 2012). These findings are inconsistent with the calcium-induced calcium-release mechanism of cardiac excitation-contraction coupling (Fabiato, 1983; Stern, 1992). The reason is most likely in the complex regulation of RyR activity that depends on many cytosolic factors (Meissner, 1994, 2004). Among these, the Ca/Mg antagonism is likely to play a central role.

The allosteric nature of the interaction between the activation sites of the RyR and the closed-open transition (Zahradnik et al., 2005; Zahradnikova et al., 2010) has been inferred from single-channel data of mutant RyR2 (Li and Chen, 2001) and the calcium dependence of calcium spark frequency (Lukyanenko and Gyorke, 1999). The allosteric mechanism was confirmed by the effect of ligands on the structure of RyR channels (des Georges et al., 2016; Chi et al., 2019). It was found that the conformation of the Ca2+ binding site affects the closed - open transition of the pore: the conformation with a low affinity for Ca2+ promotes the closed state of the pore, while the conformation with a high affinity for Ca2+ promotes the open state of the pore (Dashti et al., 2020).

Mechanisms by which Mg2+ affects RyR open probability were revealed by single-channel experiments. Inhibition of RyR activity by Mg2+ partially persisted at high cytosolic Ca2+ concentration, indicating the presence of a RyR inhibitory site (Laver et al., 1997; Zahradnikova et al., 2003). At the same time, the inhibition could be partially overcome by elevated Ca2+ levels, indicating competition between Ca2+ and Mg2+ binding at the RyR activation site (Laver et al., 1997; Zahradnikova et al., 2003).

The inhibitory effect of Mg2+ on ryanodine receptors was observed also in cardiac myocytes as a transient decrease of the frequency of sparks upon an increase in cytosolic free Mg2+ concentration (Lukyanenko et al., 2001; Gusev and Niggli, 2008). This process could not be studied in more detail because of rapid changes in the SR calcium load occurring in response to changes in calcium release,

A partial insight into the dynamics of RyR activation in situ was provided by two recent models of the calcium release site (CRS) based on RyRs with the same, realistic calcium dependence of the steady-state open probability in the presence of Mg2+ but with different kinetic assumptions. Postulating binding of Ca2+ ions to the RyR activation site as instantaneous and unbinding of Mg2+ from the calcium activation site as slow predicted 2-3 simultaneously open RyR channels at the peak of a spark (Zahradnikova and Zahradnik, 2012). Considering the equilibration between Ca2+ and Mg2+ on the RyR activation site as instantaneous predicted three types of calcium release events differing in the number of open RyRs (Iaparov et al., 2021): CREs consisting of only a single RyR opening that did not activate nearby RyRs in a CRS (quarks); CREs that involved activation of a small subset of RyRs and simultaneous opening of 2-3 RyRs in a CRS (blip); and CREs that involved sequential activation of all RyRs in the CRS and simultaneous opening of about half of the RyRs in the CRS (sparks). This in silico study indicated the role of dynamic Ca2+ and Mg2+ interaction with RyRs of a calcium release site that can be solved only by a RyR model explicitly incorporating the respective rate constants.

The need for a better understanding of the role of Mg2+ in the behavior of cardiac dyads is underlined by the findings that the aberrant behavior of RyRs in diseased myocytes may be in part due to a changed interaction of RyRs with Mg2+. Several central domain RyR mutations causing calcium handling-related catecholaminergic polymorphic ventricular tachycardia (CPVT) showed a decreased inhibition of RyR activity by Mg2+ ions (Lehnart et al., 2004; Guo et al., 2020). Aberrant interaction with Mg2+ in the skeletal muscle isoform RyR1 due to mutations has been also postulated as an important cause of malignant hyperthermia, the skeletal muscle analog of CPVT (Steele and Duke, 2007). However, it is not known whether the changes in Mg2+-RyR interaction are due to a decreased competition between Mg2+ and Ca2+ on the calcium activation site, due to a weaker Mg2+ interaction with the inhibition site, or both. Moreover, in heart failure of various etiologies, RyR2 hyper-phosphorylation has been observed in parallel with increased RyR open probability, calcium sensitivity, spark frequency, or diastolic calcium release (Marx et al., 2000; Okuda et al., 2018), and these effects were at least in part caused by changes in Mg2+ regulation of RyRs (Li et al., 2013).

Cardiac diseases and RyR mutations induce a variety of changes in calcium release. In heart failure (HF), increased non-spark leak, increased spark size, and decreased spark frequency were observed (Kolstad et al., 2018); in atrial fibrillation (AF), increased duration, frequency, and time to peak of sparks were observed (Macquaide et al., 2015). The changes observed at the cellular level might stem not only from changes in RyR gating but also from a changed structure of the calcium release sites that occurred in some (Macquaide et al., 2015; Kolstad et al., 2018) but not all models of cardiac disease (Munro et al., 2021). It is not known whether the changes observed in diseased cardiac myocytes are due to changes in the action of Mg2+, but the RyR inhibitor dantrolene, which requires Mg2+ to exert its effect (Choi et al., 2017), was shown to have beneficial effects in AF (Hartmann et al., 2017). Thus, the relationship between the RyR sensitivity to Mg2+ and the resulting behavior of CRSs needs to be estimated. However, due to the complex relationship between RyR activity and activity of calcium release sites, this task would require complex and expensive experiments with an uncertain outcome. Instead, in silico modeling can provide useful insights by tests of working hypotheses, comparison of data obtained by different approaches and laboratories, and/or execution of virtual experiments that are not experimentally feasible yet.

In this study, we used a model of the calcium release site (Figure 1) based on a quantitative description of RyR gating (Figure 2), calcium diffusion, and ligand binding to analyze the dependence of simulated calcium release events on parameters relevant to Mg2+ binding. The explored parametric space of the CRS model included the description of stochastic RyR gating that allowed binding of Mg2+ to the RyR magnesium inhibitory site, Mg2+/Ca2+ competitive binding to the RyR calcium-activation site, and allosteric regulation of RyR opening by Ca2+ and Mg2+ binding to the activation site. The simulated CRS activity in response to a random opening of a single RyR was analyzed for the fractions of generated quarks, blips, and sparks, as well as for the amplitudes and time courses of generated CREs. Inclusion of the kinetics of Ca- and Mg-binding to the RyR gating model allowed us to redefine the role of magnesium ions in the CRS function.


[image: image]

FIGURE 1. The geometric model of the calcium release site. (A) The arrangement of ryanodine receptors (RyRs) in the model CRS. The empty squares with dots represent RyRs with a central ion channel, the gated point source of Ca2+ current. (B) The distribution of RyR vicinities in the model CRS. The box diagram shows the 25% and 75% percentile, whiskers show minimum and maximum, the black square depicts the mean, and the horizontal line represents the median.
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FIGURE 2. The gating scheme of the MWC-Ca/Mg RyR model. The scheme depicts transitions of four allosterically coupled monomeric activation sites and one common inhibitory site of the RyR channel. The competitive binding of Ca2+ and Mg2+ ions to RyR activation sites is shown by horizontal (thin lines) and vertical (thick lines) transitions, respectively. The RyR open/close transitions (dashed lines) are independent of ion binding/unbinding. The RyR inhibitory site binds two Mg2+ ions simultaneously and switches the RyR channel to a non-conducting state without affecting the activation sites. Squares – closed states; Circles – open states; Gray – inhibited states. The three numerals in the symbols denote (from left to right): the number of Ca2+ ions bound to the activation site; the number of Mg2+ ions bound to the activation site; and the number of Mg2+ ions bound to the inhibition site. All RyR transitions between states are reversible and obey the principle of detailed balance.




METHODS


Simulations and Analysis

The program for performing simulations was written in C++ and run on a PC with CPU AMD Ryzen 9 3900X (12 cores, 24 threads), 32 GB RAM. Individual calcium release events were simulated in parallel using the OpenMP API1. Parallel generation of random numbers was performed using OMPRNG (Bognar, 2013). The program consumed up to 6 GB of RAM during simulations. Cytosolic calcium signals were calculated using CalC (Matveev et al., 2002). Simulated records of RyR activity were analyzed in Python using the libraries NumPy (Harris et al., 2020), pandas (McKinney, 2010), SciPy (Virtanen et al., 2020), scikit-learn (Pedregosa et al., 2011), and lmfit (Newville et al., 2014). Figures were prepared using OriginPRO Ver. 2020b (OriginLab, United States).



Kinetic Parameters of the Ryanodine Receptor Gating Model

Nine of the 14 independent kinetic parameters of the RyR gating model (Table 1) were determined by approximating the published RyR single-channel characteristics obtained in bilayer experiments either from steady-state records of RyR activity (open probabilities, mean open times) or from responses of RyR activity to a laser pulse-induced stepwise [Ca2+] increase (activation times). These experiments were performed on RyRs in isolated cardiac microsomal vesicles incorporated into lipid bilayers. RyR single-channel activity was recorded using Cs+ or Cs2+ ions as charge carriers in the presence of variable concentrations of total ATP (0 – 3 mM), free Mg2+ (0 – 1.3 mM), and free Ca2+ (0.1 – 100 μM) at the cytosolic side and 1 mM free Ca2+ at the luminal side (Zahradnikova et al., 1999, 2003; Tencerova et al., 2012; Cannell et al., 2013). The corresponding kinetic parameters (Table 1) were fitted and the standard errors of the fit were estimated using the differential evolution method (Storn and Price, 1997) from lmfit (Newville et al., 2014). The remaining kinetic parameters in Table 1 were either taken directly from the literature (two parameters), or set according to known estimates (one parameter), or set to zero according to a reasonable guess (two parameters).


