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Abstract

The ryanodine receptor type 2 (RyR2) is composed of four subunits which control calcium (Ca) release in cardiac
cells. RyR2 serves primarily as a Ca sensor and can respond to rapid sub-millisecond pulses of Ca while remaining
shut at resting concentrations. However, it is not known how the four subunits interact in order for the RyR2 to
function as an effective Ca sensor. To address this question, and to understand the role of subunit cooperativity in
Ca mediated signal transduction, we have developed a computational model of the ryanodine receptor 2 (RyR2)
composed of four interacting subunits. We first analyze the statistical properties of a single RyR2 tetramer, where
each subunit can exist in a closed or open conformation. Our findings indicate that the number of subunits in the
open state is a crucial parameter that dictates RyR2 kinetics. We find that three or four open subunits are required
for the RyR2 to harness cooperative interactions in order to respond to sub-millisecond changes in Ca, while at the
same time remaining shut at the resting Ca levels in the cardiac cell. If the required number of open subunits is
lowered to one or two, the RyR2 cannot serve as a robust Ca sensor, as the large cooperativity required to stabilize
the closed state prevents channel activation. Using this 4-subunit model, we analyze the kinetics of Ca release from
a RyR2 cluster. We show that the closure of a cluster of RyR2 channels is highly sensitive to the balance of
cooperative interactions between closed and open subunits. Based on this result, we analyze how specific
interactions between RyR2 subunits can induce persistent Ca leak from the sarcoplasmic reticulum (SR), which is
believed to be arrhythmogenic. Thus, these results provide a framework to analyze how a pharmacologic or genetic
modification of RyR2 subunit cooperativity can induce abnormal Ca cycling that can potentially lead to life-

threatening arrhythmias.

Statement of significance

The ryanodine receptor type 2 (RyR2), which is composed of four interacting subunits, is the main channel
responsible for calcium signal transduction in many cell types. However, it is not understood how the interaction
between subunits determines the functionality of RyR2. In this study we show that subunit cooperativity is crucial
in order for RyR2 to serve as an effective calcium sensor. We also show that small changes in subunit cooperativity

can induce RyR2 leak, which is known to induce life-threatening cardiac arrhythmias.



Introduction

In cardiac cells, voltage sensitive ion channels in the cell membrane regulate processes within the cell by controlling
the flow of ions between intracellular stores. The main ion responsible for signal transduction in the heart is calcium
(Ca), which is stored at a high concentration in the sarcoplasmic reticulum (SR). By controlling the flow of Ca across
the SR, the Ca concentration in the cell can be modulated in order to regulate an array of signaling cascades (1-3).
An important protein that controls Ca release in cardiac myocytes is the Ryanodine Receptor Type 2 (RyR2). Cryo-
EM studies reveal that the RyR2 is composed of 4 identical subunits that control the diameter of a central pore (4,
5). These subunits are regulated by Ca binding to regulatory sites, which control the conformational state of the
subunit. On a larger scale, RyR2 channels aggregate on the SR membrane to form tightly knit clusters of roughly
10-100 channels(6, 7). These clusters form synapse-like protrusions of the SR called junctional-SR (JSR) which are
positioned close to voltage sensitive L-type Ca channels (LCCs) in the cell membrane. Signaling between the LCC
and the RyR2 occurs in the restricted volume between these channels, which is referred to as the dyadic junction.
During an action potential (AP), a small amount of Ca is released by the local LCCs into the dyadic junction. This
Ca then binds to the local RyR2s, which leads to an increase in the open probability of the RyR2 channels, and
subsequently, to a large flow of additional Ca into the dyadic junction from the SR. The additional Ca released is
localized in the vicinity of the RyR2 cluster and is referred to as a Ca spark. Using this approach, membrane currents

can excite sparks that are spatially distributed in the cell, in order to activate a wide range of intracellular processes.

In the cardiac cell, the main function of a single RyR2 channel, and clusters of RyR2 channels, is to serve as a robust
Ca sensor. LCCs typically have a mean open time in the sub-millisecond range, so that a crucial design feature of
the RyR2 is that it must have the capacity to respond to changes in Ca concentration on this time scale (8). A second
design feature of the RyR2 is that it must reliably shut at the resting Ca concentration in the cardiac cell (~ 0.1 uM).
This feature determines the stability of Ca release from the SR, and it is crucial to maintaining normal Ca cycling
homeostasis in the cell. There are now many studies that have shown that various disease states are associated with
abnormal Ca release from the SR, which has been attributed to leaky RyR2 channels (9-11). However, how the RyR2
can respond rapidly to sub-millisecond pulses of Ca, and at the same time remain stable at the resting Ca
concentration, is not completely understood. Previous studies have argued that this capacity of RyR2 is achieved
due to the high nonlinearity of the channel response, which arises from cooperative interactions between subunits
and neighboring RyR2s (12-15). However, it is not understood how specific interactions between subunits regulate

the nonlinear response of RyR2.

In this study, we analyze the statistical properties of a single RyR2 channel composed of four interacting subunits
and clusters of RyR2 channels. Our goal is to determine how cooperative interactions between subunits dictate the

capacity of the RyR2 to serve as a robust Ca sensor. To address this question, we first analyze the statistical properties
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of a single RyR2 channel where each subunit can be either in the closed or open state. In this case we show that
RyR2 cooperativity is dictated by two dimensionless parameters, denoted by 6 and €, which represents the energy
penalty to introduce a conformational mismatch between two adjacent closed and open subunits, respectively. Using
this approach, we show how subunit-subunit interaction energies allow RyR2 to respond rapidly to sub-millisecond
changes in the local Ca concentration while remaining stably shut at the resting Ca levels in the cardiac cell. Our
main finding is that a crucial parameter that dictates the function of RyR2 is the number of subunits that are required
to be in the open state for the channel as a whole to open and permit Ca flow. In this regard, we find that if the
number of subunits that are required to be in the open state is three or four, there is a broad region in parameter space
where RyR2 is an effective Ca sensor. However, if only one or two subunits are sufficient, we find that system
parameters must be finely tuned for RyR2 to function effectively. Thus, our results predict that to optimize Ca
signaling fidelity, RyR2 only allows Ca across the pore when three to four subunits are in the open state. A second
finding in this study is that strong subunit cooperativity can make RyR2 more responsive to changes in Ca in the
dyadic junction, while at the same time stabilizing the closed state of the channel at the resting Ca concentration.
However, we find that this effect only occurs when § and € are tuned to a restricted region in parameter space. Thus,
cooperativity improves the capacity of RyR2 to serve as a Ca sensor provided that key energetic constraints are
satisfied. We have also studied the response of a cluster of RyR2 channels to sub-millisecond changes in local Ca
levels. In this case, we again find that § and € must be tuned to a restricted region in parameter space for a Ca spark
to both form and be reliably extinguished. Outside of this region, we show that Ca sparks are long-lasting, or
alternatively, that Ca sparks cannot be activated by a physiologically relevant Ca pulse in the vicinity of the RyR2
cluster. These findings suggest that Ca leak from the SR, which is known to be arrhythmogenic, is sensitive to the

delicate balance of subunit-subunit interactions which stabilize the closed and open state of the RyR2.

