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Summary
CPVT-linked RyR2 mutations are prone to induce spontaneous Ca*" release from ER, which is

strongly associated with arrhythmias. Kurebayashi et al. quantitatively explore how the
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changes in CICR activity by RyR2 mutations affect spontaneous Ca’" experimentally and by

model simulation.
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Abstract

Type 2 ryanodine receptor (RyR2) is a cardiac Ca®" release channel in the endoplasmic
reticulum (ER). Mutations in RyR2 are linked to catecholaminergic polymorphic ventricular
tachycardia (CPVT), which is considered to be associated with enhanced spontaneous Ca"
release. This spontaneous Ca’’ release tends to occur when ER Ca?" ([Ca®Jgr) reaches a
certain threshold level, and CPVT mutations are reported to lower this threshold. There are
two explanations for this lowered threshold: the mutations increase sensitivity to luminal Ca®"
or they enhance cytosolic [Ca?] ([Ca*']eyt)-induced Ca?* release (CICR) activity. However,
no quantitative analysis of this issue has been performed so far. Here, we quantitatively
explored how the change in CICR activity of RyR2 affects the threshold [Ca*']er
experimentally and by model-based simulation. Wild-type (WT) and CPVT-linked mutant
RyR2s were expressed in HEK293 cells. [Ca?']eyt and [Ca*']er measurements with Ca?’
indicators revealed that CPVT RyR2 cells showed higher oscillation frequency and lower
threshold [Ca?'Jer in a mutation-specific manner compared with WT cells. The CICR activity
of mutant RyR2s was assessed by Ca?'-dependent [*H]ryanodine binding and parameter
analysis. CICR activity at resting [Ca**]cyt, A7.0, was higher in CPVT mutants than in WT and
a strong inverse correlation was found between threshold [Ca*]er and A7,. Interestingly,
lowering RyR2 expression increased threshold [Ca®*]gr, suggesting that the threshold [Ca®*]er
depends on net Ca®* release rate via RyR2, a product of A7 for each mutant and the density
of RyR2 molecules. A model-based simulation successfully reproduced the [Ca*']cy: and
[Ca’"]er changes. Interestingly, the CICR activity associated with specific mutations
correlated well with the age of onset of the disease in CPVT patients carrying the mutations.
Our data suggest that the reduction in threshold [Ca®']gr for spontaneous Ca’' release by
CPVT mutation is explained by enhanced CICR activity without considering a change in the

[Ca®"]er sensitivity of RyR2.
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Introduction

The type 2 ryanodine receptor (RyR2) is a Ca?" release channel in the
sarcoplasmic/endoplasmic reticulum (SR/ER) that plays an indispensable role in
excitation—contraction coupling in the heart. In cardiac myocytes, RyR2 is activated by Ca®"
influx through L-type Ca®" channels during action potential with a cytosolic Ca®"
([Ca*"]eyr)-induced Ca®* release (CICR) mechanism to release more Ca®’, which in turn causes
muscle contraction (Fabiato, 1983; Bers, 2002). In contrast, spontaneous Ca’" release such as
Ca?" waves, which lead to delayed afterdepolarization (DAD) of the plasma membrane via a
Na'—Ca?" exchange reaction, often results in triggered activity (Tsien et al., 1979; Lakatta,
1992). The spontaneous Ca’* release can be seen when cardiomyocytes are Ca*"-overloaded,
even in healthy hearts, but is more likely to occur in myocardium in heart failure patients and
carriers of RyR2 mutations associated with sudden cardiac death syndrome.

Mutations in RyR2 have been linked to several types of arrhythmogenic disease, such
as catecholaminergic polymorphic ventricular tachycardia (CPVT), left ventricular
non-compaction (LVNC), and idiopathic ventricular fibrillation (IVF) (Priori et al., 2001;
Tester et al., 2004; Medeiros-Domingo et al., 2009; Priori and Chen, 2011; Kawamura et al.,
2013; Fujii et al, 2017; Uehara et al., 2017; Nozaki et al., 2020), and nearly 300
arrhythmogenic mutations have been reported to date. CPVT is the most common RyR2-related
arrhythmogenic disorder and is induced in response to sympathetic nerve activation without
structural abnormality of the heart (Priori et al., 2001). CPVT-linked RyR2 mutations
characterized so far were associated with gain-of-function phenotypes, which are prone to
induce spontaneous Ca*" release from SR.

Two Ca**-dependent regulatory mechanisms of RyR2—the regulation from the
luminal side of the ER and that from the cytoplasmic side—may be involved in the spontaneous

Ca*" release. Many reports have described that luminal [Ca®'] plays a role in controlling SR
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Ca?" release (Bassani et al., 1995; Lukyanenko et al., 1996; Sitsapesan and Williams, 1997).
Single-channel analyses have indicated that ER luminal Ca" activates RyR2 at around 10> M
in the presence of calsequestrin 2 (CSQ2) and at 102 M in its absence (Qin et al., 2008). In
contrast, the role of cytosolic Ca?" is known as the CICR mechanism (Endo, 1977; Fabiato,
1983; Murayama and Kurebayashi, 2011; Guo et al., 2012; Rios, 2018). The cytoplasmic Ca>"
activates RyR2 at low concentrations (<~10~* M) of Ca?’ and suppresses it at high
concentrations (>~107>M), and consequently RyR2 channel activity displays a bell-shaped
Ca?" dependence on cytoplasmic Ca?* (Murayama and Kurebayashi, 2011; Rios, 2018).
Therefore, a small local Ca?" leak from the ER, which is more likely to occur at high [Ca? '],
may activate RyR2 from the cytoplasmic side to trigger massive Ca" release by the positive
feedback nature of CICR.

At present, there is controversy over whether CPVT mutations primarily affect the
cytoplasmic or luminal regulation of RyR2. Chen and colleagues indicated that the
spontaneous Ca?" release, called store-overload-induced Ca*" release (SOICR), in
RyR2-expressing HEK293 cells occurs when [Ca?*]gr reaches a certain critical threshold level
(Jiang et al., 2004; Jiang et al., 2005) and found that the CPVT-linked RyR2 cells showed a
lowered threshold [Ca®"Jer for spontaneous Ca®" release compared with WT RyR2 (Jones et
al., 2008). They reported that some of the CPVT-linked RyR2 channels (e.g., R2474S and
R4497C) showed increased luminal Ca?* sensitivity with no significant effects on cytoplasmic
Ca?" dependence (Jiang et al., 2005), suggesting that the lowered threshold [Ca*']gr with
these CPVT mutations is due to sensitization to luminal Ca*" but not to cytosolic Ca*. In
contrast, Wehrens et al. reported that the same mutation, R2474S, showed increased
cytoplasmic Ca** sensitivity via the phosphorylation of RyR2 by protein kinase A due to the
dissociation of FKBP12.6 (Wehrens et al., 2003). We also found that R2474S showed higher

CICR activity at resting [Ca®Jeyt (Uehara et al., 2017). The reason for this discrepancy may be
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better understood by a more quantitative analysis. .