TABLE 1. Parameters of the ryanodine receptor (RyR) model and their reference values.
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Kinetic Equations of the Ryanodine Receptor Gating Model

The RyR gating model was represented by a transition rate matrix Q with n states defined as follows:

[image: image]

where qij is the transition rate between states i and j. The transition rates between RyR states are given in Supplementary Table 1 as functions of model parameters. The Q-matrix was used to calculate the mean open times and activation times of the model (Colquhoun and Hawkes, 1995). The mean open and closed times, tO and tC, were calculated from the multi-exponential distributions of open and closed times (Colquhoun and Hawkes, 1995):

[image: image]

where nO and nC are the numbers of open and closed states and ai, aj and τi, τj are the areas and the time constants of individual exponentials. To calculate ai and τi, the Q-matrix was partitioned into blocks:

[image: image]

where C and O correspond to closed and open states, respectively; τi = 1/λi, where λi is the ith eigenvalue of –QOO; and ai = – τi Φ0 Ai QOO uO, where Φ0 is the initial vector, Ai is the spectral matrix corresponding to eigenvalue λi, uO is a column vector of ones with length equal to the number of open states. The values of aj and τj were calculated analogously using the submatrix QCC.

The time courses of open probability PO in response to a step change of [Ca2+] from the basal concentration [Ca2+]b to the end concentration [Ca2+]e were calculated from the system of Kolmogorov equations:

[image: image]

whereP (t) is the vector of probabilities of individual RyR states, as the sum of the time-dependent probabilities of all open states. The initial vector P(0) was calculated from the Q-matrix at [Ca2+]b as the solution of the system of equations (Colquhoun and Hawkes, 1995):
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where 0 is a zero-vector with a length equal to the number of states. The activation time was defined as the time when open probability reaches 63.2%, i.e., (1– 1/e)-th part of the interval between open probabilities at [Ca2+]b and [Ca2+]e.



Calcium Buffers, Diffusion, Ryanodine Receptor State Transitions, and Fluorescence

The description of Ca2+ diffusion in the CRS assumed open RyRs as a source of constant single-channel calcium current iCa, flowing into calcium buffers that do not saturate (Naraghi and Neher, 1997). It also assumed instantaneous formation of free [Ca2+] gradients upon opening or closing RyR channels. The components and parameters of the calcium buffers in the CRS model (Table 2) correspond to published data and should represent the minimal requirements for proper RyR function under near-physiological conditions (Table 1; section “Kinetic Parameters of the Ryanodine Receptor Gating Model”). Concentrations of divalent ions binding to RyRs were calculated using constant 1 mM free [Mg2+] (Table 2), and basal 100 nM free [Ca2+] that was changed by calcium release. The released calcium equilibrated with Mg-unbound ATP, calmodulin, and the fluorescent dye Fluo-4 (Table 2). New Ca2+ concentration profiles were recalculated for each change in the RyR open state (see below).


TABLE 2. Calcium buffers used for calculation of Ca2+ concentrations and diffusion.

[image: Table 2]
The above assumptions allowed the use of the Naraghi-Neher approximation for calculations of free calcium concentrations during Ca flux in the cytosolic half-space delimited by the plane of the CRS (Naraghi and Neher, 1997) and the event-based Gillespie algorithm (Gillespie, 1977) for simulations. Briefly, each CRE was started by an opening of the selected RyR. The starting open state for the selected RyR was chosen from all possible open states based on their conditional probabilities P(i | channel is open) at basal concentrations of free Ca2+ (100 nM) and free Mg2+ (1 mM), i.e., probabilities of the states given that the channel is open:

[image: image]

where Si = 1 if the state i corresponds to an open state and 0 otherwise. The initial state of the closed channels was chosen based on the calculated probabilities from Eq. 6 but using (1 – Si) instead of Si. Calcium influx upon the first channel opening changed the calcium distribution in the CRS and, correspondingly, the Q-matrix of individual RyRs. The index of the RyR that would change its state was sampled from the distribution of probabilities of state transitions of individual RyRs, which was for the jth RyR equal to the ratio of its transition rate of leaving the microstate M(j), equal to –QM(j)M(j), to the sum of leaving rates over all the RyRs, [image: image] QM(j)M(j). The time of the next transition was sampled from the exponential distribution of waiting times with the rate [image: image] QM(j)M(j). If the transition changed the macrostate of the channel, i.e., opened a closed channel or closed an open channel, the transition would lead to a new distribution of [Ca2+] in the CRS and a new corresponding set of RyR transition rate constants. The algorithm was repeated until the end of the simulation. From each RyR in the CRS, a dataset of 500 CREs was collected at each set of tested parameters.

The fluorescence signals of CREs were calculated from the time course of calcium release flux (NO(t) ⋅ iCa) as if emanating symmetrically from a virtual spherical source of 100 nm radius and binding to cytosolic buffers, including the calcium selective fluorophore Fluo-4 and the non-diffusible buffers troponin, sarcolemma, and SR membrane (Table 2), in a sphere of 10 μm radius. The intensity of fluorescence is directly proportional to the concentration of calcium-bound Fluo-4 [Ca2+-Fluo4], thus the change of fluorescence was reported as ΔF/F0. The calculated spatial profile of [Ca2+-Fluo4] was convolved with a Gaussian point spread function with FWHM = 400, 400, and 800 nm for the X, Y, and Z coordinate, respectively, to approximate the image observed by fluorescent microscopy (Smith et al., 1998; Iaparov et al., 2021).



Parameter Space of the Simulations

To study how changes in Mg-RyR interactions affect the characteristics of CREs, the parameters of Mg2+ binding and unbinding were varied in a wide range relative to the reference values (Table 1). All values of Mg-binding parameters used in simulations are in Supplementary Table 2. The rate constants of the activation site were varied in the range [0.000596, 0.0271] μM–1ms–1 (kAonMg, 9 unique values) and [0.055, 2.5] ms–1 (kAoffMg, 9 unique values), resulting in 81 combinations that had KAMg in the range [2.03, 4194] μM. The allosteric coefficient of Mg2+ at the RyR activation site was varied from 0.5 to 500, i.e., from 0.15× to 154× the reference value (Table 1) in 17 steps. The rate constants of the inhibition site were varied in the range between [1.84, 16.75] ⋅ 10–7 μM–2ms–1 (kIonMg, 9 unique values) and between [0.055, 0.5] ms–1 (kIoffMg, 9 unique values), resulting in 81 combinations that had KIMg in the range [181.23, 1647.56] μM.



Calcium Release Site and Calcium Release Events

Calcium release sites containing 20 RyRs with the geometric arrangement corresponding to a typical RyR cluster in cardiac dyads (Figure 1) were generated according to Jayasinghe et al. (2018). In brief, the first channel was placed on the coordinates (0, 0). The placement of further channels was defined by the distance from the preceding channel and the direction angle. The distance was sampled from a normal distribution with a mean of 40.1 nm and a standard deviation of 7.4 nm with a cutoff at 29 nm. The angle was sampled from the uniform distribution (0, 2π). To avoid overlap, a distance between RyRs of less than 29 nm was not allowed.

For quantitative characterization of the geometrical arrangement of RyRs, we used the concept of vicinity (Iaparov et al., 2021), an extension of the concept of adjacency (Walker et al., 2015) to arbitrary RyR-RyR distances. The RyR vicinities vi and the group vicinity v were determined according to Iaparov et al. (2021) as:
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where NRyR is the number of RyRs in the CRS, and Cij is the reciprocal value of the distance between the ith and the jth RyR (Iaparov et al., 2021). Out of 100 generated release sites, the one that showed the highest range of RyR vicinities was selected for simulations (Figure 1). The group vicinity of the CRS used in this study was v = 0.058 and the RyR vicinities spanned the range 0.034 - 0.072.

The simulation of a calcium release event was started by the opening of one of the RyRs and proceeded for 200 ms. Individual records of CREs were characterized by the number of RyRs open at the peak ([image: image]), the time-to-peak (TTP), the time-to-end (TTE) of RyR activity, and the molar amount of Ca2+ released during the event (nCa). Calcium release events were classified as quarks, blips, and sparks as previously described (Iaparov et al., 2021). Events consisting of one channel opening were defined as quarks. Blips and sparks were discerned by their [image: image] using the nadir of the amplitude histogram of CREs obtained with the reference set of CRS parameters. The nadir value for the reference model, determined by using the method of K-Means (MacQueen, 1967) implemented in scikit-learn (Pedregosa et al., 2011), was 6.2, thus CREs with 6 or fewer simultaneously open RyRs were classified as blips, and CREs with 7 and more simultaneously open RyRs were classified as sparks. The data were averaged for each dataset of 500 CREs that occurred in response to activation of one RyR under identical conditions.



Coupling Strength

To understand the effect of magnesium more deeply, the quantitative relationship between the characteristics of CREs and determinants of CRSs, such as RyR placement, calcium current, and Mg2+ binding would be instrumental. Previously (Iaparov et al., 2021), we have introduced the coupling strength φ as a descriptor of CREs that weights the vicinity of RyRs and the calcium current through individual RyRs:

[image: image]

where the index i enumerates individual RyRs of the CRS and the exponent α weights the contribution of iCa relative to vicinity vi. It should be noted that vi values are calculated from RyR coordinates in the CRS (section “Calcium Release Site and Calcium Release Events”), iCa is defined in the model, so the respective coupling strength can be directly evaluated for each CRS model if the weight factor α can be found. As shown in Iaparov et al. (2021), the relation between either vi or iCa and the measured characteristics of the corresponding simulated calcium release events was suboptimal, which could be misinterpreted as if the CREs were not fully controlled by the determinants of CRS, at odds with current understanding of local calcium release. Optimization of the weight factor allowed to find coupling strength values that correlated with the measured CRE characteristics according to Hill function for the whole parameter range of inspected CRS determinants (Iaparov et al., 2021).