Methods

Model of a single RyR2 subunit

Cryo-EM studies reveal that the RyR2 is composed of four identical subunits that control the diameter of a central
pore (5, 16-18), as shown in Figure 1A. Each subunit potentially has several Ca binding sites, which can regulate
the conformation of the RyR2. From an analysis of the cryo-EM structures, a single activating Ca binding site on
each subunit has been identified on the cytosolic side of the channel (5, 19). It is generally believed that once Ca
binds to the activating Ca binding site, allosteric interactions induce the pore lining S6 segment to tilt away from the
central axis, increasing the diameter of the pore(4). To model RyR2, we will first assume that each subunit can be

in a closed (0) or open (1) conformation. Transitions between these states will obey the reaction scheme

0=1, (D

where kg4 is a Ca dependent forward rate, and k- is the closing rate. In a previous study (20), we developed a more

complex gating scheme with an additional closed state which was introduced to model RyR2 flickering observed at
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concentrations above ~ 10uM (21). In this study, we have opted for a minimal two state model given the paucity of
experimental data needed to constrain the interactions between these states. Following our previous study, we note
that the closed to open transition will be regulated by a single Ca binding site, which we take to be the activating Ca
binding site. Thus, the open rate will obey first order kinetics and have the form

[Ca]

Koy = Ag; ————
01 01 [Ca]'l'cth

(2)

where [Ca] denotes the concentration of Ca on the cytosolic side of the RyR2. Here, ¢, is the half-maximal
concentration constant for Ca binding, and A, is the maximal binding rate at high Ca concentrations [Ca] > c;y,.
The choice of parameters Agq and c¢;, will be constrained by experimental measurements of the RyR2 in lipid

bilayers and will be discussed in a following section.

Modeling the effect of subunit-subunit interactions

Equilibrium properties of the RyR2 tetramer. The goal of this paper is to understand how interactions between RyR2
subunits determine the properties of the channel as a whole. Analysis of the cryo-EM structure of the RyR2 reveals
that adjacent subunits interact, but there are few, if any, interactions between diagonal subunits. This can be seen
qualitatively in the cryo-EM structure of the closed state of the RyR2 in Figure 1A. Figure 1Aii presents a top-down
view from the cytosolic side of the closed RyR2 channel. We note in Figure 1 Aii that any given subunit is in direct
contact with a subunit directly adjacent to it on either side, but it is not in direct contact with the subunit diagonally
across from it. Figure 1Aiii presents a top-down view from the luminal side showing that there are direct contacts
between adjacent subunits but not between diagonal subunits. We can make these observations quantitative by using
UCSF Chimera X (22), a program for visualization and analysis of protein structure files, to identify the hydrogen
bonds (H-bonds) between any two different subunits in the cryo-EM structure. Figure 1B shows that several H-
bonds were identified between adjacent subunits in both the closed (PDB ID: 6J18) and open (PDB ID: 6J1Y) states
of the channel while none were identified between subunits that were positioned directly across from each other.
Hence, these results suggest that we use a nearest-neighbor interaction model where interactions between adjacent

subunits are included in the model but interactions between diagonal subunits are not included.

To analyze the statistical properties of the RyR2 tetramer, we label conformations as a string of four numbers § =
{s1,52, 53,54}, where subunit i can be in the state s;, which can be either 0 or 1. To compute the energy of the system,
we first define the energy of a subunit in isolation in the closed and open state as E[0] and E[1], respectively. To
account for the subunit-subunit interactions, we will incorporate only nearest-neighbor interactions between subunits
s; and s;,4, as our foregoing analysis indicates that subunits s; and s;,, do not interact. Thus, we will introduce an
interaction energy between adjacent subunits denoted as E[s;, S;41]. Thus, there are 3 distinct interaction energies

between subunits denoted as E[1,1], E[0,0], E[0,1] = E[1,0]. The total energy of a conformation § is then given by
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where the cyclic geometry of the tetramer imposes periodic boundary conditions so that s5 = s;. Once these energies
are defined, we can then compute the equilibrium properties of the system by computing the partition function
2= exp(-pED | @
{s}
where the summation is overall all possible conformations S. In Appendix A, we give a full analysis of the partition

function of the system.

Dynamics of the RyR2 tetramer. To model the dynamics of the RyR2, we will consider the stochastic dynamics
between conformational states of the tetramer. To implement this, we will denote K[S — U] to be the transition rate
from conformation § to U, so that in a time step At the probability of that transition is given by K[§ — u]At. While
the detailed kinetic parameters are not known, transition rates must satisfy the principle of detailed balance. This
condition reads

% = exp(—B[E[H] — E[5]]) . (5)
To implement detailed balance, we will first consider the transition rate of subunit i from the closed to open

conformation. This rate is taken to be

AED!
Ki[0—>1]=k01exp<—ﬁ 21 )’ ©)
where
AEP' = E[1,5;-1] + E[1,5i41] — (E[0,8;-1] + E[0,5144]), )

which is the change in subunit-subunit interaction energy between the initial and final conformation. Similarly, the

transition rate from the open state to the closed state is given by

AE}®
Ki[lﬁo]:kweXp(_ﬁ 21 )’ ®)
where
AE!® = E[0,s141] + E[0,5;-1] — (E[1,Si41] + E[1,54]) . 9)

Note that we have included a factor of 1/2 in the exponential so that forward and backward rates are treated on equal
footing while satisfying detailed balance. Also, the energetic contributions due to the isolated subunit is accounted

for by the rates ko and kq¢, since koq /k1o = exp(—,B(E[l] - E[O])).

The transition rates can be more succinctly expressed by introducing the matrix

Q[Si,Sj] = IZE[E[SL',S]'] — E[l — Si,Sj]] , (10)



so that

Ki[0 - 1] = ko4 exp[Q[O, si-1] + Q[0, 5i+1]] ) (11)
Ki[1 - 0] = kq exp[Q[l, Si—1] + Q[1:5i+1]] . (12)

The matrix elements are
Q[0,1] = ¢, (13)
Q[l,l] = —€, (16)

where

5= (/2—;) (E[0,1] — E[0,0]), 17)
€= (g) (E[0,1] - E[1,1]). (18)

Here, we note that € and § are dimensionless quantities which specify the energetic cost of introducing a mismatch

between two adjacent subunits in the closed and open conformations, respectively.

Single channel simulation protocol. To time evolve the RyR2 tetramer from time ¢t to t + At, the transition rate will
be computed using the conformation at time t, and each subunit will be updated simultaneously at each time step.
In particular, subunit i in state s; at time ¢ will transition to state 1 —s; at time t + At with probability
K;[s; = 1 — s;]At, or remain in state s; otherwise. To compute the open probability of the RyR2, denoted here as
P,, we simulate a single RyR2 for t = 10°® ms using a time step At = 0.005 ms. During this simulation, the total
time spent in the open (T,) and closed state (T,) is computed, and these times are used to compute P, =
T,/ (T, + T.), and the mean open and closed times. Similarly, the mean closed time is found by 7, = T./n., where
n. is the total number of times the RyR2 closes. This simulation is conducted for a range of cytosolic Ca
concentrations in order to compute the Ca dependence of these quantities. In all simulations quantities are computed

by averaging over 500 independent runs, and the error is estimated as the standard deviation.