The HEK293 cell expression system allows both functional and biochemical analyses
of exogenously expressed RyRs (Jiang et al., 2002; Jiang et al., 2004; Gomez and Yamaguchi,
2014; Murayama et al., 2015). In HEK293 cells, regulatory proteins specific to myocardium,
such as calsequestrin and FKBP12.6, are absent, so the use of these cells enables evaluation of
the direct effect of mutations on RyR2 activity. We quantitatively evaluated the Ca®" release
activity of RyR1 using the HEK293 expression system and showed that [Ca®']er signals are
well correlated with the [Ca®']eyi-dependent [*H]ryanodine binding activity of RyR1
(Murayama et al., 2015; Murayama et al., 2016). In this study, we investigated the correlation
between CICR activity and [Ca*']er in HEK293 cells using 10 CPVT and 6 artificial RyR2
mutations. We further validated this correlation using a mathematical model. Our results
suggest that the changes in threshold [Ca*]gr for spontaneous Ca?’ release by CPVT
mutation are explained by CICR activity without considering a change in the [Ca*']er

sensitivity of RyR2.
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Methods
Generation of stable inducible HEK293 cell lines

Full-length mouse RyR2 cDNA was constructed from cDNA fragments that were
PCR-amplified from mouse ventricle and then cloned into a tetracycline-induced expression
vector (pcDNAS/FRT/TO; Life Technologies, CA, USA) (Fujii et al., 2017; Uehara et al.,
2017). Mutations corresponding to V2321M, R2474S, D3638A, Q4201R, K4932R, R4497C,
K4751Q, H4762P, K4805R, and 14867M were introduced by inverse PCR and confirmed by
DNA sequencing (Table 1). The expression vector was co-transfected with pOG44 into Flp-In
T-REx HEK293 cells (Life Technologies), in accordance with the manufacturer’s instructions.
Clones with suitable doxycycline-induced expression of RyR2 were selected and used for the

experiments.

Single-cell Ca?" imaging

HEK?293 cells grown on a glass-bottomed dish were treated with doxycycline 26—28
h prior to measurement to induce the expression of RyR2, unless otherwise noted. Single-cell
Ca®" imaging was carried out in HEK293 cells expressing WT or mutant RyR2 in
HEPES-buffered Krebs solution (140 mM NaCl, 5 mM KCI, 2 mM CaCl;, 1 mM MgCl, 11
mM glucose, 5 mM HEPES, pH 7.4) (Murayama et al., 2015; Uehara et al., 2017). For
cytosolic Ca*" measurements, cells were loaded with 4 uM fluo-4 AM in culture medium for
30 min at 37°C and then incubated with Krebs solution. Fluo-4 was excited at 488 nm through
a 20x objective lens and emitting light at 525 nm was captured with an EM-CCD camera at
700 ms intervals (Model 8509; Hamamatsu Photonics, Hamamatsu, Japan). The fluorescence
signal (F) of fluo-4 in normal Krebs solution in individual cells was determined using region
of interest (ROI) analysis, was subtracted cell-free background fluorescence, and was
normalized to the maximal fluorescence intensity (Fmax) obtained with a 20Ca-Krebs solution
(140 mM NacCl, 5 mM KClI, 20 mM CaCl,, 1 mM MgCl, 11 mM glucose, 20 uM ionomycin,
5 mM HEPES, pH 7.4) at the end of each experiment. All measurements were carried out at
26 °C by perfusing solutions through an in-line solution heater/cooler (Warner Instruments,
Holliston, MA, USA). [Ca**]cyt was calculated using the parameters of effective Kp = 2.2 uM
and n = 1 in situ (Harkins et al., 1993; Nelson et al., 2014).

[Ca?"]eye and [Ca®*]rr were simultaneously monitored using genetically encoded Ca®*
indicators, G-GECO1.1 (Zhao et al., 2011) and R-CEPIAler, (Suzuki et al., 2014; Murayama
et al., 2015; Uehara et al., 2017), respectively. Cells were transfected with G-GECO1.1 and
R-CEPIAler cDNA 26-28 h before measurements. Doxycycline was added to the medium at
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the same time as transfection in most experiments, and after transfection in the experiments
for Figure 7. Cytosolic and ER Ca?' signals were obtained in normal Krebs solution for 5 min
and then in 10 mM caftfeine containing Krebs solution. At the end of the measurement, the
cells were perfused with the following solutions: 0Ca-Krebs solution (140 mM NaCl, 5 mM
KCl, I mM MgCl,, 11 mM glucose, 5 mM HEPES, pH 7.4), BAPTA-0Ca-Krebs solution
[140 mM NaCl, 5 mM KCI, 5 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
(BAPTA), 1 mM MgCl,, 11 mM glucose, 20 uM ionomycin, 20 uM cyclopiazonic acid, 5
mM HEPES, pH 7.4], 0Ca-Krebs solution, and then 20Ca-Krebs solution. Fj, and Fmax
values were obtained with the BAPTA-0Ca-Krebs solution and 20Ca-Krebs solution,
respectively. Because G-GECOI1.1 signals have a high Hill coefficient (n = 3.38) (Suzuki et
al., 2014), which makes the calculation of [Ca?"]ey difficult, only the R-CEPIAler signal was
used for the calculation of [Ca?*]rr. [Ca®"]er Was calculated using parameters obtained by in

situ titration (Kp = 565 uM, n = 1.7) (Suzuki et al., 2014).

[*H]Ryanodine binding and parameter analysis

Ca?*-dependent [*H]ryanodine binding was performed as described previously (Fujii
et al., 2017; Nozaki et al., 2020). Briefly, microsomes isolated from HEK293 cells were
incubated for 1 h at 25 °C with 5 nM [*H]ryanodine in a medium containing 0.17 M NaCl, 20
mM  3-(N-morpholino)-2-hydroxypropanesulfonic acid (MOPSO), pH 7.0, 2 mM
dithiothreitol, 1 mM AMP, 1 mM MgCl,, and various concentrations of free Ca®" buffered
with 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA). Free
Ca*" concentrations were calculated using WEBMAXC STANDARD
(https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.ht
m) (Bers et al., 2010). The protein-bound [*H]ryanodine was separated by filtering through
polyethyleneimine-treated GF/B filters using Micro 96 Cell Harvester (Skatron Instruments,
Lier, Norway). Nonspecific binding was determined in the presence of 20 uM unlabeled
ryanodine. The [*H]ryanodine binding data (B) were normalized to the maximum number of
functional channels (Bmax), which was separately determined by Scatchard plot analysis using
various concentrations (3—20 nM) of [°H]ryanodine in a high-salt medium containing 1 M
NaCl. The resultant B/Bmax represents the averaged activity of each mutant.