To account for the effect of Mg-RyR binding parameters on the coupling strength among RyRs, we included terms for allosteric coupling (1/fMg), activation (kAoffMg, kAonMg), and inhibition (kIoffMg, kIonMg) and defined the effective coupling strength as

[image: image]

where the exponents β, γoff, γon, δoff, and δon are the weight factors that determine the contribution of the respective RyR kinetic parameters to CRS activity relative to the contribution of RyR vicinity, in analogy to the weight factor α of iCa. According to the above formulae, the effective coupling strength between RyRs increases with increasing parameters that promote activation of other RyRs by a RyR opening, i.e., the vicinity, calcium current, and off-rate constants of Mg2+ binding. The effective coupling strength decreases with increasing parameters that hinder activation of other RyRs by a RyR opening, i.e., the allosteric factor and on-rate constants of Mg2+ binding. However, since the reference values of 1/fMg, kAoffMg/kAonMg, and kIoffMg/kIonMg differed from each other, the values of coupling strengths [image: image], [image: image], and [image: image] differed numerically from each other as well despite describing the same RyR model. To aid the comparison between the effect of Mg2+-binding parameters at the activation and the inhibition site, we normalized Mg2+-dependent parameters to the respective parameters of the reference RyR model (reported in Table 1), resulting in the effective coupling strength in the form:

[image: image]

where the superscript rel stays for a value relative to the reference value, and the remaining parameters have been already defined.



Determination of Weight Factors of the Effective Coupling Strength

Finding the effective coupling strength function (Eqs. 8-10) requires evaluation of the weight factors of individual components, namely, the RyR vicinity, single-channel current, and kinetic parameters of the activation and inhibition processes. The values of weight factors can be found by optimizing the effective coupling strength function to the distribution of measured CRE characteristics ([image: image], Fq, and Fs). Iaparov et al. (2021) determined the values of weight factors by using the Hill function to optimize the relationships between coupling strength (Eq. 8) on the one hand, and the relative amplitudes of CREs (Arel) and frequency of quarks and sparks (Fq and Fs) on the other hand by a proper weight factor. In the present case, however, it would not be appropriate to optimize the functional relationships between the effective coupling strength and CRE characteristics [image: image], Fq, and Fs using the Hill function, since the Mg-binding parameters do not characterize the state of the CRS but kinetic processes in the RyR molecule. Defining an a priori relational function could lead to a mutual dependence of the fitted parameters and a potential bias in weight factor estimates. To avoid this, we approached this problem using information theory as follows:

For a random variable (X) equal to the effective coupling strength, there is a dependent variable (Y) representing the CRE characteristics. The information content of a random variable X is quantified by its entropy H(X) (Shannon, 1948) that is calculated based on the probability density function P(X) of the variable. For a discrete variable,

[image: image]

where n is the number of possible values of X. The entropy H(X) defines the uncertainty of the random variable. A large value of H indicates a large number of states with low probabilities and the measurement of such a variable provides a large amount of information, while H = 0 means a deterministic outcome and the measurement of such a variable will not provide any information because its value is exactly known.

We have calculated the mutual information between the effective coupling strength and the CRE characteristics. Mutual information (MI) between random variables X and Y, I(X, Y) is the amount of information obtained when X is known and vice versa (Shannon, 1948), defined through entropies:

[image: image]

where [image: image] is called the joint entropy. Mutual information is a non-negative number being zero when X and Y are independent variables. This definition indicates that when the maximal MI between the effective coupling strength and the CRE characteristics is reached, the effective coupling strength provides the most certain prediction for CRE characteristics.

We maximized the average MI estimated between effective coupling strengths and CRE characteristics [image: image], Fq, and Fs (9 in total). MI was calculated using a non-parametric method based on entropy estimation from k-nearest neighbor distances (Kraskov et al., 2004) implemented in scikit-learn (Pedregosa et al., 2011). Average MI was maximized using the differential evolution implemented in scipy (Virtanen et al., 2020). The estimated maximal average MI was 2.6 bits. The parameters with their estimated standard deviations are summarized in Table 3 of Results. The standard deviations were calculated using the bootstrap method from 100 bootstrap samples because of the high computational complexity of the MI estimation. For each bootstrap sample, new weights were found using the Nelder-Mead method implemented in scipy (Virtanen et al., 2020).


TABLE 3. Parameters and weight factors of the effective coupling strength.

[image: Table 3]


Frequency of Calcium Release Events

The frequency of all spontaneous RyR openings in a group of NRyR channels was calculated according to Kunze et al. (1985):

[image: image]

where (tO)b and (tC)b are the values of the RyR open and closed time at basal [Ca2+].




RESULTS

To study the role of Mg2+ ions in the activation of calcium release we turned to in silico experiments to overcome the complexities and uncertainties related to real experiments. We used the model of a calcium release site (CRS) based on a quantitative description of RyR gating that accounted for Ca2+ and Mg2+ binding kinetics, RyR distribution in a typical CRS, and the cytosolic Ca2+ buffer near RyRs and around the CRS. The reference parameter set of RyR gating was obtained by fitting the available experimental data of RyR open probability, open time, and activation time at a range of cytosolic concentrations of free Ca2+ and free Mg2+ that encompassed the physiological values (section “Kinetic Parameters of the Ryanodine Receptor Gating Model”). Then we analyzed the characteristics of simulated calcium release events generated at the physiological free [Mg2+] concentration (1 mM) with the reference RyR model (section “Characteristics of Simulated Calcium Release Events for the Calcium Release Site With the Monod-Wyman-Changeux-Ca/Mg Ryanodine Receptor Model”). The consequences of variation in parameters related to Mg2+ binding on the activity of RyR channels and the ensuing CREs were determined in sections “Effect of Mg-Binding Parameters on Calcium Dependence of Ryanodine Receptor Activation” and “Mg-Binding Parameters Affect Calcium Release Events.” Finally, we solved the relationship between RyR activity and the characteristics of CREs on the grounds of the effective coupling strength that, in addition to RyR vicinity and calcium current, accounts also for magnesium binding to RyR, and determined the effect of Mg-binding parameters on the characteristics of CREs (sections “Effective Coupling Strength Tallies Ryanodine Receptor Vicinity, Calcium Current, and Mg-Binding Parameters” and “The Frequency of Spontaneous Calcium Release Events Depends on the Ryanodine Receptor Closed Time of at Basal [Ca2+]”).


Construction and Validation of the Ryanodine Receptor Gating Model

We developed a new model of RyR gating based on RyR single-channel studies of Ca2+ activation and Mg2+ inhibition (Zahradnikova et al., 1999, 2003; Tencerova et al., 2012; Cannell et al., 2013) and on the allosteric homotetrameric gating RyR model (Zahradnik et al., 2005; Zahradnikova et al., 2010). To reduce computational costs we omitted the long-lived L- and I-mode states of the original aHTG RyR gating model since their frequency of occurrence was much less than once per 200 ms (the duration of simulations). The gating scheme of the resulting Monod-Wyman-Changeux type, Ca2+- and Mg2+-binding (MWC-Ca/Mg) RyR model has 60 states (Figure 2). The kinetics was characterized by on/off rate constants of competitive binding of Ca2+ and Mg2+ to the RyR activation site allosterically coupled to channel opening, and on/off rate constants of Mg2+ binding to the RyR inhibition site that renders the channel non-conductive upon Mg2+ binding (see Supplementary Data).

The steady-state open probability of the MWC-Ca/Mg RyR gating model was described by Eq. 14 derived in the Supplementary Data:
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The meaning of the model parameters in Eq. 14 is provided in Table 1 together with their values. The values were estimated by optimizing the global approximation of the experimental data shown in Figure 3 with the respective functions (Eqs. 2, 4, and 14). The optimized model predicts the Ca2+-dependences of the open probability, the open time, and the rate of activation by Ca2+ at different Mg2+ concentrations in a very good agreement with the available experimental data (Figure 3). We will refer to this set of optimized parameters as the reference RyR model or parameter set. Note that for the reference RyR model and the free [Mg2+] of 1 mM (red lines in Figure 3), the maximum steady-state open probability POmax was 0.23 and the open time tOmax was 1.66 ms.
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FIGURE 3. Comparison of the MWC-Ca/Mg RyR model predictions with experimental data. The model predictions (lines) were calculated using Eqs. 14 (A), 2 (B), and 4 (C) and the reference set of parameter values (Table 1) for the same ion conditions as the experimental data (points). (A) The calcium dependence of open probability for 0 mM Mg2+ and 0.5 mM total ATP (Tencerova et al., 2012) (black), and for 0.6, 0.94, and 1.33 mM free Mg2+ (blue, red, and green, respectively) and 3 mM total ATP (Zahradnikova et al., 2003). (B) The calcium dependence of mean open time for 0 mM total Mg2+ and 0.5 mM ATP (Tencerova et al., 2012) (black), for 0.6 mM free Mg2+, 3 mM total ATP (Zahradnikova et al., 2003) (blue), and for 1 mM free Mg2+ and 2 mM total ATP (Cannell et al., 2013) (red). (C) The simulated time course of RyR responses to a step Ca2+ increase from 100 nM to 20 μM in the absence of Mg2+ (black), and from 1.5 to 10 μM Ca2+ in the presence of 0.6 and 0.94 mM free Mg2+ and 3 mM total ATP (blue and red lines, respectively). The 63.2% activation time is indicated by diamonds. (D) Comparison of the calculated (diamonds) and experimental (dots with error bars) 63.2% activation times obtained under conditions shown in panel (C); black - (Zahradnikova et al., 1999), red and blue - (Zahradnikova et al., 2003).