Model parameters. To constrain model parameters, we will rely on measurements of single RyR2 kinetics in lipid
bilayers by Xu and Meissner (23). In that study, the authors measured Ca ion flow across the pore in order to
characterize the gating kinetics of the full RyR2. It should be noted that in these experiments the kinetics of individual
subunits was not measured, so it is not known how many subunits are required to open to allow Ca ion flow. In
particular, they measured P,, and showed that the threshold for channel opening occurs at concentrations ~ 10 uM,
so that we can take ¢;;, = 10 pM. This choice is consistent with several studies which show that P, increases rapidly
with Ca around these concentration levels (21, 24). They also measured the average closed time of the RyR2 and
found that it varied substantially with the Ca concentration. At resting concentration levels, [Ca] ~ 0.1 uM, they
found that T, ~ 5000 ms, which drops down to ~ 150 ms at [Ca] ~ 1 uM, and then further to ~ 1 ms for [Ca] >

10 uM. Note that for a high concentration, where [Ca] > ¢, the Ca dependence of binding is saturated, so that a
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single subunit in the closed state will transition to the open state with a rate that is roughly Ag4. Now, ifk, = 1, then
the mean closed time is determined by the transition rate for one of the four closed subunits to open, which gives
7. ~ 1/(4401), so that we can estimate Ag; ~ 0.25 (ms)~1. However, if k, > 1 then 7, will be larger and sensitive
to the degree of cooperative interactions between subunits. Thus, given that we do not know the interaction strengths
& and €, a reasonable choice of parameters is to simply take Ay, ~ 1 (ms)~1. Finally, Xu and Meisner measured
the mean open time (7, ) of the channel and found that it increased moderately from ~ 0.5 ms at 0.1 uM to ~ 2 ms
at 100 uM. In this case, the Ca dependence is weaker, and given that we do not know the parameters k,, € and 6, a
reasonable choice of the single subunit closing rate is k;o ~ 1 (ms)™!. In Table 1 we summarize the model

parameters that we have used to characterize the RyR2.

The dynamics of a RyR2 cluster. In a cardiac cell, RyR2s are arranged in clusters that are distributed within the cell.
Therefore, it is important to explore the role of subunit-subunit cooperativity in the signaling fidelity and stability of
RyR2 clusters. To explore this feature, we will apply a spatially distributed cell model of intracellular Ca(25, 26). In
this approach, the cell interior is divided into compartments that contain the key Ca cycling ion channels (see Figure
1C). The basic unit of the model is referred to as a Ca release unit (CRU), which is composed of the main
compartments that surround a RyR2 cluster in the cell. The intracellular compartments that comprise the junctional
CRU are: (1) The dyadic junctional space with concentration denoted as C;’)j k, where ijk denotes the location of that
CRU in a 3D grid representing the cell. This compartment represents the volume of the cell that is in the immediate
vicinity of the local RyR cluster, which is roughly a pillbox of height 10nm and diameter 100nm; (2) The
submembrane space, with concentration Céj k, which represents a volume of space in the vicinity of the dyadic
junction. This space is larger than the dyadic junction, but much smaller than the local bulk cytosol; (3) The cytosol,
with concentration ciij k, which characterizes the volume of space into which Ca diffuses before being pumped back
into the SR via the Sarcoplasmic-Endoplasmic Reticulum Calcium ATPase (SERCA) transporter; (4) The junctional
ijk

sarcoplasmic reticulum (JSR), with concentration ¢;g,., which is a protruding synapse-like section of the SR network

in which the RyR2 channels are embedded; (5) The network SR (NSR), with concentration C,iljsli, which represents
the bulk SR network that is spatially distributed in the cell. In this study, we are interested in the dynamics of only a
single RyR2 cluster. Thus, we will simulate only a small 5 X 5 X 5 lattice of CRUs, and place an active RyR2 cluster
at the 3,3,3 site, while all other fluxes in the cell are set to zero, and we will analyze clusters of 40 RyR2 channels
which will be stimulated by a 1ms stimulus of varying amplitude. Following our previous study (20), luminal
dependence of RyR2 is implemented by introducing a JSR load dependence of the RyR2 subunit opening rate. Thus,
the forward rate given by Eq. 2 will be multiplied by a factor CD(cjsr) =1/ (1 + (C*/ str)y) ,wWherey =5, ¢* =
700 pM, and where ;- denotes the JSR Ca concentration. This factor ensures that Ca sparks will terminate reliably

since the forward rate k(, decreases rapidly as the JSR concentration is depleted. Also, rapid diffusion of [Ca] away



from the dyadic space provides a strong negative feedback mechanism that promotes Ca spark closure. Here, we
note that while this formulation provides a robust mechanism for Ca spark termination, alternative mechanisms have
been proposed(27-29), and there is still no established mechanism that has been rigorously confirmed (2). In the
discussion section we argue that the main results in this study should be independent of the detailed mechanism of

Ca spark termination. All computational code developed in this study will be provided by the authors upon request.

Results

Dependence of RyR2 kinetics on subunit-subunit interactions

In this section, we will explore the role of subunit-subunit interactions on the gating kinetics of the RyR2. We first
note that the opening of the pore will require a subset of the four subunits to be in the open conformation. Since this
number is not known, we will define a variable k, = {1,2,3,4}, so that if the number of subunits in the open
conformation, denoted as k, satisfies the condition k > k,, we will consider the RyR2 to be in the open state. For a
given k,, we will analyze single channel properties that govern the capacity of the RyR2 to serve as an effective Ca

Se€nsor.

The case k, = 4.

As a starting point, we will first analyze the case where the RyR2 pore opens only when all four subunits are in the
open state. Here, we will first consider the case of symmetric interactions, § = €, in order to assess how the open
probability P, depends on the strength of cooperativity. In Figure 2A, we plot P, vs. log[Ca] for a range of subunit-
subunit interaction strengths. This result shows that P, has a sigmoidal dependence on log[Ca], and both the
steepness and maximum P, are increased with stronger subunit-subunit interactions. To understand the response
properties of the RyR2, we can apply an exact solution for P, for the k, = 4 case, which is given in Equation B7
(Appendix B). Using this expression, we can set § = € and evaluate P, in the limit of strong and weak cooperativity.
In the limit of weak cooperativity (§ < 1), we find that P, ~ (1/(A + 1))*, where A = kg /k;o, which is due to the
requirement that all subunits must transition to the open state independently. At a high Ca concentration, which is
induced by a local LCC opening where [Ca] > ¢, this gives P, ~ 0.2. On the other hand, for high cooperativity
(6 > 1), we find that P, ~ 1*/(1* + 1) ~ 0.94. Thus, at high [Ca], strong coupling between subunits forces all of
the subunits to the open state. Now, at resting concentrations ([Ca] ~ 0.1 uM) we find that P, ~ A* ~ 1077 for
both strong and weak cooperativity. For the case k, = 4, this result demonstrates that the RyR2 is reliably shut at
low Ca concentrations independent of subunit-subunit interactions, but cooperativity can substantially improve the

channel response at large Ca.