The Ca*'-dependent [*H]ryanodine binding data were parameterized with the
following model, in which the channel activity is determined by three independent parameters

(Amax, KACa, and KICa):
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A:AmafoAx(l_fI) (1)
fa = [Ca?*]"a/([Ca®*]™ + Kpca™) (2)
fi = [Ca** ™M /([Ca®*]™ + Kic,™) (3)

where 4 is the activity at the specified Ca®’, Amax is the gain that determines the maximal
attainable activity, and fa and fi are fractions of the activating Ca?’ site (A-site) and
inactivating Ca?" site (I-site) occupied by Ca*’, respectively. K4c, and Kjc. are dissociation
constants, and na and np are Hill coefficients for Ca*>" of A- and I-sites, respectively. We set
the Hill coefficients (na = 2.0 and 71 = 1.0) to values that maximize the sum of R* values for
curve fitting (Murayama and Kurebayashi, 2011; Fujii et al., 2017). Curve fitting was
performed using Prism 8 software (GraphPad Software, San Diego, CA, USA).

For estimation of ryanodine binding at resting Ca*’, 4 at pCa 7.0 (A7) for each
mutant was calculated by Equations (1)—(3) using the obtained parameters (K4ca, Kica, and

Amax) (Table 2), in which free [Ca?] was set at 100 nM.

Western blotting

Microsomal proteins were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene fluoride membrane. Western blotting
was performed using antibodies for RyR2 (Chugun et al.,, 2007) and calnexin (C4731;
Sigma-Aldrich, St. Louis, MO, USA).

Mathematical model simulation

To mathematically describe calcium dynamics, cells were assumed to comprise the cytosolic
and ER compartments (see Figure 8A), where the transport of Ca’' between these
compartments involves Ca?"-induced Ca’’ release (CICR), saturable ER Ca?" uptake, and
passive leakage. We assumed herewith that intra-compartmental Ca?* reaches an equilibrium
instantly. Cellular Ca®" influx is assumed to obey zero-order kinetics provided that the
extracellular bulk concentration is constant. In contrast, extracellular Ca®* efflux is assumed to
obey Michaelis—-Menten kinetics depending on the cytoplasmic Ca®" concentration.
Additionally, the presence of Ca®'-buffering proteins was considered. Taking this together
with the assumption that CICR activity is proportional to in vitro ryanodine binding, the

calcium dynamics model gives the following mass balance equations:
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where Cacy and Cagr are the free Ca®" concentrations in cytosol and ER Vo is the ratio of
the ER to cytosol volumes; C.and K., are the total concentration of cytosolic Ca** buffering
site and its dissociation constant; Cgr and Kgr are the total concentration and the dissociation
constant for calreticulin in the ER (Means et al., 2006); Amax, Kuca, Kica, and n4 are the
maximum binding, the dissociation constant for activating Ca’, the dissociation constant for
inhibiting Ca?’, and the Hill coefficient for ryanodine binding; ¢ is a correction factor between
Amax and maximal activity for CICR; ki is the permeability constant for Ca’" leakage across
ER membranes; Vi er and K, gr are the maximal rate and Michaelis—Menten constant for ER
uptake; vi, is the zero-order influx rate from extracellular fluid; and Vyaxour and Ko, our are the
maximal rate and Michaelis—Menten constant for extracellular efflux. The V., value used for
the simulation was 0.03, which is close to that in cardiomyocytes (Shannon et al., 2004). Ce
and K were 11 mM and 0.3 mM respectively, by simplifying multiple types of both mobile
and immobile Ca*" buffers, for example, ATP, SERCA protein, and mitochondria, into one
cytoplasmic Ca** buffering site (Shannon et al., 2004; Means et al., 2006; Nelson et al., 2014).
Cerand Kgr values were 3.6 and 2 mM, respectively (Cheung, 1980; Robertson et al., 1981;
Means et al., 2006). For each transfectant, the 4max, Kaca, and Kica were experimental values
when ny4 is regarded as 2 (Table 3). The ¢, kieak, Vinax,er, KmER, Viny Vinax,our, and Ky, our Were set
at 500, 0.025/s, 0.046 mM/s, 0.0003 mM, 0.0021 mM/s, 0.0067 mM/s, and 0.0004 mM,
respectively. The set of these parameters was chosen so that the ER Ca?" concentrations in
mock, WT RyR2, and R2474S-mutant transfectants were in the appropriate range. The
maximum concentrations and periodic times for Cgr in mock and all transfectants were
obtained from their steady state reached by the model simulation. All simulations were
performed with the package “deSolve” in R 3.6.3 (http://www.r-project.org/). The ODE solver
selected was “Isoda,” which switches automatically between stiff and non-stiff methods

depending on the problem.

Data analysis

Data are presented as the mean + SD. Statistical comparisons were performed using
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Prism 8 (GraphPad Software, Inc., La Jolla, CA). Student’s ¢-test was used to compare two

groups. P values < 0.05 were considered significant.
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Results

Stable tetracycline-inducible HEK293 cell lines expressing WT and mutant RyR2s
(10 CPVT and 6 artificial mutants) were generated. The CPVT mutations are located at the
N-terminal helical domain (V2321M, R2474S), central domain (D3638A, Q4201R),
divergent region 1 (K4392R), and transmembrane domain (R4497C, K4751Q, H4762P,
K4805R, and 14867M) (Fig. 1A and Table 1). Furthermore, artificial mutations were made by
single alanine substitutions at the S4-S5 linker region, in which alanine substitutions
differently affect the CICR activity depending on the position of the alpha helix in RyR1
(Murayama et al., 2011). Figure 1B shows the western blot data of WT and mutant RyR2s at
26 h after induction. WT and mutant RyR2 proteins were similarly expressed in HEK293 cells,
with the exception of K4751Q, K4805R and L4757A (Fig. 1B), the expression levels of
which were lower than those of the other mutants. The low expression levels may correlate

with the high Ca*" release activity, as described later.

Ca?" homeostasis in HEK cells expressing WT and CPVT mutant RyR2s

Single-cell Ca?" imaging in HEK cells was carried out 26-28 h after induction by
doxycycline. Figure 2A shows representative cytoplasmic Ca?>" measurements obtained with
fluo-4. HEK293 cells expressing WT-RyR2 showed spontaneous Ca?" oscillations, as
reported previously (Fig. 2A left) (Jiang et al., 2004; Fujii et al., 2017; Uehara et al., 2017).
The application of 10 mM caffeine induced a transient Ca** release with a similar amplitude
to spontaneous oscillations. Cells expressing R4497C- and R2474S-RyR2 showed Ca®'
oscillations with increased frequency and smaller amplitude compared with those of WT cells
(Fig. 2A middle two). Most H4762P cells showed no clear oscillations and the application of
caffeine caused only a small Ca?* transient (Fig. 2A right). With the exceptions of H4762P
and K4805R, more than 70% of WT and CPVT mutant cells showed clear Ca>" oscillations.