Characteristics of Simulated Calcium Release Events for the Calcium Release Site With the Monod-Wyman-Changeux-Ca/Mg Ryanodine Receptor Model

In the CRE simulations, we used the approximation of constant single-channel calcium current during RyR openings, which allowed us to analyze the effects of Mg2+ binding kinetics on the activation of calcium release without the multifaceted effects brought about by the inclusion of SR depletion in models of the CRS.

Calcium release events simulated with the reference parameter set of the MWC-Ca/Mg RyR model (Figures 4A-C) consisted of three event types as observed previously for CRSs constructed with the two-state Ca/Mg RyR model of Iaparov et al. (2021). Although the amplitude histograms of both models differed substantially in the relative fractions of CRE types, the nadir of histograms at ∼6 and the most frequent [image: image] of sparks at ∼10 RyRs were the same in both models. The fraction of events with [image: image] ≤ 6 (quarks and blips) was much larger in the present model.
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FIGURE 4. Characteristics of calcium release events (CREs) simulated with the MWC-Ca/Mg RyR model and the reference set of parameters. (A) Top panel – the time courses of simulated CREs representing a typical quark, blip, and spark for iCa = 0.6 pA; Bottom panel – the fluorescence calcium signals emulating laser line-scan images in a confocal microscope corresponding to CREs in panel (A). (B) The distribution of the peak number of open RyRs, [image: image], in the simulated calcium release events. The red, blue, and green columns correspond to peaks of respective traces shown in panel (A). (C) The surface plot of the time to peak vs. [image: image]; dotted lines indicate the [image: image] values used for discrimination between quarks, blips, and sparks. (D) Relationships between iCa values and characteristics of simulated quarks, blips, and sparks; nCa – the amount of Ca2+ released per CRE.


As shown in Figure 4D, the fraction of quarks decreased with the iCa value (93% at 0.15 pA and 72% at 0.6 pA). In comparison with CRSs based on the two-state RyR model of Iaparov et al. (2021), the decrease was much weaker. The fraction of blips increased with iCa (7% at 0.15 pA and 15% at 0.6 pA) on account of quarks, while in the two-state model it decreased with iCa since in the two-state model the fraction of sparks increased more steeply with iCa than in the MWC-Ca/Mg RyR model (0.06% of sparks at 0.15 pA and 13% of sparks at 0.6 pA in the present model). The time to peak of blips and sparks was curtailed at higher iCa, similar to the two-state model. However, the time to peak of sparks decreased with iCa in the present model while it increased in the two-state model. The time to end of quarks and blips shortened with iCa, as it did in the two-state model. In contrast to the two-state model, the time to end of sparks did not depend significantly on iCa. The amount of calcium released by CREs increased proportionally with iCa, less steeply than in the two-state model.



Effect of Mg-Binding Parameters on Calcium Dependence of Ryanodine Receptor Activation

Before characterization of calcium release events in the CRS, we inspected the single-channel RyR behavior of the MWC-Ca/Mg RyR model for a range of Mg-binding parameters at the physiological cytosolic free Mg2+ concentration of 1 mM. The calculated dependences of RyR characteristics on [Ca2+] for the allosteric coefficient fMg at the RyR activation site and the on/off rate constants of Mg2+ at both the activation and the inhibition sites are summarized in Figure 5. These data confirm the validity of the RyR model and will be further used to analyze how the effect of a parameter change on RyR single-channel kinetics translates to its effect on calcium release events.


[image: image]

FIGURE 5. Simulated dependence of RyR single-channel characteristics on Mg2+ binding. PO([Ca2+]), tO([Ca2+]), tC([Ca2+]), and PO(t) were calculated with Eqs. 14, 2, 2, and 4, respectively. (A) Variation of Mg-binding to the RyR activation site. (B) Variation of Mg-binding to the RyR inhibitory site. Bottom panels: time courses of PO evolution after a stepwise increase of [Ca2+] from 0.1 to 20 μM. Color-coding is described in the legend. The conditions that had the same effect are shown in solid, dashed, or dotted lines. Note the logarithmic scale of PO and tC.



Mg-Binding Parameters of the Ryanodine Receptors Activation Site

As shown in Figure 5A, changes that facilitated Mg2+ binding to the RyR activation site, that is, a decrease of KAMg by either an increase of kAonMg (purple), or a decrease of kAoffMg (light green), led to decreased calcium sensitivity (right shift) of the RyR open probability, open time, and closed time. At the basal calcium concentration, these changes decreased PO and tO but increased tC. Vice versa, changes that impeded Mg2+ binding [a lower kAonMg (pink) or a higher kAoffMg (dark green)] had the opposite effect. A change of KAMg led to a change of the apparent KCa in inverse proportion. Changing both on- and off-rate constants by the same fraction, that is, without changing KAMg (light and dark blue), did not affect the calcium dependence of PO, tO, and tC.

Variation of the allosteric coefficient fMg relative to the reference value had a non-linear effect on the calcium dependence of RyR characteristics (orange and red; Figure 5A). It affected RyR open probability and closed time only at sub-micromolar [Ca2+] range (well below its apparent KCa of 3.02 μM at 1 mM Mg2+), while it shifted the calcium dependence of open time in this [Ca2+] range but had no effect at low and high [Ca2+] range. Notably, at the lowest calcium concentration, a larger fMg decreased PO and substantially increased tC, while a smaller fMg increased PO and decreased tC. Variation of fMg exerted no effect on the maximal PO, tO, or minimal tC, in agreement with Eqs. 2 and 14.

The rate of RyR activation by a step change of [Ca2+] was speeded up the most by an increased rate constant of Mg2+ unbinding from the RyR activation site, kAoffMg (dark green), somewhat less by decreasing kAonMg (pink), and even less when both rate constants were increased in proportion (dark blue). The RyR activation rate was slowed down the most by decreased kAoffMg (light green) or increased kAonMg (purple), but less when both on- and off-rate constants of Mg2+ binding decreased (light blue). Changes of fMg had negligible effects on the rate of RyR activation.

In other words, the changes of Mg-binding at the RyR activation site modify the calcium sensitivity and kinetics of RyR activation but do not influence the maximum mean open probability, the maximum mean open time, or the minimum closed time.



Mg-Binding Parameters of the Ryanodine Receptors Inhibition Site

By definition, changes of the on- and off-rate constants for Mg2+ binding at the RyR inhibition site do not affect the calcium sensitivity of RyR open probability (3.02 μM at 1 mM [Mg2+]), but they had a profound effect on the maximum open probability (at 1 mM [Mg2+]; Figure 5B). Increasing kIonMg (purple) or decreasing kIoffMg (light green) decreased PO, while increasing kIoffMg (dark green) or decreasing kIonMg (pink) increased PO. In effect, a change of KIMg led to an almost proportional change of the maximum PO. Changing both kIonMg and kIoffMg proportionally (light and dark blue; no change of KIMg) did not affect PO at any [Ca2+]. On the other hand, the values of tO were insensitive to changes of kIoffMg. However, a change of kIonMg or a proportional change of both kIonMg and kIoffMg affected the calcium sensitivity of tO in the direction of the change but changed the maximum tO in the opposite direction.

At the basal [Ca2+], the open time was not affected by rate constants of Mg2+ binding to the inhibition site. However, increasing kIonMg or decreasing kIoffMg increased the closed time, and decreasing kIonMg or increasing kIoffMg decreased it. Simultaneous equivalent changes in both kIonMg and kIoffMg did not affect tC. At high [Ca2+], change of kIoffMg or both kIonMg and kIoffMg in one direction changed the mean closed time in the opposite direction; however, changes of kIonMg in either direction did not change it. The parameters of Mg2+ binding to the inhibition site did not affect the rate constant of RyR activation, as expected.

Notably, the Mg-RyR interaction at the inhibitory site transpires through RyR open time when the rate of Mg2+ binding is modulated, and through RyR closed time when the rate of Mg2+ unbinding is modulated. The changes of open and closed time evoked by RyR-Mg2+ interaction at the inhibitory site are not dependent on Ca2+ concentration.




Mg-Binding Parameters Affect Calcium Release Events

The relative occurrence of sparks steeply declined at lower iCa values (Figure 4D). Therefore, to assure an acceptable signal-to-noise ratio of the average sparks, we have used only the single-channel calcium current of 0.6 pA to analyze the effect of Mg-binding parameters on the time course of CREs.

Changes of the on- and off-rate constants of Mg2+ binding to the RyR activation site (Figure 6A) had a small effect on the decay rate of quarks. At a low allosteric coefficient fMg (orange) the quarks were shorter, and at a high fMg (red) they were longer than at the reference fMg (Figure 6B). Changes of the on- and off-rate constants of Mg2+ binding to the RyR inhibition site (Figure 6C) did not affect the time course of quarks substantially.
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FIGURE 6. The effect of Mg-binding parameters on CREs. Simulations were performed at 100 nM Ca2+ and iCa of 0.6 pA. (A,D) The effect of Mg-binding parameters at the activation site on the time course (A) and the fraction (D) of CREs. (B,E) The effects of the allosteric coefficient fMg on the time course (B) and the fraction (E) of CREs. (C,F) The effect of Mg-binding parameters at the inhibition site on the time course (C) and the fraction (F) of CREs. Individual conditions are color-coded as indicated in the legend.