To determine the regime in parameter space where RyR2 exhibits closure at low Ca and opening at high Ca, we will
vary both § and €. Thus, we will evaluate P, at the resting Ca levels in the cell ([Ca] ~ 0.1 uM), which we will refer

to as “low” Ca. Similarly, we will evaluate P, at a “high” Ca concentration, which is present in the dyadic junction
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during an LCC opening. In this latter case, the LCC should raise the local Ca concentration above the threshold of
¢en = 10 uM, and we will assume that [Ca] > c¢,. Thus, we will evaluate P, at a “high” concentration, which we
have chosento be [Ca] = 100uM. We will denote all quantities evaluated at these low/high Ca concentrations using
a superscript —/+. To define a RyR2 channel, which is reliably shut at low Ca, we will again refer to the experiments
of Xu and Meissner (23), who estimated that P, ~ 10™* at ~ 0.1uM. Thus, we will demarcate the region in parameter
space where RyR2 is reliably shut using the condition P;” < 10™*. Also, Xu and Meissner measured the RyR2 P,
at [Ca] ~ 100uM and found it to be in the range 0.5 — 0.7. Thus, we will demarcate the region of parameter space
where the RyR2 responds effectively to high Ca using the condition P," > 0.7. Note that this choice is simply to
demarcate visually the regime of high open probability and does not impact the subsequent conclusions. In Figure
2B we show the region in parameter space where P;” < 10™* and P;t > 0.7. This result indicates that the relative
strength of € and § is crucial for RyR2 to serve as an effective Ca sensor. The position of the P;” = 10™* line shown
in Figure 2B indicates that RyR2 is reliably stable for a wide range of parameters (below the blue line). However,
only a subset of this region (above the red line) will also satisfy P;t = 0.7. For example, if § = 0.5, then RyR2 is an
effective sensor only in the range € = 0.5 and € < 1. Thus, there is a restricted region in parameter space where
RyR2 is both reliably shut at low Ca while remaining responsive to sub-millisecond changes in the local Ca

concentration.

In the cardiac cell, RyR2 are activated by LCC openings that raise the local Ca concentration for a duration < 1ms.
Thus, at these transient concentration levels, RyR2 must transition from a closed to open conformation within a
duration that is comparable or less than the mean LCC open time. If this condition is not met, the RyR2 cannot
respond to the fast changes in local Ca required for signal transduction. A requirement for this property is that the
mean closed time of RyR2, denoted as 7., must satisfy 7, < 1ms. Furthermore, for the RyR2 to be reliably shut
under resting conditions, we expect 7. to be substantially larger at baseline Ca concentration levels. In Figure 2C
we plot log(z.) as a function of log[Ca] for the case of symmetric interactions § = €. Here, we observe that in the
case § = 1.2, 7} is the smallest of the 3 cases, while 77 is the largest. This result indicates that cooperativity
improves the capacity of the RyR2 to serve as an effective Ca sensor by reducing the response time while at the
same time increasing stability. In order to gain insight about this behavior, we rely on our exact solution for 7, given
in Eq. C5 (Appendix C). In the limit of small [Ca], and where we set § = €, we find that the leading order behavior
is given by 77 o exp(28)/[Ca]* (see Eq. C6 for the case € # &). This expression indicates that at resting Ca levels,
the mean closed time increases exponentially with 8. On the other hand, at high Ca, we find that tF « exp(—2¢),
which indicates that cooperativity decreases the mean closed time and therefore makes RyR2 more responsive to
changes in Ca. This result indicates that cooperativity indeed makes RyR2 a more effective Ca sensor. However,
this effect only applies as long as the leading order behavior, for low Ca, is governed by the term proportional to 171

in the full analytic expression (Eq. (C5)). A more detailed analysis for the parameters used in this study requires § <



€ + 0.4 (Appendix C). If this inequality is violated, T, begins to grow exponentially with §, and the stability of the

closed state prevents sub-millisecond changes in Ca from inducing a RyR2 opening.

In order to capture the average closed time in the full § — € plane, in Figure 2D we show the region in parameter
space such that 77 < 1 ms and 77 = 5000 ms. We have picked this condition since LCCs open for a duration of
roughly ~ 1ms, and Xu and Meissner have measured 7, ~ 5000 ms at [Ca] = 0.1 uM. Thus, this condition
demarcates the region in parameter space where the RyR2 is responsive to sub-millisecond changes in [Ca] and

where closed times are much longer than the pacing period.

The cases k, = 3 and k, = 2

In Figures 3 and 4, we plot the open probability and the mean closed time for the cases k, = 3 and k, = 2, along
with the region in parameter space where P;” < 10™* and P} > 0.7, and where 7} < 1 ms and 77 > 5000 ms. For
the case k, = 3, we find that there is a broad regime of parameter space where RyR2 is an effective Ca sensor. On
the other hand, for k, = 2, the effective regime shrinks substantially. In this case, we find that only in a very

restricted parameter regime can RyR2 serve as an effective Ca sensor.

The case k, = 1

For the case k, = 1 we found that, for the parameters used in this study (Table 1), it is not possible to construct an
effective RyR2 sensor. This result can be understood using the exact solution for P, and 7, for the case k, = 1
(Appendix C). In particular, we note that at low Ca we have that A ~ 0.02, so that Eq. B10 will be dominated by the
lowest order term in A, which gives P;” ~ 4y?1 = 4 exp(—44)A. In addition, the condition that P;” < 10™* requires
that § = 1.7. Thus, strong cooperativity is required to stabilize the closed channel, since in this case only one subunit
is required to transition to the open state for the whole channel to open. However, the mean closed time in this case
is simply 7. = (1/4koq) exp(28). If we require that 7, < 1 ms, we have the constraint § < 0.5, which is
incompatible with the requirement that P, < 10™*. Thus, when k, = 1, the RyR2 cannot be reliably shut at low Ca
while also responding readily to the rapid changes in Ca in the dyadic junction. Thus, the RyR2 cannot serve as a

reliable Ca sensor if only one subunit determines channel opening.

Signaling and stability of a Ca spark

In the cardiac cell, RyR2 channels aggregate into clusters which release Ca in the form of discrete events called Ca
sparks. However, it is not understood how cooperative interactions between RyR2 subunits can modify the flux of
Ca that underlies a Ca spark. To model a RyR2 cluster, we apply the 3D computational cell model described
previously (20). In Figure 5A, we show the local dyadic junction concentration c,, the local JSR load ¢js,-, and the
number of open channels in the cluster n,. In this simulation, a stimulus current is applied at time ¢ = 20 ms in the

vicinity of a RyR2 cluster of 40 channels. The initial SR load is taken to be 1400uM, which is larger than the normal
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steady state value of ~ 1000uM, in order to probe the regime of high excitability where Ca cycling abnormalities
are expected to develop. The increase in Ca due to the stimulus ignites a Ca spark, where the dyadic junction
concentration rises to ¢, ~ 300 uM and then decays to baseline (~ 0.1 uM). During this time, the JSR load is
depleted from the resting SR load, and then recovers as the JSR is refilled (Figure 5B) by the sarcoplasmic reticulum
calcium ATPase (SERCA) pumps. In Figure 5C we show the number of open RyR2 channels as a function of time.
Figure 5C shows that, during a Ca spark, most of the 40 RyR2 channels in the cluster open and then are gradually

closed.