In H4762P and K4805R cells, only 10% of cells exhibited distinguishable Ca** oscillations
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whereas the remaining cells did not show clear oscillations. The average oscillation frequency
was significantly higher in CPVT mutants than in WT, with the exception of K4392R (Fig.
2B). Average peak and resting cytosolic Ca®" signals and calculated Ca®" concentrations
([Ca*"]eyt) are shown in Supplemental Fig. 1 and Fig. 2C, respectively. Peak [Ca®']cyt Was
significantly smaller in CPVT than in WT, with the exception of K4392R. Resting [Ca*']cyt
was significantly higher in K4751Q, H4762P, and K4805R cells (Fig. 2C, Supplemental Fig.
1B). A clear negative correlation was observed between the oscillation frequency and peak
amplitude; that is, a higher frequency was associated with a smaller Ca*" transient (Fig. 2D).
We next measured ER Ca*' ([Ca®'Jgr) levels using R-CEPIAler, a genetically
encoded ER Ca*" sensor protein (Suzuki et al., 2014; Murayama et al., 2015; Murayama et al.,
2016; Fujii et al., 2017; Uehara et al., 2017). Figure 3A shows representative [Ca**]cyc and
[Ca*']er signals from G-GECOI1.1 and R-CEPIA ler, respectively. HEK293 cells expressing
WT RyR2 (Fig. 3A, left) showed a periodic decrease in R-CEPIA ler signals in normal Krebs
solution, which was a reflection of Ca®" release from the ER. Prior to each Ca®" release, the
R-CEPIATler signal reached a maximal level (threshold), then rapidly decreased to reach a
minimal level (nadir), and subsequently gradually increased again toward the threshold level.
Both the threshold and the nadir levels were significantly reduced in R4497C, R24748S, and
H4762P to varying degrees (Fig. 3A). Supplemental Fig. 2A and Fig. 3B indicate average ER
Ca®" signals and calculated [Ca®'Jgr, respectively. All CPVT cells showed significantly
decreased threshold and nadir [Ca*']er, with the exception of K4392R. There was a strong
negative correlation between oscillation frequency and [Ca®Jer (Fig. 3C). A good correlation

was also observed between nadir and threshold [Ca?"]er (Supplemental Fig. 2C).

Ca’*-dependent PHJryanodine binding activity
The properties of cytosolic Ca®"-dependent channel activity were then evaluated by
[*H]ryanodine binding assay (Fig. 4). Both WT and mutant RyR2 channels exhibited
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bell-shaped biphasic Ca?" dependence (Figure 4A) and the biphasic properties of CICR
activity are effectively described by Equations (1)—(3) with three parameters: the gain (Amax)
and dissociation constants for activating Ca** (K4c,) and inactivating Ca*" (Kic,) with fixed
Hill coefficients (na = 2.0 and n1 = 1.0) (Murayama et al., 2000; Murayama and Kurebayashi,
2011) (Figure 4B). The [*H]ryanodine binding data for the mutant channels were subjected to
the fitting of Equations (1)—(3) to obtain the three parameters (Table 2, Figure 4C-E). Six
CPVT mutants, V2321M, R2474S, Q4201R, R4497C, K4751Q, and K4805R, had
significantly increased Amax, Whereas four variants, D3638A, K4392R, H4762P, and 14867M,
showed similar or slightly smaller 4. compared with WT. All CPVT mutants, with the
exception of K4392R, showed significant increases of 1/K4. Among them, R2474S, K4751Q,
H4762P, and K4805R showed marked increases of 1/K4c. by 2-fold or more. K;c. was
increased in most mutants, with the exceptions of D3638A, K4392R, and 14867M. To
compare Ca”' release activity for WT and mutant RyR2s at resting [Ca®"]cyt, CICR activity at
pCa7.0 (A7.0) was calculated using the three parameters (Table 2) and Equations (1)—(3), and
expressed as a value normalized to that of WT (Fig. 4F). This model-based extrapolation
procedure is very effective for evaluating CICR activities at low Ca*", at which the direct
determination of [*H]ryanodine binding is difficult (Murayama et al., 2015; Murayama et al.,
2016; Nozaki et al., 2020). All mutations except K4392R enhanced the CICR activity by
2-fold or more. H4762P resulted in the highest CICR activity, followed by K4805R, K4751Q,
and R2474S in this order. The threshold [Ca**]er for Ca®" release was plotted against A7, in
log scale (Fig. 4G). There was a good inverse correlation between them, suggesting that the
threshold [Ca®Jer is dependent on the CICR activity of RyR2. A strong correlation was also

found between oscillation frequency and A7 (Fig. 4H).

Effects of artificial mutations on CICR activity and [Ca?'|er
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The above results indicate that Ca®" oscillation frequency and [Ca?'Jer correlate well with the
CICR activity at resting [Ca®"]ey. We next examined whether this is also the case for artificial
mutations associated with various CICR activities. We previously reported that single alanine
substitutions at the S4-S5 linker region in RyR1 differently affect the three parameters of
CICR activity depending on the position of the alpha helix (Murayama et al., 2011). On the
basis of a high degree of sequence homology between RyR1 and RyR2 at the S4-S5 region,
the homologous mutations were made in RyR2 and their effects on [Ca*"]er were examined
(Fig. 5A). The [*H]ryanodine binding assay revealed that the S4-S5 linker region mutations
had different degrees of influence on the CICR activity, A7, depending on the mutation site
(Fig. 5A). A7 was greatly enhanced by L4756A (82-fold) and T4754I (9-fold), moderately
enhanced by 14755A and S4757A (2-fold), but significantly suppressed by T4754A (0.6-fold)
and S2758A (0.3-fold) (Fig. 5B). These changes by individual mutations were similar to those
at corresponding sites in RyR1 (Murayama et al., 2011).

We then determined [Ca®*]er in HEK293 cells. L4756A showed almost complete
depletion of [Ca?"]er and no Ca?" oscillations (Fig. 5C middle, 5D, SE). T47541, 14755A, and
S4757A also significantly reduced the threshold and nadir of [Ca?*]er. In contrast, S4758A
showed higher [Ca*"]gr than WT, but still lower than that in control HEK293 cells (Fig. 5C
right and Fig. 5D, Fig. 2B). No significant difference was found between T4754A and WT.
T47541, 14755A, and S4757A showed more frequent Ca>" oscillations whereas S4758A
exhibited less frequent oscillations than WT. There was also a good correlation between
CICR activity and Ca** oscillation frequency (Fig. 5F); that is, mutants with higher CICR
activity showed more frequent Ca®" oscillation, although a mutant with extremely high
activity, L4756A, did not show any oscillations because of ER Ca*" depletion.