The amplitude and time course of blips were practically unaffected by changes of Mg-binding parameters of the RyR activation site (Figure 6A) or fMg (Figure 6B). Blips were strongly prolonged when kIoffMg was decreased (light green) but the remaining changes of Mg2+-binding parameters of the RyR inhibition site slightly curtailed them. Increased kIonMg (purple) curtailed blips due to their rapid attrition, while decreased kIonMg (pink) or increased kIoffMg (dark green) due to the rapid formation of sparks (Figure 6C).

The amplitude of sparks was substantially affected by changes of Mg2+ binding to the RyR inhibition site (Figure 6C), while other parameters had only a marginal effect. Increasing kIonMg (purple) or decreasing kIoffMg (light green) decreased the peak number of open RyRs, while increasing kIoffMg (dark green) or decreasing kIonMg (pink) increased it. Spark activation was slowed down when Mg2+ binding to either the activation site or the inhibition site was facilitated by increased on-rates (purple; Figures 6A,C) or decreased off-rates (light green; Figures 6A,C), or by an increased fMg (red; Figure 6B). It was speeded up when Mg2+ binding to either the activation site or the inhibition site was impeded by decreased on-rates (pink; Figures 6A,C) or increased off-rates (dark green; Figures 6A,C). Termination of sparks was virtually unaffected by the parameters of Mg2+ binding to the RyR activation site (Figure 6A). Increased Mg2+ binding to the RyR inhibition site curtailed sparks while decreased Mg2+ binding strongly prolonged them in addition to increasing their amplitude (Figure 6C).

The relative occurrence of CRE types (Figures 6D-F) was sensitive to the value of Mg-binding parameters as well. At the RyR activation site, the rate constants of Mg2+ binding/unbinding affected the relative fractions of quarks and sparks reciprocally, while the fraction of blips changed only slightly. Increased kAonMg (light purple) and decreased kAoffMg (light green) increased the fraction of quarks and reduced the fraction of sparks. Decreased kAonMg (pink) and increased kAoffMg (green) had the opposite effect. The decreased fMg (orange) did not affect the fractions of CREs but the increased fMg (red) strongly reduced the fraction of sparks and increased the fraction of quarks. At the RyR inhibition site, the parameters of Mg2+ binding, i.e., kIonMg and kIoffMg, affected the fractions of quarks and sparks similarly as kAonMg and kAoffMg did. While at the activation site the off-rate constant kAoffMg had a stronger effect, at the inhibition site the on-rate constant kIonMg had a stronger effect.

These findings can be summarized as follows: the interaction of Mg2+ with the RyR activation site predominantly affects the fraction of quarks, blips, and sparks and modulates the time to peak of sparks. On the other hand, the interaction of Mg2+ with the RyR inhibition site affects the recruitment of RyRs in sparks and thus modulates amplitudes of sparks, as well as the fractions of quarks, blips, and sparks.



Effective Coupling Strength Tallies Ryanodine Receptor Vicinity, Calcium Current, and Mg-Binding Parameters

We have shown above how the Mg-binding kinetics of RyR impacts the calcium dependence of single-channel activity and also how it influences the characteristics of calcium release events. Here we addressed how the kinetics of Mg2+ binding to RyRs combines with fundamental determinants of the calcium release site - RyR vicinity and single-channel calcium current. In other words, we evaluated their relative importance in shaping CRS activity. For this, we maximized mutual information between [image: image] and CRE characteristics ([image: image], Fq and Fs) evaluated for each RyR separately for all values of Mg-binding parameters (see Supplementary Table 2) and all values of iCa, and found the optimal values of weight factors (Table 3).

Weight factors for the calcium current and the on-rate of Mg-binding to the activation site are close to 1, so their effect is similar to that of the RyR vicinity. Factors for the off-rate constant of the activation site and the on-rate constant of the inhibition site have a stronger effect than RyR vicinity. Factors for the allosteric coefficient of Mg2+ and the off-rate constant of the inhibition site have a weaker effect than RyR vicinity.

The CRE characteristics evaluated for all RyR models obtained by variation of the Mg-binding kinetics and iCa are displayed against their effective coupling strength values (Figure 7A). Although all data are consistently united, there were diverging trends between the data related to the activation site and the inhibition site. This divergence suggests that the similar effect on the fractional occurrence of quarks, blips, and sparks caused by Mg2+ binding to either the activation sites or the inhibition site is caused by different molecular mechanisms (see below).
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FIGURE 7. Calcium release event characteristics related to the effective coupling strength. (A) The whole dataset (14240 points per panel) for various Mg-binding parameters of the RyR activation site (orange and pink) and the RyR inhibition site (blue), which were obtained for all RyR vicinities and all single-channel calcium currents (not indicated). The dots are semitransparent to better visualize the data. The circles, triangles, and diamonds mark results for decreased (×0.5; lighter color) or increased (×2; darker color) Mg-binding parameter values (see legend), relative to the reference parameter values (black pentagons). The [image: image] colormap refers solely to the [image: image] graph to indicate the relation of the [image: image] increase to [image: image] increase when varying Mg-binding at the inhibitory site, not present in the case of blips. (B) The dependence of the fraction of quarks, blips, and sparks on the reciprocally changed rate constants kAonMg (top axis) and kAoffMg (bottom axis), so that the equilibrium constant KAMg stayed at the reference value of 92 μM. Squares, circles, up triangles and down triangles denote values of iCa = 0.15, 0.25, 0.4, and 0.6 pA, respectively.


A closer inspection of Figure 7A (see pairs of symbols representing changes of individual Mg-binding parameters) revealed that characteristics of calcium release events react sensitively and specifically in proportion to the respective changes of the effective coupling strength. Changes at the activation site that increased the calcium sensitivity of PO and tO and speeded up the time course of activation had a strong activating effect on CREs, and those that decreased the calcium sensitivity of PO and tO and slowed down the time course of activation had an inhibitory effect. Comparably strong were the effects at the inhibition site that increased maximum PO and maximum tO, but did not change the calcium sensitivity of PO and even decreased the calcium sensitivity of tO and slowed down the time course of activation.

A concurrent increase of kIonMg and kIoffMg, that is, an unchanged equilibrium constant KIMg, suppressed the fractional occurrence of sparks and promoted that of quarks and vice versa. These effects materialized at an unchanged PO and activation rate. Thus, they could be only attributed to the change in RyR open and closed times. Similar effects materialized in the opposite direction for a concurrent change in kAonMg and kAoffMg, where a decrease of these parameters suppressed the fractional occurrence of sparks and promoted that of quarks (Figure 7B) but their increase had only a small effect. The effect of kAonMg and kAoffMg on CREs occurred in the absence of effects on PO, tO and tC and thus could be only attributed to the change of the time course of PO activation by increased [Ca2+]. The changes of coupling strength and CRE properties evoked by changing both on- and off-rate constants can be attributed to the unequal weights of the on- and off-rates (Table 3). Biophysically they are due to the unequal effect of the on- and off-rates on the open and closed times and the activation rate constants (Figure 5).

The relationships between the effective coupling strength and the fractions of quarks, blips, and sparks upon changes in KIMg evoked by changed on- or off-rate of Mg2+ binding to the inhibition site were of similar direction and extent as those evoked by changes of Mg2+ binding to the activation site. There were, however, pronounced changes in the amplitude characteristics of CREs caused by the dependence of maximum RyR open probability on KIMg. As a result, the dependence of the peak number of open RyRs in all events (Figure 7A, blue symbols) sharply increased with φeff. In contrast to changes in Mg2+ binding to the RyR activation site, the amplitude of blips did not increase monotonously but showed a maximum at control values of kIonMg and kIoffMg, and the amplitudes of sparks increased with φeff due to the dependence between φeff and KIMg.



The Frequency of Spontaneous Calcium Release Events Depends on the Ryanodine Receptor Closed Time at Basal [Ca2+]

The last problem we addressed in this study was the impact of Mg-binding parameters of the RyR on the frequency of spontaneous occurrence of individual calcium release types at basal [Ca2+]. The frequency of all events at the CRS was directly proportional to NRyR and inversely proportional to the sum of tC and tO (Eq. 13 in section “Methods”). Since at basal [Ca2+] tC >> tO, this effect, summarized in Table 4 for the conditions examined in Figure 5, was chiefly due to changes in tC. The event frequency was changed approximately in proportion (kAoffMg, kAoffMg) or inverse proportion (kAonMg, kAonMg, fMg) to the change of rate parameters. All parameters of Mg2+ binding affect the event frequency and the fraction of sparks in the same direction, and therefore they have a pronounced effect on the spontaneous spark frequency at the examined iCa of 0.6 pA. Since the fraction of blips is only weakly affected by Mg-binding parameters, the frequency of blips was changed only modestly.


TABLE 4. The effect of Mg-binding parameters on the frequency of occurrence of spontaneous calcium release events.
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DISCUSSION

The in silico model of the calcium release site was based on a novel model of RyR gating that incorporated Mg2+ binding kinetics (MWC-Ca/Mg RyR; Figure 2). Despite the complexity of the RyR model (60 states), the CRS model with 20 RyRs, written in C++ and Python, could be run fast on a generally available desktop computer, which allowed in-depth inspection of Mg2+ binding on the behavior of CRS.