To explore the role of subunit-subunit interactions on spark kinetics, in Figure SE we show ¢, as a function of time
for a range of § values. In this simulation, we have fixed € = 0.8 and consider the cases § = 0.2,0.8, and 1.6. For
6 = 0.2, we find that ¢, peaks at ¢, ~ 400 uM, and then proceeds to decay and fluctuate around ¢, ~ 50 uM. As
coupling is increased to § = 0.8, we find that ¢, peaks at ¢, ~ 300uM, and then the Ca concentration decays to the
resting level of ¢, ~ 0.1uM. Finally, for § = 1.6, we find that the trigger current does not excite a Ca spark during
the full-time interval simulated. To gain more insight into the dynamics that underlie the Ca transient, in Figure 5SF
we have plotted the number of open channels n, as a function of time. Our results show that for § = 0.2, the cluster
does not shut properly as there are still roughly ~ 10 channels open during the steady state at the end of the
simulation. Consequently, the JSR does not refill since the cluster never shuts (Figure 5G). This phenomenon is
well known, both in computational studies and experimentally, and is referred to as a long-lasting spark(2, 15, 30,
31). In this case, the shut cluster is unstable, as random RyR2 openings promote a sustained Ca flux from the SR.
Now, for § = 0.8, we find that indeed n, rises to a full cluster opening with n, ~ 40, and then proceeds to close
and shut with n, = 0 approximately half way through the simulation. Finally, in the case § = 1.6, we find that the
RyR2 cluster remains shut throughout since the stimulus was not sufficient to overcome the energy penalty for

cluster opening.

To capture the dynamics of the system, we will determine the regions in the § — € parameter space where normal
sparks, long-lasting sparks, and spark activation failure occur. To identify these regions, we will inject a 1ms current
pulse in the dyadic junction at time t = O to activate the local RyR2 cluster. In this case, we have chosen the
amplitude of the stimulus to be 150uM /ms, which raises the local concentration above threshold (~ 30uM). To
keep track of the RyR2 response to the pulse, we measure the number of open RyR2 channels n,, and count spark
activation when n, > 5. Once the spark is activated, we then determine the time 7, until it has extinguished when
n, = 0. In this manner we distinguish three distinct cases: (i) Failure to activate when 73, < 10ms, (ii) Normal sparks
with 10ms < 74, < 100ms, and (iii) Long-lasting sparks 74, > 100ms. In Figure 6A-C, we show the phase diagram
of the system for k, = 4, 3, and 2. Here, the key finding is that normal Ca sparks occur only in a restricted region of

parameter space. In particular, we find that by increasing €, a normal spark will transition to a long-lasting spark.
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Similarly, increasing § leads to spark activation failure. Thus, a normal Ca spark response occurs only within a

limited region of parameter space.

For the case k, = 1, we found that Ca sparks, when activated, always evolved to a long-lasting spark. In Figure 7A,
we show ¢, for both weak (§ = 0.2) and strong (§ = 1.2) cooperativity. In both cases, we find that once a spark is
activated, the diastolic Ca never decays to baseline. In Figure 7B we show n,, which indicates that at steady state
the RyR2 cluster is never completely shut. This result, which is consistent with our single RyR2 analysis, shows that
the RyR2 cannot serve as an effective Ca sensor if only one subunit needs to transition to the open state to open the

channel.

Spontaneous Ca sparks

In the absence of an external trigger, Ca sparks can occur due to random fluctuations in the RyR2. These sparks are
referred to as spontaneous Ca sparks, since they are not induced by an external Ca flux. In this section, we analyze
the dependence of the timing of spontaneous Ca sparks on RyR2 subunit-subunit interactions. In Figure 8A, we
simulate a cluster of 40 RyR2 channels for a long duration of t = 1500ms. In this case, the stimulus current is not
activated, so that the two Ca sparks that occur are spontaneous. To ensure that the spontaneous Ca sparks are not
activated by random LCC openings, we have set the LCC conductance to zero. To characterize the timing of
spontaneous Ca sparks, we measure the waiting time T, as indicated in Figure 8A, to the first spontaneous Ca spark,
and then compute the average (T) using 500 independent simulation runs. In Figure 8B, we plot (Ts) vs § for € =
0, 0.5, and 1.0 showing that (Tg) is highly sensitive to §. In Figure 8C, we plot the line (T;) = 400ms in the § — €
parameter space for the cases k, = 4, 3, and 2. Here, the left/right side of the line denotes the region where (Ts) <
400ms and (Ts) > 400ms respectively. As the number of open subunits k, is decreased, we see that the boundary
shifts right, indicating that the cluster is more unstable to spontaneous Ca sparks that occur with a frequency less
than 400ms. These results indicate once again that the timing of spontaneous Ca sparks is highly sensitive to the

balance between the energy penalties § and €.

Discussion

The requirements for RyR2 to serve as an effective Ca sensor. In this study, we have highlighted the key
requirements in order for the RyR2 to serve as an effective Ca sensor. The first crucial requirement is that the RyR2
must transition to the open state in response to the Ca concentration changes invoked by the LCC. On the other hand,
when the concentration of Ca is such that the channel is in the resting state, RyR2 channels must remain shut. This
requirement is crucial, since Ca regulates a wide range of subcellular processes which will be disrupted by
uncontrolled Ca release from the SR. A key finding in this study is that k,, which is the number of subunits which

must be in the open state in order for the RyR2 pore to open, determines whether or not the RyR2 operates as an
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effective Ca sensor. For the case k, = 4, we found that at low [Ca], even in the absence of cooperativity, the RyR2
can remain shut for long durations. This is because the probability that all four subunits transition to the open state
scales as A* ~ [Ca]*, which is small at the resting Ca concentration of ~ 0.1uM. However, at high Ca, the open
probability in the absence of cooperativity is given by P, = (1/(1 + 1))*, which gives P, ~ 0.2 for physiological
concentrations of Ca. This result is inconsistent with RyR2 measurements in lipid bilyers which routinely measure
P, = 0.7 (21, 23). To overcome this limitation, we find that cooperative interactions between subunits is essential.
In particular, we find that cooperativity can be tuned to allow the mean closed time to be extremely short (z, ~
1ms) at high Ca, and then be very large at low Ca (7, ~ 5000ms), which is consistent with the single channel
measurements of Xu and Meissner (23). In effect, cooperativity can improve the sensitivity of the RyR2 to the Ca
concentration changes required for signaling, while at the same time increasing the stability of the channel at resting
Ca levels. This dual effect substantially improves the capacity of the RyR2 to serve as a Ca sensor, and it is likely
an essential component of the architecture of the RyR2 tetramer. However, we note here that cooperativity is only
effective providing there is a delicate balance between § and €. For example, for a fixed €, if § exceeds a critical
value, the energy penalty required to open the channel is so large that the channel cannot respond to the Ca
concentration changes required for Ca signaling. Thus, the response time requirements on the RyR2 places
constraints on the relative strength of § and €. Finally, for the case k, = 1, we found that the RyR2 likely cannot
serve as an effective Ca sensor. When k, = 1, most RyR2 conformational states allow Ca to pass through. Thus, in
order to stabilize the closed state, the energy penalty 6 must be made exceedingly large, which prevents the RyR2
from responding to the sub-millisecond Ca concentration changes due to an LCC opening. Thus, our findings
indicate that k, = 3 or 4 is likely optimal for stability and response. Furthermore, our analysis suggests that there
cannot be a large difference in the relative stability of the closed (&) and open (€) state. These findings highlight

essential structural requirements in order for RyR2 to serve as an effective Ca sensor.