Taking the data of CPVT and S4-S5 mutants together, we analyzed the relationships
between threshold [Ca*"]er and CICR parameters (Fig. 6). The threshold [Ca®"]er was
significantly correlated with Aua (R?=0.136, P<0.0001), 1/K4ca (R?>=0.726, P<0.0001), and
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Kica (R?=0.504, P=0.0021) (Fig. 6A—C). However, the goodness-of-fit statistic was the best
for [Ca®"]er vs. A7 (R?=0.869, P<0.0001) (Fig. 6D). Taken together, these findings indicate
that threshold [Ca®]gr and oscillation frequency are highly dependent on A7, the CICR

activity of RyR2 at resting [Ca?eyt.

Effects of expression level of RyR2 on Ca?* homeostasis

We previously showed that the threshold [Ca?'Jer for Ca®* release decreases with time after
the induction of RyR2 expression in HEK293 cells (Uehara et al., 2017). This implies that the
threshold [Ca**]gr is not fixed but affected by the expression levels of RyR2. We examined
the relationship between threshold [Ca®*]gr and the RyR2 expression level using WT and
R2474S. The protein expression of WT and R24748S increased with time after induction (Fig.
7A) and reached a quasi-steady state at around 24 h (Fig. 7B). The threshold [Ca*']gr in both
WT and R2474S cells decreased with time, and that in R2474S cells always decreased faster
than that in WT cells (Fig. 7C, D). As a consequence, threshold [Ca**]er in R2474S cells was
lower than that in WT at the same expression level (Fig. 7E). On the basis of these findings,
we hypothesized that the net Ca®* release rates in situ in RyR2-expressing cells are
proportional to the product of the number of RyR2 channels and their own CICR activity at
resting [Ca?"]ey, A70. There was a clear correlation between the threshold [Ca®'Jgr and the net
Ca?®" release rate, regardless of the type of mutant (Fig. 7F). These results support the idea that
threshold [Ca**]er is determined by both the CICR activity at resting [Ca?*]eyc and the density

of RyR2 channels on the ER membrane.

Simulation of cellular Ca** dynamics using mathematical model

The strong correlation between threshold [Ca*']er and CICR activity at resting [Ca?*]eyt, A7.0,
suggests that threshold [Ca*']er may be mainly determined by CICR activity. We tested the

plausibility of this hypothesis by using a mathematical model. To mathematically describe
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calcium dynamics, cells were assumed to comprise cytosolic and ER compartments (Fig. 8A),
where the transport of Ca*>" between the cytosol and the ER involves [Ca?']cy-dependent Ca®*
release through RyR2, saturable ER Ca?" uptake by SERCA, and a passive leakage pathway
that is intrinsic to HEK293 cells. Cellular Ca*" influx via the plasma membrane is assumed to
obey zero-order kinetics provided that the extracellular bulk concentration is constant and
Ca?" efflux is driven by a presumptive Ca>" pump. In actual cells, it is necessary to consider
the effect of diffusion, but here, for the sake of simplicity, we assumed a rapid equilibrium of
mobilized Ca?*. At first, we tested whether WT Ca®* oscillation is reproduced by the model.
For each mutant, the Amax, Kaca, and Kjca were experimental values when ny and n; are
regarded as 2 and 1, respectively (Table 2). The Viwio, Ceyt, Keyi, Cer, and Kgr values are shown
in Table 3. The ¢, kicak, Vinax.ErR, Km.ER, Vin, Vinax.out, and K our were set at 500, 0.025/s, 0.046
mM/s, 0.0003 mM, 0.0021 mM/s, 0.0067 mM/s, and 0.0004 mM, respectively (Figure 8A
right), to satisfy the following three conditions: (1) in mock HEK293 cells, Ca*>" concentration
in ER at a steady state was 0.6-0.8 mM; (2) in WT RyR2 cells, Ca** maximum concentration
in ER was 0.3-0.5 mM and periodic time was about 60 s; and (3) in R2474S mutant, Ca>"
maximum concentration in ER was 0.1-0.2 mM. The mathematical model could reproduce
the periodic cytoplasmic Ca®" increase and [Ca’']er decrease, which were similar to the
[Ca?]eye and [Ca?']rr observed in WT, and no oscillation in control HEK (Fig. 8B, second
from the left). Then, using the same constants and Ca?" release activity with the three
parameters for individual mutants, Ca*" oscillations for mutant cells were calculated. The
model also effectively reproduced a reduced threshold [Ca*']gr for Ca*' release and an
increased oscillation frequency in R4497C and R2474S (Fig. 8B, middle), and almost
completely diminished Ca** oscillation with a further decrease in [Ca®'Jgr in H4762P cells
(Fig. 8B, right). Good correlations of simulated threshold [Ca*']er vs. A7o and simulated
oscillation frequency vs. A7 were reproduced in the A7 range of 0.3—-10, as shown in Fig.
8C and D. Furthermore, the lack of oscillation in cells with very high CICR activity, L4756A,
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was also reproduced (Fig. 8C and D, rightmost point). Figure 8E shows the relationship
between actual and calculated [Ca*']er. The simulated [Ca®']er for mutant RyR2s effectively
recapitulated the actual cytoplasmic and [Ca®']gr signals. These results strongly support the

idea that [Ca*']er is largely determined by the CICR activity at resting [Ca*"]cyt.

Pathological relevance of CICR activity in CPVT mutations

The results in Fig. 2—4 indicate that the CICR activities at resting [Ca?Jeyt, A7.0, of CPVT
mutants examined in this study ranged from mild to severe, with ~10-fold difference in the
activities. To determine the pathological relevance of CICR activity in CPVT mutations, the
age of onset of arrhythmia or SCD was plotted against the CICR activity (Fig. 9). Among the
mutations with high CICR activity, R2474S, K4751Q, and K4805R caused disease at a young
age, less than 8 years old, and only one or two (twin) individuals were affected in the family.
In contrast, two of the mild mutations, Q4201R and R4497C, were detected in multiple
individuals with various ages of onset from young to old age, indicating relatively high
penetrance (Laitinen et al., 2001; Priori et al., 2001). Only a single case has been reported for
each of the other mutations with moderate CICR activity, V2321M, D3638A, and 14867M.
The H4762P proband carries another mutation, G4662S, and her three family members with
the H4762P mutation have been reported to be asymptomatic. Notably, a patient with
K4392R did not show any difference from WT. The mother of this patient bears the same
mutation and is asymptomatic (Arakawa et al., 2015). After the publication of this report,
K4392R (rs753733164) was found to be a benign variant that does not exert arrhythmogenic

effects in a majority of its carriers.
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Discussion

The CPVT mutations in RyR2 are prone to cause spontaneous Ca’* release, which leads to
lethal arrhythmia. The HEK293 expression system is a good tool for studying the properties
of mutant RyR2s and their effects on Ca®>" homeostasis. We measured [Ca®"]ey and [Ca*']er
in cells expressing WT and mutant RyR2s and determined CICR activity with [*H]ryanodine
binding assay to explore the mechanisms controlling spontaneous Ca’" release and the
determinants of the threshold [Ca®"]er for Ca®" release. Our quantitative analysis indicates
that the CPVT mutations are associated with enhanced CICR activity and enable ranking of
the severity of these mutations. Importantly, the CICR activity of RyR2 at resting [Ca*"]cy: is

critically involved in determining the threshold [Ca?'er for spontaneous Ca*" release.