Mg2+ Ions and Ryanodine Receptor Sensitivity to Calcium

The parameter values of the MWC-Ca/Mg RyR model (Table 1) were determined from RyR single-channel characteristics measured in independent bilayer experiments under conditions that included physiological concentrations of ATP (approx. 5 mM total) and Mg2+ ions (1 mM free; Figure 3). The close approximation of the experimental data by simulations of the MWC-Ca/Mg RyR model validated both the computational model as well as the best-fit parameter values used as the reference set for simulations. Nevertheless, the fitted set of experimental data, which was obtained at a limited range of Ca2+ and Mg2+ concentrations, has not been verified by others. Thus, the estimated reference parameter values may differ from the true values despite their high statistical agreement with the data. Therefore, we varied the Mg-binding parameters of the RyR model around their reference values at a constant Mg2+ concentration and calculated the RyR single-channel characteristics for a full scale of cytosolic Ca2+ concentrations (Figure 5).

The tested RyR models showed a high sensitivity of RyR activation to parameters of Mg-binding. Increased Mg2+ affinity of the RyR activation site, achieved by variation of binding/unbinding rate constants, shifted the calcium dependence of the open probability, the open time, and the closed time of RyR models to higher Ca2+ concentrations. Decreased Mg2+ affinity had opposite effects. This is in line with the observed effect of Mg2+ on RyR calcium sensitivity (Laver et al., 1997; Gyorke and Gyorke, 1998; Zahradnikova et al., 2003). As originally revealed by Zahradnikova et al. (2010), the non-linear allosteric modulation of RyR activity by Mg2+ affected PO and tC significantly at sub-micromolar Ca2+ concentrations but did not influence RyR activity at the micromolar range. A change of fMg, which may result from metabolic regulation of the ryanodine receptor, may thus modulate the frequency of spontaneous RyR openings in diastolic myocytes by an order of magnitude without a change in the characteristics of calcium release events.

The kinetic description confirmed previous results of the equilibrium model of the RyR inhibition site (Zahradnikova et al., 2010) that the RyR open probability and the spark amplitude are shaped by modulation of Mg2+ affinity of the RyR inhibition site. Additionally, the kinetic description revealed substantial effects of rate constants (kIonMg and kIoffMg) of the RyR inhibition site on the RyR open and closed times and their relationships to the spark termination, CRE frequency, and relative occurrence of visible and invisible CREs (see below).

To sum up, the MWC-Ca/Mg RyR model predicts that at the physiological cytosolic concentration of 1 mM, Mg2+ ions influence the single-channel activity of RyRs considerably. Magnesium ions act through their allosteric competition with Ca2+ at the RyR activation site as well as through their binding at the RyR inhibition site. This means that modification of the Mg-binding properties of RyR channels by pharmacological, metabolic, or structural changes in RyR monomers may substantially affect the calcium release function of cardiac myocytes.



Calcium Release Events Generated by the Calcium Release Site Model With Monod-Wyman-Changeux-Ca/Mg Ryanodine Receptor Models

To assess the impact of Mg-modulation of RyR activity on cardiac calcium release, we applied the MWC-Ca/Mg RyR model to the model of the calcium release site developed previously (Iaparov et al., 2021). Interestingly, the three types of calcium release events that were observed in simulations of CRS models based on the two-state RyR model (Iaparov et al., 2021) occurred also in CRS models based on the MWC-Ca/Mg RyR model; however, the occurrence of sparks was much less frequent in the MWC-Ca/Mg RyR model. The difference between a two-state model and the full model tested in this work stems in part from the calcium-independent open time of the two-state model (Iaparov et al., 2021) and the calcium-dependent open time of the full model (Figure 5). Additionally, the probability that many RyRs would become active in a spark is low since the rate of Mg2+ unbinding from the calcium activation site is much slower than the rate of Ca2+ binding, in line with experiments (Zahradnikova et al., 2003) and simulations (Zahradnikova et al., 2010).

Simulations of the reference CRS model predict that a large fraction of spontaneous local calcium release events (quarks and blips) result from the activation of a subset of RyR channels in a CRS (Figure 4). When the iCa amplitude was small (0.15 or 0.25 pA), CRS models produced mostly quarks or blips. Individual records of blips were formed by 2 to 6 RyRs open at their peaks (at around 3 ms), and terminated fast, within 5 to 6 ms, by simple stochastic attrition (Stern and Cheng, 2004). When the iCa was higher (0.4 or 0.6 pA), CRS models produced similar quarks and blips as at lower iCa amplitudes but also a significant fraction of large sparks. With the reference parameter set, these sparks were formed by 7 to 13 RyRs (out of 20 in the CRS) open at their peaks (30 to 40 ms) and terminated very slowly (within 60 to 70 ms) by the attrition mechanism. However, the average rate of spark termination was very sensitive to the Mg-binding rate constants of the RyR inhibitory site (see below).

The RyR single-channel calcium current of 0.6 pA produced a higher amplitude of sparks but also a stronger calcium fluorescence signal (Figure 4A) so that blips were well over the detection threshold of intracellular calcium measurements and sparks were high (ΔF/F0 > 3) and prolonged. If real, such large calcium release flux would cause a rapid dissipation of the calcium gradient across SR membrane and fast termination of calcium release by a mechanism dubbed “induction decay” (Cannell et al., 2013) or “pernicious attrition” (Gillespie and Fill, 2013).



Effect of Mg2+ Binding Parameters on Calcium Release Events

Variation of the calcium sensitivity of RyRs by altering binding and unbinding of Mg2+ to/from the RyR activation site led to dramatic changes in the occurrence of spontaneous calcium release events and the relative proportions of quarks and sparks, while it had only a small effect on the relative occurrence of blips. In CRS simulations, the times to peak of both blips and sparks were very sensitive to the rates of Mg-binding and unbinding at the activation site. Changes that facilitated Ca2+ binding to the activation site, i.e., faster Mg-unbinding or slower Mg-binding, shortened the time-to-peak of blips and sparks, while the opposite changes prolonged it (Figure 6A). These findings indicate that Mg2+ ions modulate also the kinetics of the experimentally observable calcium sparks, although these changes may be blunted by the relatively slow kinetics of calcium indicators.

The allosteric coefficient fMg characterizes the change in the energy needed for the closed-open transition in the RyR homotetramer upon binding of Mg2+. In the CRS simulations, the change of fMg markedly affected the closed time, not the open time, at low Ca2+ concentration but the fraction of blips changed only slightly while the fraction of sparks was strongly reduced at high fMg. As a result, the frequency of experimentally observable CREs (fB and/or fS, Table 4) would increase with decreasing fMg, and vice versa, while their time courses would be affected modestly (Figure 6B). The amplitude of the observed calcium fluorescence signals of CREs would be thus affected only slightly.

Variation of the Mg2+-binding at the RyR inhibition site affected calcium release events profoundly (Figures 6C,F). Faster Mg-unbinding or slower Mg-binding, both of which increased the maximum PO, increased the relative occurrence and the maximum NO of sparks but also completely suppressed spontaneous spark termination. At the level of observed fluorescence signals, this would transpire as a large increase in the frequency and amplitude of the experimentally observable CREs, and thus as full reliance of spark termination on SR depletion. Slower Mg-unbinding or faster Mg-binding at the inhibition site, which both decreased the maximum PO, suppressed the sparks almost completely and decreased their amplitude and duration substantially. Additionally, the blips became substantially longer, without a change in their amplitude, when Mg-unbinding was slower. It should be pointed out here that if Mg2+ inhibition was absent, activation of more than one RyR in the CRS always led to the activation of all RyRs (Figure 7A, lower right panel).



The Role of Mg2+ Binding in the Effective Coupling Strength Between Ryanodine Receptors

In a previous study (Iaparov et al., 2021) we characterized the interaction between ryanodine receptors through coupling strength - a weighted product of RyR vicinity and single-channel calcium current. The use of a more complex model of ryanodine receptor gating opened the question of whether the coupling strength is still applicable for the explanation of CRS activity. To this end, we introduced the effective coupling strength that accounted for variable RyR gating parameters (Eq. 10). This included weighing the parameters for Mg2+ binding to the activation site, the allosteric factor of Mg2+ binding to the activation site, or the parameters for Mg2+ binding to the inhibition site. Due to the multifactorial nature of the results (178 different parameter combinations), it was not possible to use fitting for the determination of the weight factors, since it was not a priori known whether they follow the same Hill equations, in contrast to our previous study (Iaparov et al., 2021). The weight factors were found by the original method of maximizing the mutual information between the effective coupling strength and CRE characteristics (see Methods). The weights enabled the comparison of CRS models differing in RyR Mg-binding parameter values.

As documented in Figure 7, the effective coupling strength consolidated the characteristics of simulated calcium release events into relationships of a dose-response type. The relative occurrence of quarks, blips, and sparks followed approximately the same relationship on the effective coupling strength, independently of RyR model parameters. However, the dependence of the average amplitude of all events differed markedly between models in which parameters of the activation site and the inhibition site were varied. This was mainly due to the steep dependence of RyR maximum open probability on KIMg, leading to a steep increase of spark amplitude when KIMg was increased and inhibition of RyR activity by Mg2+ was reduced, independent of coupling strength.



Limitations

The CRS model used in this work does not account for the reduction of calcium gradient and the effect of depletion of SR calcium on the single-channel calcium current. This simplification was necessary to assess the effect of Mg–RyR interactions on the formation of calcium release events without the interference of parallel processes. Consequently, the simulated CREs differ from the real ones, especially in the case of large and prolonged sparks.