Several experimental groups have studied the RyR2 in lipid bilayers to measure the dependence of P, on the cytosolic
Ca concentration(21, 24). By fitting P, to a Hill equation, it is possible to explore the degree of cooperativity involved
in RyR2 opening. In particular, Mukherjee et al. (21) estimates the Hill coefficient of the RyR2 to be h = 1.78,
while Laver et al. (32) has reported Hill coefficients in the range h = 2 — 3. Analysis of the 4-subunit model, for
the case where § = €, suggests that h = 4 if y < A, which corresponds to the case where cooperative interactions
dominate the energetics of the system. Thus, Hill coefficients in the range 2 < h < 3 imply that the strength of
cooperative interactions is limited. This result is consistent with our finding that the subunit-subunit interaction
strength cannot be too strong as to make the RyR2 unresponsive to rapid changes in Ca. Also, these experimental
findings are consistent with our finding that k, > 1. In the case k, = 1, the requirement that o > 1 requires that
y < A, which corresponds to the case where the interaction energy between subunits dominates the energetics of the

system. Once again, this condition is unlikely given the response constraints on the channel. Overall, we can
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conclude that Hill coefficients in the range h = 2 — 3 are consistent with our findings that cooperativity is essential,

but cannot be made so strong as to make the RyR2 unresponsive to physiological changes in Ca.

Balanced cooperative interactions are required for normal spark activation. In this study, we have analyzed how
the kinetics of a Ca spark depend on the cooperative interactions between subunits. We found that a cluster of RyR2
channels responds to a rapid increase of Ca in 3 possible ways: (i) The spark fails to ignite, (ii) Ca is released in the
form of a Ca spark which lasts for 20 — 100ms and then closes, and (iii) a long-lasting spark which does not close.
Our main finding in this study is that a normal Ca spark only occurs within a limited region in the § — € parameter
space. In particular, we show that increasing the stability of the open state, by increasing the energy penalty €, favors
the development of long-lasting sparks. On the other hand, increasing the stability of the closed state, by increasing
the energy penalty §, can prevent spark activation. Thus, a normal Ca spark only occurs within a limited region in
parameter space that is bounded by either activation failure or a long-lasting spark. Furthermore, we found that this
region shrinks as k,, is decreased, and is non-existent for k, = 1, since we found that all sparks that form in this case
are long-lasting. Here, we also point out that the response in parameter space of a RyR2 cluster, shown in Figure 6,
is qualitatively similar to the response of a single RyR2 (Figures 2-4). A partial explanation for the observed
differences is that RyR2 kinetics in the cell are modulated by an SR load dependence that is not present in the single
channel study. In this study we have evaluated the system response at an SR load of 1400 uM, and we find that the
parameter regime exhibiting long-lasting sparks is substantially larger. This indicates that RyR2 clusters, especially
at high SR loads, are highly susceptible to long-lasting sparks. Thus, Ca release is likely to be destabilized by even

small changes in the stability of the closed and open states.

Our analysis also reveals that the timing of spontaneous Ca sparks is highly sensitive to cooperativity. Thus, small
changes in the stability of the closed or open state can have a large effect on the rate of spontaneous Ca sparks in the
cell. This higher rate of spontaneous Ca sparks will contribute to the phenomenon of Ca leak, which has been
associated with a wide range of diseased states (9-11). This is because numerous signaling cascades in the cell are
regulated by Ca concentration, so that an elevated diastolic Ca concentration may have adverse downstream
consequences. Spontaneous Ca sparks have also been implicated as a potential mechanism for cardiac arrythmias.
In a recent study, Fowler et al. (33) showed that Ca sparks that occur late in the AP can activate the sodium-calcium
exchanger and lead to APD prolongation via early-after-depolarization (EAD). A fraction of these late occurring Ca
sparks may be due to spontaneous Ca sparks, which will occur with higher probability late in the AP as the SR is
refilled. Thus, modulation of RyR2 cooperativity will alter the bi-directional coupling between Ca and voltage during

the AP, which will likely induce dangerous EADs.

Hydrogen bond analysis is consistent with the structural constraints on the RyR2. The preceding conclusions find

support in a structural analysis of the RyR2 tetramer. In Figure 1B, we show the number of nearest neighbor subunit-
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subunit hydrogen bonds (H-bonds) calculated from both the closed state cryo-EM structure (PDB ID: 6J18) and the
open state cryo-EM structure (PDB ID: 6J1Y). Taking this estimate of the number of H-bonds at face value, we see
that the closed state has a small surplus of hydrogen bonds (H-bonds) between nearest neighbor subunits in
comparison to the open state. This implies that the subunit-subunit interaction energy in the closed state is more
stable than in the open state. This result is consistent with our finding, shown in Figure 6, that normal Ca sparks
occur within a limited range of parameter space where § 2 €. Our analysis suggests that the number of subunit-
subunit interactions in the closed state conformation needs to be greater in order to ensure that RyR2 flux terminates.
Furthermore, our analysis predicts that if there is a large energy difference such that § > €, the RyR2 cluster will
not be responsive to a physiologically relevant current stimulus. Thus, our hydrogen bond analysis is consistent with

the main structural requirements for the RyR2 to serve as effective Ca sensor.

Implications on diseased states. It is now established that several arrhythmias, such as catecholaminergic
polymorphic ventricular tachycardia (CPVT) and long QT syndrome type 2, may be traced to a point mutation in
the RyR2 (34-36). Single cell studies of cardiac cells from mutant animals reveals that these mutations cause
aberrant Ca leak from the SR (37, 38). However, the precise molecular mechanism that leads to this increased leak
is still not fully understood. In this study we show that Ca leak can be driven by long-lasting sparks, which can be
induced by over stabilization of the open state, or alternatively, destabilizing the closed state. Specifically, a mutation
that modulates the interaction energy between two closed states (E[0,0]), or alternatively, two open states (E[1,1])
can drive leak by promoting long-lasting sparks. Alternatively, a mutation can also drive the system to the non-
responsive regime which may also induce other dangerous compensatory mechanisms. For example, a loss in
signaling between the LCC and the RyR2 will promote an increase of SR Ca in order to compensate for the loss of
Ca release. In this case the downstream effect can be destabilizing, since elevated SR Ca load can lead to dangerous
Ca waves which are known to be highly arrhythmogenic. Interestingly, there are 63 genetic mutations of RyR2
associated with CPVT and/or LQTS(39). In a recent study, we have found that the majority of these mutations reside
at sites which can potentially mediate the interaction energy between subunits(40). In addition, Kimlicka et al. (41)
have observed that NH2-terminal disease mutation hotspots cluster at domain-domain interfaces. To explain this,
they have hypothesized that mutations that remove subunit-subunit interactions in the closed state lower an energy
barrier that facilitates a premature transition to the open state, and the authors have suggested that disruption of
domain-domain interactions in this way may be a general disease mechanism in RyR channels(42). These results
are consistent with our finding that the stability of Ca release is highly sensitive to cooperativity. However, we stress
here that exploring downstream consequences of cooperativity will require extensive model validation at the whole
cell level. In particular, changes in single channel properties will activate compensatory mechanisms which change