CICR activity at resting [Ca?*]cyt is enhanced in all CPVT mutants

One of the major differences between this and previous studies is the Ca?’-dependent
[*H]ryanodine binding activity of the mutant RyR2. For example, R2474S and R4497C
mutations did not significantly affect [°’H]ryanodine binding in the studies by Jiang et al.
(Jiang et al., 2004; Jiang et al., 2005), whereas these mutations increased CICR activity at
resting [Ca?*]eyt, A7, by 9.25- and 2.26-fold, respectively, in this study (Fig. 4).

There are two possible reasons for this difference. One is in the data analysis of
[*H]ryanodine binding. We expressed the binding activity as B/Bmax, in which the determined
activity was normalized by the number of total RyR2 molecules in the preparation
(Murayama and Kurebayashi, 2011; Murayama et al., 2015; Fujii et al., 2017; Uehara et al.,
2017) (see Methods). With this method, we show that most CPVT mutants including R2474S
and R4497C significantly increased the Amax (Fig. 4). In contrast, in many studies, the binding
activity was normalized by the peak values at the optimal Ca®>" (pCa ~4) (Jiang et al., 2004;
Jiang et al., 2005; Xiao et al., 2016). This will mask the difference in 44x. Second, our fitting
and extrapolation procedure using Eq. (1)—(3) makes quantitative differences in CICR activity

19


https://doi.org/10.1101/2021.01.16.426980
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.16.426980; this version posted January 18, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

at resting [Ca*"]cy: clearer, at which the direct determination of [*H]ryanodine binding activity
is difficult. In particular, since the parameter K4c. contributes to CICR activity with a squared
weight, the determination of K4c. by a fitting procedure is important. In fact, in the study by
Jiang et al. (2005), R2474S appeared to have higher K4c. than WT. Although the activities at
resting [Ca?']eyt are very low compared with the maximum value, they are not zero and
certainly cause Ca®" release to affect basal [Ca®"]gr. A similar conclusion was obtained with
HEK?293 cells expressing RyR1 (Murayama et al., 2015; Murayama et al., 2016; Murayama et
al., 2018). Consequently, all CPVT mutations increase CICR activity at resting [Ca*']ey,
although the mechanism of activation is mutation-site-specific; some substantially increase

sensitivity for K4c, whereas others predominantly increase Amax.

CICR activity at resting [Ca*"]cyt mainly determines threshold [Ca*'|er

The development of ER-targeted Ca®" indicator proteins with low Ca*' affinity
enabled us to determine [Ca’*']er. R-CEPIAler has an adequate Kp (565 puM) for the
determination of [Ca®'Jgr in cells expressing RyRs (Suzuki et al., 2014; Bovo et al., 2016;
Fujii et al., 2017; Uehara et al., 2017) compared with Fret-based ER-targeted indicator Dler
(Kp=60 puM). Quantitative [Ca®'Jer measurements were performed by the determination of
Fmax and Fumin using high-Ca®" and BAPTA—Krebs solutions containing a high concentration of
Ca*"-ionophore at the end of the experiments.

Many previous reports indicated that HEK293 cells expressing RyR2 with CPVT
mutation show reduced threshold [Ca*']gr for spontaneous Ca’’ release (Jiang et al., 2004;
Jiang et al., 2005; Xiao et al., 2016). This study confirmed the results in a more quantitative
manner. However, there are two possible explanations for this phenomenon: [Ca?Jer is
determined either by CICR activity, the regulation by Ca®" on the cytoplasmic side, or by the
SOICR mechanism, the regulation by Ca®" on the ER luminal side. Our results indicate that
threshold [Ca*']gr for Ca®" release for individual mutants varies depending on the net

20


https://doi.org/10.1101/2021.01.16.426980
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.16.426980; this version posted January 18, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

permeability of Ca?" through RyR2 channels. Our study revealed that (1) with the same
mutant, higher expression of RyR2 channels lowers the threshold [Ca?'Jer; (2) at the same
expression level, RyR2 mutant with higher CICR activity presents a lower threshold [Ca*']gr;
and (3) the [Ca®'Jgr inversely correlates with net CICR activity at rest, as a product of
mutant-specific CICR activity at rest and density of RyR2 molecules in the cell, probably on

the ER membrane.

Mathematical model for Ca?* handling in cells expressing RyR2

We simulated Ca?" influx and efflux across the cytoplasmic and ER membranes in HEK293
cells using a minimal essential model instead of detailed models with many components (Fig.
8). In the simulation, Ca** oscillation was successfully reproduced when the CICR parameter
and the Ca®" flux parameters were well balanced. Although Ca?" at the luminal side activates
RyR2 in lipid bilayer experiments and Ca?>" measurements in cardiac myocytes (Lukyanenko
et al., 1996; Satoh et al., 1997; Sitsapesan and Williams, 1997), this simple model reasonably
reproduced the Ca®" oscillations by RyR2 and the effects of changes in CICR activity on Ca*"
oscillation frequency, threshold [Ca®']er level, and peak amplitude of [Ca®'Jeyr without
considering the effect of luminal Ca*" activation. This may be due to the fact that HEK293
cells do not have cardiac-specific luminal proteins such as calsequestrin and the [Ca®']gr is
less than 1 mM.

There were two non-negligible problems that this simulation did not reproduce. One
is that resting [Ca**]cyc was not increased by CPVT mutants with high CICR activity. This is
expected to be solved by adding store-operated Ca?" (SOC) influx by [Ca?'Jer depletion.
Furthermore, our model did not reproduce mutant-dependent nadir [Ca®"]gr levels. This may
be improved by the reduction in Hill coefficient (n4) of the Ca**-dependent activation of
RyR2. Additionally, the consideration of SERCA activity depending on [Ca?']gr, that is,
lowered [Ca*']er facilitating Ca** uptake, may also improve the simulation.
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A general understanding of the overall influx and efflux balance is crucial in
considering the likelihood of Ca*" oscillations through RyR2, which are closely associated
with the origin of arrhythmias. Importantly, our simulation indicates that the effects of CPVT
mutations on the basic phenomenon of cytoplasmic Ca** oscillations and corresponding
[Ca”']er changes can be explained only by the difference in CICR activity at resting [Ca**Jeyt

determined by [*H]ryanodine binding measurements.