The CRS model also takes advantage of a simplified description of buffered calcium diffusion based on the instantaneous formation of the steady-state calcium gradient upon RyR opening (Naraghi and Neher, 1997). This approximation also assumes that calcium buffers do not saturate and therefore the build-up of calcium concentration at a RyR can be considered as additive in the case of multiple sources. More realistically, the free Ca2+ concentration in the dyadic gap temporarily reached higher values, which might locally saturate the buffers according to the reaction-diffusion models of narrow dyadic gaps (Soeller et al., 2007; Valent et al., 2007). Since the activation of RyRs is much slower than the build-up of calcium gradient (Soeller et al., 2007; Valent et al., 2007), the use of the Naraghi-Neher simplification should not weaken the conclusions of this study while allowing much faster calculations than the reaction-diffusion model of the dyadic gap (Valent et al., 2007).

The rate constant kAonMg was set to 0.01 × kAonCa, considering that the rate-limiting factor in ion binding to a ligand is the exchange rate of a water molecule in the hydration complex of the ion. The resulting value can be considered as the upper limit since other rate-limiting factors in Mg-RyR interaction could eventually slow down the reaction. Consequently, the corresponding unbinding rate constant kAoffMg might have been overestimated by the fitting procedure to keep the equilibrium constant at the appropriate value.

We have previously estimated kAoffMg in the range of 0.05 - 0.22 ms–1, assuming instantaneous binding of Ca2+ to an Mg2+-free RyR activation site (Zahradnikova et al., 2010). The known rate constants of Mg2+ unbinding from other calcium-binding proteins such as parvalbumin, its mutants, and troponin-C range widely between 0.001 ms–1 to 0.267 ms–1 (Rosenfeld and Taylor, 1985; Permyakov et al., 1987; Hou et al., 1993; Zhang et al., 2011), but are less than our estimate. We showed by permutation of Mg2+ binding/unbinding rates at a constant ratio that the lower rates (at no change in Mg2+ affinity) would have no effects on the calcium dependence of the steady-state PO, tO and tC (Figure 5) and would only affect the time course of the response to a stepwise change in [Ca2+]. This simultaneous and equivalent decrease of both rate constants would result in a still lower frequency of observable events (Figure 7B and Table 4).

In general, the rates of ligand-ion binding reactions are temperature dependent; however, the temperature coefficients of similar reaction systems are comparable but larger than that of passive diffusion, and smaller than that of enzymatic reactions. Therefore, their proportions should be expected to change with the temperature of the heart. Nevertheless, experiments at the cellular level are typically performed at room temperature, for which the presented results are pertinent.

Finally, our results point to the need for a more precise single-channel description of RyR activity at near-physiological conditions, especially at low cytosolic [Ca2+], in the presence of high ATP, and at a range of free Mg2+ concentrations. Such measurements would need very long recordings of single-channel activity to attain sufficient accuracy (Zahradnikova et al., 2020) but would be instrumental for a precise determination of KO0 and fMg.



Physiological Implications

The presented model provided a high fraction of quarks, i.e., initiating RyR openings that activated no other RyRs. In real experiments, quarks are not observable for their small calcium yield. To determine whether this finding is consistent with experimental data, we compared the predicted fraction of CREs of different types with the observed number of calcium release events in cardiac myocytes. The number of ryanodine receptors per volume unit of a myocyte has been estimated as 60 - 90 RyRs per μm3 (Soeller et al., 2007; Hayashi et al., 2009). Assuming a confocal volume of 100 × 1 × 0.2 = 20 μm3 per scanning line, this translates to 1250 - 1900 RyRs in the observation volume per 100 μm line length. Our reference value of mean closed time (35 s) and mean open time (0.2 ms) at 100 nM Ca2+ then corresponds to 36 - 54 RyR openings per second in this volume. Of these, there would be 2.7 - 8.4 blips per second and 0.02 - 7 sparks per second at a calcium current of 0.15 - 0.6 pA (see Figure 4D and Table 4). These can be compared with the experimental values of 0.2 - 4.6 sparks/(100 μm) (Lukyanenko and Gyorke, 1999; Guo et al., 2006; Parks and Howlett, 2012; Yin et al., 2021) in intact cells and 4 - 40 sparks/(100 μm) in skinned cardiac myocytes (Lukyanenko and Gyorke, 1999; Kubalova et al., 2005; Fernandez-Velasco et al., 2009; Ruiz-Hurtado et al., 2015). The values predicted by the model can be reconciled either with a lower iCa and a high predominance of blips or with a higher iCa and a comparable occurrence of both blips and sparks. However, our simplified calculations predict that blips cannot be detected when iCa is lower than 0.4 pA (Iaparov et al., 2021); thus a more realistic model of calcium diffusion in the dyadic gap and better estimates of Mg2+-ATP binding kinetics are necessary to decide this point.

The Mg-binding parameters substantially affect the frequency of RyR openings by modulating the RyR closed time at the basal calcium concentration (Table 4). A similar conclusion was reached in our previous study of the effect of Mg2+ binding on spontaneous sparks and waves in a simplified kinetic model of the CRS (Petrovic et al., 2015). Additionally, here we observed a strong effect of Mg-binding parameters on the relative occurrence of quarks, blips, and sparks (Figures 6D-F). Such changes transposed to real experiments mean that a change in Mg-binding parameters due to RyR mutation, phosphorylation/dephosphorylation, or oxidation/reduction would affect the frequency of observed spontaneous calcium release events. An increase in the relative proportion of sparks would be associated with an increase of the mean amplitude of the observed CREs, due to the larger number of open RyRs at the peak of sparks than of blips, and a longer average duration of observed CREs, due to the longer duration of sparks than blips (Figure 4D).




CONCLUSION

The binding of Mg2+ to both the activation and the inhibition site negatively modulated the effective coupling strength in a qualitatively similar way. In other words, these findings reveal the role of Mg2+ ions as a damping agent that protects calcium release sites from uncontrolled activation at threshold calcium stimuli. This finding is of principal physiological importance since it helps to explain the graded behavior of calcium release at the level of ryanodine receptors, which impedes the positive feedback inherent to the calcium-induced calcium release mechanism.
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fo, fa, fg, fs — the frequency of spontaneous RyR openings, quarks, blips, and
sparks per CRS, respectively. CRS simulations were performed at 100 nM Ca%+

and ica = 0.6 pA.
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Components of the Ca buffer Kon,ca (bM~1 ms—1) Koft,ca (ms™1) Concentration (1. M) D (um~2 ms—1) References

ATP (apparent total) 0.225 45 400* 0.14 Valent et al., 2007
Fluo-4 0.1 0.11 50 0.042 Hake et al., 2012
Calmodulin 0.023 0.238 24 0.025

Troponin (cytosol only) 0.039 0.02 70 0

Sarcolemma (cytosol only) 0.115 1 1124 0 Zahradnikova et al., 2007
SR membrane (cytosol only) 0.115 0.1 47 0

Basal free [Ca?*] was set to 100 nM.

*The apparent total ATP represents the ATP concentration used to calculate free Ca2* during calcium release. This value was calculated for a total ATP of 5 mM, total
Mg of 5.6 mM, free [Mg2™*] of 1 mM, and Ka,mgatp Of 87 WM (Valent et al., 2007). We used a constant apparent total ATP to simplify calculations of [Ca?] during calcium
release, since the free Mg concentration stayed constant as well, and the released Ca®* ions equilibrated effectively only with the apparent total ATR. The “cytosol only”
components were used for calculation of the fluorescence signal in the cell cytosol volume.
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Kaca 418+0.13 uM Kaoftca/Kaonca
KaonCa 0.71 uM~ " ms~! Zahradnikova et al.,
1999
Kaoffca 2.97 £+ 0.09 ms~! Fitted, this study.
Kamg 923 +£3.5 M Kaofiig/kaoniig
kAonI\/Ig 0.0071 MM71 ms~—! 0.01 x kaoncas
Eigen and Wilkins,
1965
Kaoftg 0.66 + 0.025 ms~! Fitted, this study.
fca 0.0058 + 0.00015 Fitted, this study.
fvg 3.25 + 0.052 Fitted, this study.
NonCa 0 Postulated, this
study
Nonig 0 Postulated, this
study
Kooo 10800 Zahradnik et al.,
2005
kco 0.0011 £ 2.09E-05 ms™! Fitted, this study.
koc 11.9+£0.23 ms~! Fitted, this study.
co 0.671 £ 0.0015 Fitted, this study.
Kinmg 546 + 54 M Kiomag/Kionvg) '/
Kionig 5.9E-07 + 2.6E-07 PM=2 mg—1 Fitted, this study.
Kiottvig 0.176 + 0.084 ms~! Fitted, this study.

Kaca — Kaofica’Kaonca: Ca2 ™t dissociation constant of the RyR activation site in the
closed state COO.

Kaonca — Ca?t binding rate constant of the RyR activation site in the
closed state COO.

Kpofica — Ca?™ unbinding rate constant of the RyR activation site in the
closed state COO.

Kamg — KaottMg/KaonMmgs Mg?+ dissociation constant of the RyR activation site in the
closed state COO.

KponMg  — Mgz+ binding rate constant of the RyR activation site in the
closed state COO.

Kpofg — Mg2+ unbinding rate constant of the RyR activation site in the
closed state COO.

fca — allosteric factor coupling Ca®™ binding to channel opening.

fvg — allosteric factor coupling Mg?™ binding to channel opening.

honca — partition contribution due to allosteric coupling on Kaonca-

NonMg — partition contribution due to allosteric coupling on kaonmg-

Kooo — kco’koc; dissociation constant of the ion-free open state O00.

kco — rate constant of the CO0 — OO0 transition.

koc — rate constant of the O00 — COO transition.