Ca cycling homeostasis. It is these changes that will be critical to understanding disease progression.
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Model limitations. An important limitation of this study is that our results rely on a specific computational model
of Ca cycling in cardiac myocytes. Therefore, it is necessary to assess if our main results are robust and not model
specific. A key result in this study is that we have evaluated the region in parameter space where normal versus long-
lasting sparks occur. In this regard, we refer to the work of Song et al. (30) who analyzed the underlying mechanism
for long-lasting sparks using a minimal model of a cluster of RyR2 channels. Their analysis showed that long-lasting
sparks occurred when the CRU system transitioned from a monostable to a bistable system. In effect, when the RyR2
open probability is increased, or under SR overload conditions, the CRU system can acquire a stable state where the
RyR2 cluster does not completely shut. Further analysis showed that the key requirement for the system to possess
bistability is simply that the RyR2 open probability must be a nonlinear function of the diastolic Ca concentration.
In this current study, this nonlinearity arises from the cooperative interactions between neighboring subunits, which
makes the RyR2 open probability a nonlinear function of the diastolic Ca. Thus, the long-lasting sparks analyzed in
our study are likely a robust feature of a wide range of CRU models (43) where the RyR2 open probability is a
nonlinear function of Ca. Similarly, spontaneous Ca sparks are due to random RyR2 openings that occur at low
diastolic Ca and which can raise the local Ca above threshold. This feature is again dependent on the nonlinear
relationship between RyR2 open probability and diastolic Ca, and it is observed in a wide range of computational
models(44, 45). Thus, while detailed features of the system will depend on model parameters such as the RyR2
cluster size (46), or the magnitude of the Ca flux across the open RyR2 pore, the main qualitative features depend
on nonlinear relationships common to all computational models of the RyR2. The new insight in this study is that
these nonlinear relationships between the RyR2 and Ca are highly sensitive to the interaction strength between RyR2

subunits.

A second limitation of this study is that we assume that activation of the RyR2 pore is due to Ca binding to a single
cytoplasmic Ca regulatory site. This Ca binding site has been confirmed structurally (19), and it is recognized as the
dominant Ca activation site. Nevertheless, additional Ca binding sites have also been proposed, including a luminal
activation site and an inactivation site, which are not explicitly accounted for in our present model. Determining the
effect of each site on Ca activation has proved to be a challenge experimentally, as both sites are active within the
same physiological concentration range as the dominant cytoplasmic Ca activation site. For example, different
mechanisms have been proposed to explain the effect of the luminal activation site on the cytoplasmic activation
site, such as an ion feed-through mechanism or direct conformational changes within the RyR2 (32, 47). Also, our
model is minimal since it assumes that a single RyR2 subunit can be in only one of two states. This is a major
simplification, since it is likely that a subunit can occupy several intermediate states which may change the
interaction with nearest neighbor subunits. However, characterizing the interactions in this case will be challenging,
since there will be many more states of the full RyR2 tetramer. Nevertheless, the theoretical framework presented
here can be readily extended to account for additional binding sites and intermediate states once more structural

information becomes available.
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It should also be mentioned that changes to other regulatory factors that fall outside the scope of our model can
potentially lead to leaky channels in a diseased state. For example, it is known that FKBP12.6 binding to the RyR2
is a critical component in determining the size of RYR2 clusters(48). It is known that FKBP12.6 is also necessary
to stabilize the closed state of the RyR2 and prevent channel leak (49). It seems reasonable that a less stable closed
state would alter subunit-subunit contacts within a single RyR2 channel, leading to a disease state as described by
our present model. However, in this case, more possibilities exist, as the defect may also affect interactions between
neighboring RyR2 channels. Additional studies will be needed to model the full effect of accessory proteins such as
FKPB12.6 binding to the RyR2.

Appendix

A. The partition sum

The equilibrium properties of the RyR2 tetramer are governed by the partition sum

z2=" exp(-pHID | (A1)
{83

where S denotes a string of subunit states that can be either closed (0) or open (1). Once the partition sum is known,

the probability of finding the tetramer in state S, at equilibrium, is given by P[S] = exp(—BH[S])/Z. To compute

the partition sum, it is convenient to introduce the terms

q = exp[—-BE[0]] , (42)

p = exp[—BE[1]], (43)

where E[0] and E[1] is the energy of the closed and open states respectively, and where subunit interactions are

neglected. To account for subunit-subunit interactions, we introduce the terms

a = exp[-BE[1,1]] (A4)
b = exp[—BE[0,0]] , (45)
¢ = exp[—BE[1,0]]. (46)
The partition sum then reads
Z =p*a* + 4qp3a®c? + 4q*p2abc? + 2q*p3c* + 4q3pb?c? + q*b* . (A7)

B. The open probability P,
The open probability can be computed exactly by enumerating all states with k > k, open channels. To proceed,

we introduce the dimensionless quantities

; (B1)

, (B2)
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c
=—. B3
Y=3 (B3)
These ratios are given by
A Ca k

gt [Cal ko (B4)

kio [Cal + cen ko
a= exp(2(6 — 6)) , (B5)
y = exp(—26) . (B6)

The open probability of RyR2 for different k,, is given by:
a*at
P,(k,=4) = ) B7
olko =4) a2 + 4a?y? 23 + 4ay?A? 4+ 2y42% + 421 + 1 (B7)
a*a* + 4a?y?23
Fy(ko =3) = —=5 2,233 22 42 2 ’ (B8)
a*A* + 4a?y2 A3 + daycA? + 2y* A + 4y2a+ 1
a*2* + 4a?y? 23 + 4ay?A? + 2y*A?
Fy(ko =2) = —=5 2,233 22 42 2 ’ (B9)
a*At + 4ay2i A3 + daycA? + 2y* A + 4y2a+ 1
a2t + 42y A3 + day?A® 4 2yt A% 4+ 4y22

Pk, =1) = 4 Y 4 Y (B10)

a*A* + 4a2y2 23 + 4ay?A? + 2y% A2 + 4y20 + 1

C. The mean closed time
The mean closed time can be solved analytically for the case k, = 4 and k, = 1. For the case k, = 1, this is simply

the waiting time for one of the four closed subunits to transition to the open state. This yields a mean closed time

of

Tc (ko =1)

= Thqs exp(248) . (cn)

For the case k, = 4, the mean open time is determined by the rate at which one of four open subunits transitions to

the closed state, which yields

T,(k, =4) = T exp(2¢) . (c2)
To find the mean closed time for the case k, = 4, we will use
TO
= Cc3
PO TO + TC ) ( )
which gives
1-P
=4) = ) Cc4
relko = 4) = g exp(26) () (co)

Here, P, is given by Eq. B7, and we can simplify the expression to
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Tc (ko =4)

= (exp[88 — 6€]1™* + 4 exp[45 — 6€] 173

+ 4 exp[26 — 4€]A7? + 2 exp[—6€] 172 + dexp[—2€]171) . (C5)
In this expression the Ca dependent terms are governed by A while the interaction energies introduce a prefactor
that depends on € and §. To analyze how the interaction energies modify 7., it is useful to consider the case where
the A dependence determines the dominant term in Eq. C5. In the small [Ca] limit, where [Ca] < ¢y, the leading

order behavior is governed by the A~* term, which gives

ko ( cin
Tc(ko = 4) =~ Kgl W exp(85 - 66) (C6)
On the other hand, in the large [Ca] limit, the leading order behavior is governed by the A~1 term which gives
1
T.(k, = 4) = A—exp(—Ze). 7
01