CICR activity is a useful parameter in predicting the severity of CPVT mutations

Next-generation sequencing technology has revealed numerous novel RyR2 mutations linked
to arrhythmias, but we cannot deduce their functional effects from the results of such
sequencing. A heterologous expression system with HEK293 cells has been successfully used
to assess the phenotypes resulting from mutations in RyR2 because they include
loss-of-function and gain-of-function mutations (Jiang et al., 2002; Jones et al., 2008; Fujii et
al., 2017; Uehara et al., 2017). We here show that the CICR activity of mutant RyR2s
correlates well with the age of onset of arrhythmia or SCD, an index of severity of the disease
(Fig. 9), although SCD can occur even with mutations with mild effects. Similar prediction of
severity has been successfully performed for RyR1-carrying malignant hyperthermia (MH)
and central core disease (CCD) mutations (Murayama et al., 2015; Murayama et al., 2016).
Quantitative analysis of the CICR activity will be useful not only to distinguish the

phenotypes but also to assess the severity of diseases.

Limitations

This study investigated the properties of the homotetrameric mutant channels expressed in
HEK293 cells. Because CPVT patients have heterozygous RyR2 channels, their changes in
activity are expected to be smaller than those of homozygous channels. Therefore, the
[Ca?*]er in cells having heterozygous channels may not be reduced as much as that in cells
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having homozygous ones. Nonetheless, we need to determine the activities of
heterotetrameric channels consisting of WT and mutant RyR2 with various combinations. The
second limitation is that we do not know the effects of mutations on interactions between
RyR2 and cardiomyocyte-specific proteins such as FKBP12.6, traidin, calsequestrin, PKA,
and CaMKII because we only performed observations in HEK293 cells. Furthermore, other
genetic and environmental factors are also considered to be involved in human diseases.
However, clarifying the impact of mutations themselves on RyR2 channel activity provides
an essential basis for understanding the mutant RyR2 channel regulation and for designing

therapeutic strategies.
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Table 1 List of CPVT mutations examined in this study

position Age at diagnosis Gender | 44mqin Reference
(Arrhythmic event)
V2321M | 22y F (SUD) helical domain, helix | (Nishio et al., 2008)
Sa
R2474S | 8y M (syncope)* helical domain, helix | (Priori et al., 2001) (Priori
*
7y M (SUD) 7a et al., 2002)
D3638A | 2y M (SCD) Central domain, helix | (Kawamura et al., 2013)
1
Q4201R | 14y M, 23y M, 29y M, | Central domain, just | (Laitinen et al., 2001)
27y F (SCD) )
46y-74y 2F&IM after he.hx 23
(asymptomatic) (U-motif)
K4392R | 26y F Divergent region 1 | (Arakawa etal., 2015)
Her mother is not | (not conserved)
affected
R4497C | 30y F (palpitation) S1’ (Priori et al., 2001) (Tester
14y F, 16y F (SCD)
28y, 36y (biVT on ctal., 2004)
exercise test),
59y F (asymptomatic)
K4751Q | 6y F (CPVT and AF) Joint region between | (Kawamura et al., 2013;
S4 and S4-S5 linker Uehara et al., 2017)
H4762P | 13y F(VT)** S4-S5 linker (Postma et al., 2005)
Her mother and 2
children are clinically
unaffected
K4805R | 2y F pore forming loop (Medeiros-Domingo et al.,
2009) (Lieve et al., 2019)
[14867M | 9y M S6 (Priori et al., 2002)

*Twin brothers.

**This proband carries two separate mutations, H4762P and G4662S.

F: female, M: male, AF: atrial fibrillation, biVT: bidirectional ventricular tachycardia, SCD:

sudden cardiac death, SUD: sudden unexplained death, VT: ventricular tachycardia
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Table 2. Parameters for CICR activities of CPVT and artificial mutants

Ama Kica (M) | Kica (mM)

Mock 0
WT 0.1248 0.0162 3.002
V2321M 0.1847 1.10E-02 4.847
R2474S 0.2175 7.03E-03 11.31
D3638A | 0.1214 1.10E-02 2.058
Q4201R 0.1473 1.04E-02 4.454
K4392R 0.1324 0.0180 2.759
R4497C 0.1779 1.29E-02 5.553
K4751Q 0.2733 7.65E-03 1000
H4762P | 0.09848 2.94E-03 19.5
K4805R 0.2857 7.35E-03 159.5
14867M | 0.08865 8.96E-03 1.832
T4754A 0.1245 0.0203 2.178
14755A | 0.06616 8.18E-03 1.829
L4756A 0.1925 2.22E-03 741.6
S4757A 0.1684 1.38E-02 6.967
S4758A | 0.05471 0.01953 3.245
T47541 0.2953 8.40E-03 17.13

Table 3. Parameters for cytosolic and ER Ca?" binding sites

Fixed parameters value reference
Vyatio 0.03 (Shannon et al., 2004)
Ceyt(MmM) 11 (Means et al., 2006; Nelson
K,yr(mM) 0.3 etal., 2014)
Cgr(mM) 3.6 (Means et al., 2006)
Kgr(mM) 2
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Figure legends

Figure 1. RyR2 mutations used in this study. A. Location of mutations in the primary
structure of RyR2. CPVT mutations (blue circles) were based on human disorders (see Table
1), whereas the mutations in S4-S5 linker regions (pink open circles) were artificial. B.
Western blot of WT and RyR2 mutants expressed in HEK293 cells. Note that the expression
levels were similar to each other, with the exceptions of those of K4751Q, K4805R, and
L4757A, which were significantly lower than the others. Calnexin (CLNX) was used as a

loading control.

Figure 2. Cytoplasmic Ca** signals in HEK293 cells expressing WT and CPVT mutant
RyR2s. A. Typical traces of fluo-4 Ca** signals in WT (left), R4497C (middle left), R24748S
(middle right), and H4762P (right) cells. Fluorescence signals from fluo-4 (F) in individual
cells were obtained in normal Krebs solution for 5 min, and then in the presence of 10 mM
caffeine for 2 min (thick line). As shown in WT trace, at the end of each measurement, cells
were treated with 0Ca-Krebs solution (thin line) and finally with 20Ca-Krebs solution (open
bar), giving the maximal fluorescence intensity of fluo-4 (Fmax). Fluorescence signals are
expressed as F/Fmax. B. Average oscillation frequencies in WT and CPVT cells. Oscillation
frequency was determined by counting the number of Ca?" oscillations that occurred during 5
min measurements. In contrast, for mutations marked with $, the average of only cells
exhibiting clear oscillations is shown since only a small proportion of cells showed clear
oscillations. Data are mean+SD. n=59-132, except data marked by $ (n=11-15), in which the
proportion of oscillating cells was less than 10%. p < 0.05 compared with WT. C. Average
peak and resting [Ca®"]eyr. Data are mean+SD. “p < 0.05 compared with WT peak. *p < 0.05
compared with WT rest, n=57-140. D. Relationship between oscillation frequency and peak
[Ca?*]eyr. WT (black open circle), CPVT (blue filled circle). Data of H4762P and K4805R are

not included.