\co — partition contribution due to allosteric coupling on kco.

Kimg — (Kiofug/Kionmg) /2, dissociation constant of Mg?* ions at the RyR
inhibitory site.

KionMg — Mgz+ binding rate constant of the RyR inhibition site.

KiofiMg — Mg2+ unbinding rate constant of the RyR inhibition site.

The value of knonmg was set to 0.01 x kaonca, based on the generally accepted
theory according to which the rate-limiting factor in ion binding to a ligand is the
exchange rate of a water molecule in the hydration complex of an ion. The water
exchange rate of Mg2™ is two orders of magnitude slower than that of the Ca2+
ion (Eigen and Wilkins, 1965).

Values of \onca and honmg Were set to zero since Ca?* binding to the ion-free
closed state COO is diffusion-limited (Zahradnikova et al., 1999). This means that
the binding of Ca?* and Mg?™ at the activation site of one monomer does not
affect the on-rate constants but only the off-rate constants of these ligands binding
to other monomers (see Supplementary Table 1).





OPS/images/fphys-12-805956-e011.jpg
(X, Y)=HX)+H((Y)—H(X,Y),





OPS/images/fphys-12-805956-i017.jpg
peak
N (o]





OPS/images/fphys-12-805956-e012.jpg
f = Npyr/((to)y + (tc)p),





OPS/images/fphys-12-805956-i018.jpg
max,
Py





OPS/images/fphys-12-805956-e013.jpg
(Kivg)®
Po([Ca™], Mg ]) = e
o ([ca*], [Mg**]) (K + [Mg* ]

(1 Kt (1 250

.4
(1] + Kacadea (14 B2 1)) 4 Kovo e (Ca+ Kaca (1 + BET))! ()





OPS/images/fphys-12-805956-i015.jpg
peak
N (o]





OPS/images/fphys-12-805956-i016.jpg
of





OPS/images/fphys-12-805956-i013.jpg
peak
N (o]





OPS/images/fphys-12-805956-i014.jpg
peak
N (o]





OPS/images/fphys-12-805956-i011.jpg
peak
N (o]





OPS/images/fphys-12-805956-e010.jpg
H(X) == P(x)-logP (x), (1)
ey





OPS/images/fphys-12-805956-i012.jpg
peak
N (o]





OPS/images/fphys-12-805956-i019.jpg
peak
N os





OPS/images/fphys-12-805956-i020.jpg
peak
N os





OPS/images/fphys-12-805956-i021.jpg
max,
Py





OPS/images/fphys-12-805956-g003.jpg
ts3.00, (MS) ©

0.1 1 10 100
Ca?* (M)
100
10
1 9

0.001 0.01 0.1 1 10 100

Time (ms)
' ¥
10 -
f L 3
1
01{ % |
0 0.6 0.94

Mg?* (mM)





OPS/images/fphys-12-805956-g002.jpg
12 212 312 /
@@f@j‘ 61
@il@} @

SINe

042






OPS/images/fphys-12-805956-g005.jpg
to (Ms)

t- (Ms)

100 B 400
10 10"
10 102
O
1073 Q. 10°
10 10
16° 10°
10_6 10-6 LR | L | L |
0.1 1 10
2 — i
3_
~~
n
- 2
1_ p
O -
h )
1_
0 I T | 0
0.1 1 10
10°
4
% 0
E
-n..o 102
10"
100 e
0.1 1 10
[Ca®"] (UM)
0.4 - 0.4 -
0.3 - 0.3 -
] o -
Q 02-_ /,«*"‘"
.1 - /
1 /*
0 | | ' | |
0 5 10 15 20
Time (ms) Time (ms)
Reference 0.5xfy, S % F g

O-5xkAoffMg ) O'5xkloffMg 2xkAOffMg ) zxk/OffMg

E— O-5xkAonMg ) o'5xklonMg —zxkAonMg : 2xk/0f7Mg

- O-SxkAoffMg & O'5xkAonMg ) O'5xkloffMg & O'5xk/0nMQ

_zxkAoffMg & 2xkAonMg’ 2xkloffMg & 2xklonMg





OPS/images/fphys-12-805956-g004.jpg
Sparks

Blips

Quarks

D

Spark

Blip

Quark

0.5 —

10

@ °N

100 0 50 100 O 50 100

50

(wrl) x

b0 Mu“.\
A
GL'0
|
o
90
b0 Am@
A
GL'0
: |
o
<
=2
©
O

100 0 50 100 O 50

50

00 —

50

0 —

0 -

b0 Ml\.
GZ0 .I%
GLO
| ' | ' | ' |
(@] (@] (@] o
({o] <t (q\|
90
b0 M\.
AU
GLO
| | | |
<t (Q\| (@) ({0
(sw) d11
|
Ep)
[ =)
(1
——
L
3
\n.al i
= [
g |
_
N _
&0 _
£
- e
_
) |
E |
S
S = S
(@)

saoeJ) JO uoljoeld

12345678 9101112131415

peak
NO

Frequency

&

V0

Gco
G0

90
0
Gco
G0

90
Vo
Gco
GL0

0.001

Ica (PA) Ica (PA)

iCa (pA)

0.0001

v'0
Gco
GL0

6
4
2
0 -

90
v'0
Gco
GL'0

ll

0.2 -

0.1 -
b -

90
v'0
Gco
GL0

0.02 —

0.01 —
-

(jowe) “Pu

60

Q
(sw) d11

0
0

AN

Ics (PA) Ic, (PA)

Ic, (PA)

peak
N (@)





OPS/images/fphys-12-805956-g001.jpg
0.04 |-

100 nm





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Magnesium Ions Moderate Calcium-Induced Calcium Release in Cardiac Calcium Release Sites by Binding to Ryanodine Receptor Activation and Inhibition Sites



		INTRODUCTION



		METHODS



		Simulations and Analysis



		Kinetic Parameters of the Ryanodine Receptor Gating Model



		Kinetic Equations of the Ryanodine Receptor Gating Model



		Calcium Buffers, Diffusion, Ryanodine Receptor State Transitions, and Fluorescence



		Parameter Space of the Simulations



		Calcium Release Site and Calcium Release Events



		Coupling Strength



		Determination of Weight Factors of the Effective Coupling Strength



		Frequency of Calcium Release Events







		RESULTS



		Construction and Validation of the Ryanodine Receptor Gating Model



		Characteristics of Simulated Calcium Release Events for the Calcium Release Site With the Monod-Wyman-Changeux-Ca/Mg Ryanodine Receptor Model



		Effect of Mg-Binding Parameters on Calcium Dependence of Ryanodine Receptor Activation



		Mg-Binding Parameters of the Ryanodine Receptors Activation Site



		Mg-Binding Parameters of the Ryanodine Receptors Inhibition Site







		Mg-Binding Parameters Affect Calcium Release Events



		Effective Coupling Strength Tallies Ryanodine Receptor Vicinity, Calcium Current, and Mg-Binding Parameters



		The Frequency of Spontaneous Calcium Release Events Depends on the Ryanodine Receptor Closed Time at Basal [Ca2+]







		DISCUSSION



		Mg2+ Ions and Ryanodine Receptor Sensitivity to Calcium



		Calcium Release Events Generated by the Calcium Release Site Model With Monod-Wyman-Changeux-Ca/Mg Ryanodine Receptor Models



		Effect of Mg2+ Binding Parameters on Calcium Release Events



		The Role of Mg2+ Binding in the Effective Coupling Strength Between Ryanodine Receptors



		Limitations



		Physiological Implications







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fphys-12-805956-g007.jpg
Fraction

[ |||||||| I |||||||| I |||||||I R,
10 (i 17 100
eff
14 - @i
0 | |||||||| [ |l||l||| [ |||||||[ I ||||||||
15 102 10" 100 10"
eff
@i
Quarks
-1
kAonMg (ms )
0.001 0.01
1 Lol Ll
0.8 -
0.6 -
04 -
0.2 -
0

0.1 -1
Kpofivg (MS™)

1

® Reference
[] fMg

A koff

O kon
'<>_koff & kon

"~ Inhibition site
| Activation site

P
B NI B R R R J
10* 107 10! 10°
fo
" , Py
0.75
— _
8 0)15
2.0 0.5
< 10
-0.25
= 0
0 T T T T T T T T T T 1T
103 1072 10" 10°
eff
@
Sparks
-1
kAonMg (ms )
0.001 0.01

Lorrntl l l

el

10+ 1072 107 10°
eff
6 - @i
X
-
Q.0
1_
0 I |||||||l I |||||||| I |||||||| I TTITTI
15 1072 10" 10°
eff
@
Blips
-1
kAonMg (ms )
0.001 0.01
025 L 1 1111l Ll
0.2 -
0.15
0.1 -
0.05
0

||||ll[ I

0.1 -1
Kpofivg (MS™)

1

l||I|I| I|||II|

0.1 Ay 1
Kpoffvg (MS™)





OPS/images/fphys-12-805956-g006.jpg
Time (ms)

Time (ms)

® Reference ¢ f,, =1 @ f,, =500

® 0.5xky% ,0.5xK% ® 2xkig 2xke

® 0.5% Aon 10 o Ion ® 2x Aon’ 2% /on

Time (ms)

D 1.

Quarks Blips Sparks

Quarks Blips Sparks

Quarks Blips Sparks

B Reference [ |fy,, =1 [ f,,, =500
I: 0.5x Aoff’ 5kag - ZXk/AQJOff ’2)( Ioff
Ij 0.5x Aon ’0 5kag - 2x on ’ /on






OPS/images/cross.jpg
3,

i