However, for large interaction energies, the prefactors in Eq. C5 can dominate the sum. In particular, in the case
6 > e, the first 3 terms can be larger than the leading order terms in A, which do not depend on §. This occurs when
exp[85 — 6€]A™* + 4 exp[46 — 6€] 173
+ 4 exp[26 — 4€]A7? > 4exp[—2 €]t + 2 exp[—6€] 172 (C8)
If we compare the leading order terms in A, on both sides of the inequality, then we have 4 exp[28 — 4€]A™2 >

4 exp[—2€]A~1, which yields the condition § > € + 2n (A). For the parameters used in this study, this requirement
p y 2

is § > € + 0.4. Thus, for large enough §, the RyR2 loses the capacity to respond rapidly at high Ca. Note here that
as ¢ increased further, the first and second terms in Eq. C8 will dominate. In that case it is straightforward to
compare the dominant term on the left side of the inequality with the largest term on the right side. In each case we
find that there is always a critical § above which the inequality is satisfied. This result shows that if § is large

enough, the mean closed time will increase, and the RyR2 will lose its capacity to respond to rapid changes in Ca.
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A B 30
25 | m {0,0,0,0}
[%2]
S 20 | " {1,111}
o
.-(IJ 15
T
w 10 f
1S
* 5

1-2 1-3 1-4 23 24 3-4

Subunit-Subunit Interaction

C ok NSR

Figure 1. The cryo-EM structure of the closed state of the RyR2 channel is shown in (Ai) a side view, (Aii) a top-
down view from the cytosolic side of the channel, and (Aiii) a top-down view from the luminal side of the channel.
The four different subunits are colored blue, green, orange, and purple so that they can be easily distinguished from
each other. This image was produced using UCSF Chimera X 1.4. (B) Calculation of subunit-subunit hydrogen
bond (H-bond) interactions in the closed (§ = [0,0,0,0]) and open (5§ = [1,1,1,1]) cryo-EM structures of the closed
and open RyR2 channels (PDB ID: 6J1I8 and 6J1Y, respectively). The subunits on the x-axis were numbered 1-4 to
correspond with the coloring scheme shown in Figure 1 where 1(blue), 2(green), 3 (orange), and 4 (purple). For the
H-bond calculation, we added hydrogens to the cryo-EM structure using Chimera-X, and we increased the distance
tolerance for H-bond determination from its default value of 0.40 A to 1.0 A and the angle tolerance from 20.0° to
50.0°. (C) Ilustration of the 3D cell model. Ca signaling and release occurs within dyadic junctions distributed in
the 3D volume of the cell. Dyadic junctions possess a cluster of RyR2s along with LCC and NCX channels. Here,

the superscript ijk denotes the coordinates of a CRU in a 3D grid representing the cell.
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Figure 2. RyR2 channel properties for the case k, = 4. (A) Open probability P, vs log[Ca]. In this case nearest

neighbor interaction energies are symmetric (6 = €). (B) The region (shaded) in parameter space where RyR2 is

both responsive (P;" > 0.7) and reliably shut (P;” < 107%). (C) Plot of log 7. as a function of log[Ca]. Interaction

energies are taken to be symmetric (§ = €). (D) The shaded region corresponds to the parameter regime where 75 <

1 ms and t; = 5000 ms. In these simulations, P, and 7, are computed by time evolving a single RyR2 for t =

10° ms using a time step At = 0.005 ms. In all simulations, quantities are computed by averaging over 500

independent runs. Error bars in Figure A & C are computed using the standard deviation and are smaller than the

symbol size.
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Figure 3. RyR2 channel properties for the case k, = 3. (A) Open probability P, vs log[Ca]. (B) The parameter
regime where P;* > 0.7 and P;” < 107%. (C) The mean closed time as a function of log[Ca] in the case of symmetric
interactions (8§ = €). (D) The parameter regime where 77 < 1ms and 77 = 5000ms. For (A) and (C), nearest

neighbor interaction energies are chosen to be symmetric (6 = €), and error bars are smaller than the symbol size.
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Figure 4. RyR2 channel properties for the case k, = 2. (A) Open probability P, vs log[Ca]. (B) The parameter
regime where P;t > 0.7 and P;” < 107*. (C) The mean closed time as a function of log[Ca]. (D) The parameter
regime where 7} < 1ms and 77 = 5000ms. For (A) and (C), nearest neighbor interaction energies are chosen to

be symmetric (§ = €), and error bars are smaller than the symbol size.
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Figure 5. Local fluxes and concentrations during a Ca spark. The local dyadic junction concentration ¢, (A), the
JSR load ¢js (B), the number of open channels n, (C), the Ca flux J,,; across the RyR2 cluster (D) are shown. In
this simulation, we have set k, = 3, N =40 and § = € = 0.8. A stimulus current of amplitude 150uM /ms (per
unit volume of the dyad) was applied for 1ms at time t = 20ms. The initial Ca concentration in the dyadic junction
is ¢, = 0.1uM, and the SR load is c5, = 1400uM. To simulate a single dyad, we have set all other RyR2 and LCC
conductances to zero. The release flux from the SR is per unit volume of the dyad. In panels E-G we repeat the same
simulations but fix € = 0.8 and vary §. Plots shown are: (E) Dyadic junction Ca concentration ¢;,, (F) The number

of open RyR2 channels n,, and (G) the local JSR load.
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Figure 6. Ca spark life time as a function of subunit interactions for the case (A) k, = 4, (B) k, = 3, and (C) k, =
2. Spark lifetime is computed by averaging over 500 independent runs. The black region denotes failure to trigger,
the gray region represents a normal Ca spark, and the white region denotes long-lasting sparks. All initial conditions

are the same as in Fig. 5.
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Figure 7. Dyadic junction Ca concentration ¢, (A) and number of open RyR2 channels n, (B) for the case k, = 1.

All parameters and initial condition are the same as in Fig. 5. In these simulations we have set € = 4.
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Figure 8. (A) Dyadic Ca concentration for a cluster of size N = 40 that was simulated for a long duration of t =
1500ms. Tg denotes the waiting time until the first spontaneous Ca spark occurs. Here, we have set k, = 3 and 6 =

€ = 1. (B) Average waiting time (T;) as a function of §. The average is taken over 500 independent simulations, and

we have set k, = 3. The initial Ca concentration in the dyadic junction is ¢, = 0.1uM and the SR load is ¢s =
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1400uM. (C) The line (Ts) = 400ms in the § — € parameter space for the cases k, = 4, 3, and 2. Here, the left/right

side of the line denotes the region where (Ts) < 400ms and (Ts) > 400ms, respectively.

Table 1
Parameter Description Value
Aoq Maximum Ca binding rate to a RyR2 subunit 0.74 (ms)™?
Ctn Threshold for Ca binding to a RyR2 subunit 10uM
k1o Transition rate from 1 to 0 of a RyR2 subunit 0.33 (ms)~?!
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