Figure 3. ER Ca?* signals in HEK293 cells expressing WT and CPVT mutant RyR2s. A.
Representative traces of G-GECO1.1 and R-CEPIA ler signals for WT (left), R4497C (middle
left), R2474S (middle right), and H4762P (right). Ca’?’ signals in individual cells were
obtained in normal Krebs solution and then in caffeine solution (thick line). As shown in the
WT traces, at the end of each measurement, the cells were perfused with 0Ca-Krebs solution
(thin line), BAPTA-0Ca-Krebs solution (hatched bar), 0Ca-Krebs solution (thin line), and

then 20Ca-Krebs solution (open bar). Fuin and Fmax values were obtained with the
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BAPTA-0Ca-Krebs solution and 20Ca-Krebs solution, respectively. B. Average of threshold
and nadir [Ca*']er of cells expressing WT and CPVT mutants. Threshold [Ca*']er was
obtained from both oscillating and non-oscillating cells, while nadir [Ca**]er Was obtained
only from oscillating cells. Data are mean+SD, “p < 0.05 compared with WT threshold. #p <
0.05 compared with WT nadir, n=57-130. C. Relationship between oscillation frequency and
[Ca?*]er in cells expressing WT and CPVT mutant RyR2s. WT (open circle), CPVT (blue
filled circle).

Figure 4. Ca’-dependent [*H|ryanodine binding activity. A. Ca?’-dependent
[*H]ryanodine binding activity of WT and CPVT mutants. B. The model of bell-shaped Ca*"
dependence composed of Eq. (1)~(3) with the three parameters: maximal activity (4ma), Ca>"
sensitivity for activation (K.c,), and Ca®" sensitivity for inactivating Ca?* (Ki..) (see Materials
and Methods). C-E. Comparison of the three parameters, Amax (C), 1/Kaca (D), and Kica (E),
among WT and CPVT mutants. The three parameters were plotted as values relative to WT.
Data are mean+SD, n = 3. p < 0.05 compared with WT. F. Calculated CICR activities at
resting [Ca*"]eyt (A7.0) of CPVT mutants normalized to that of WT. G. Relationship between

threshold [Ca**]rr and A7o. H. Relationship between oscillation frequency and A7..

Figure 5. Effects of artificial mutations at S4-S5 linker region on Ca’*'-dependent
[*H|ryanodine binding activity and Ca?" homeostasis in HEK293 cells. A. Ca’>"-dependent
[*H]ryanodine binding activity of WT and artificial mutants. B. Calculated relative A7 based
on the [*H]ryanodine binding data. C. Representative [Ca*"]gr of WT, L4756A, and S4758A.
ER Ca’' signals in individual cells were obtained in normal Krebs solution and then in
caffeine solution (thick line). At the end of each measurement, the cells were perfused with
0Ca-Krebs solution (thin line), BAPTA-0Ca-Krebs solution (hatched bar), 0Ca-Krebs solution
(thin line), and then 20Ca-Krebs solution (open bar). D. Average threshold and nadir [Ca*Jer

levels. Threshold [Ca*Jgr Was obtained from both oscillating and non-oscillating cells, while

28


https://doi.org/10.1101/2021.01.16.426980
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.16.426980; this version posted January 18, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

nadir [Ca?*]er was obtained only from oscillating cells. Only threshold [Ca®'Jer is shown for
control HEK293 and L4756A cells because they did not show Ca®’ oscillation. Data are
mean+SD. n=30-86. “p < 0.05 compared with WT threshold. *p < 0.05 compared with WT
nadir. E. Average oscillation frequency of the S4-S5 linker region mutants. Data are
mean+SD (n=41-60) except for T47541 (n=19), in which the proportion of oscillating cells
was 30% and average frequency was obtained from only cells showing Ca®" oscillations. “p <
0.05 compared with WT. F. Relationship between oscillation frequency and A7o. S4-S5
linker mutants (pink open circle), control HEK (filled diamond), WT (open circle), and CPVT

(blue filled circle).

Figure 6. Comparison of goodness of fit between threshold [Ca’'Jer and CICR
parameters. A. [Ca’'Jgr vs logd7o. B. [Ca*"Jer VS Amar. C. [Ca*']er vs. log(1/Kaca). D.

[Ca?*]er vs. log(Kica).

Figure 7. Correlation between threshold [Ca?'|er and expression level of RyR2. A.
Western blotting analysis of expression levels for WT and R2474S at 0, 4, 8, 12, 18, and 24 h
after induction. B. Time course of expression level after induction. C. Typical ER Ca*" signals
at 2 and 26 h after induction. D. Time course of threshold [Ca*']er after induction. E.
Relationship between threshold [Ca®’']Jer and expression level. F. Correlation between

threshold [Ca**]er and net CICR activity at resting [Ca®Jeyt, a product of A7 and expression.

Figure 8. Mathematical model of Ca?" homeostasis based on CICR activity. A. Ca*"
dynamics model (left) and adjusted parameters for the simulation (right). B. Typical traces of
simulated [Ca**]eyt and [Ca**]er in Control HEK, WT, R4497C, R2474S, and H4762P. C.

Relationship between simulated threshold [Ca**]er and CICR activity at resting [Ca**]cyt, A7.0,
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for WT and mutant RyR2s. Dotted line indicates the simulated relationship in the range of A7,
from 0 to 100. Note that the relationship is close to a straight line in the A range of 0.3—10. D.
Relationship between simulated oscillation frequency and A7o. E. Relationship between
measured and simulated threshold [Ca®']gr. Control HEK (filled diamond), WT (open circle),

CPVT (blue filled circle), and S4—S5 linker mutants (pink open circle).

Figure 9. Relationship between the age of onset of arrhythmic symptom or sudden
cardiac death and relative CICR activity of CPVT mutants. Individual points indicate
individual RyR2 mutation carriers. Note that some carriers of Q4201R and R4497C were
asymptomatic even in old age. The data for the H4762P patient are not plotted because she

has two mutations.
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Supplemental Figure 1. Calculated [Caz"]cyt in HEK293 cells expressing WT and
mutant RyR2. A. Representative time course of [Ca?*],, obtained by converting the fluo-
4 signals in Fig. 2A into Ca?* concentrations. Data were obtained in normal Krebs solution
followed by application of 10 mM caffeine (black line). [Ca?*],, were obtained by converting
from the data in Fig. 2A. B. Average peak and resting cytosolic [Ca?*].,. C. Relation
between oscillation frequency and peak [Ca?*],,.
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Supplemental Figure 2. [Ca?*]cg in HEK293 cells expressing WT and mutant RyR2. A.
Time course of [Ca?*]c; obtained by converting the R-CEPIA1er signals in Fig. 3A into Ca?*
concentrations. Data were obtained in normal Krebs solution followed by application of 10
mM caffeine (black line). B. Average threshold and nadir [Ca?*]x signals in cells expressing
CPVT mutants. C. Average threshold and nadir [Ca?*]cg signals in cells expressing artificial
mutants. D. Relation between threshold and nadir [Ca?*]gg.
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