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Figure S1. Western blot analyses of mouse ventricular mitochondria.
Mitochondria were isolated from mouse ventricle using Mitochondria
Isolation Kit for Tissue (abcam) according to the manufacture’s protocol. The
isolated mitochondria (25 ng) and the supernatant fraction (25 pg) from two
different mice were used for the experiments. Identity of mitochondria was
confirmed by using anti-COX IV antibody. Pre-incubation of the anti-NCLX
antibody with excess amount of antigen peptide almost diminished the signal,
shown as “preabsorbed”.
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Figure S2. Effects of NCLX knockdown in HL-1 cardiomyocytes. A. Expression
levels of NCLX mRNA in cells transfected with negative control siRNA (NC) or
various kinds of NCLX siRNA (NO.1-NO.3, Integrated DNA Technologies; NO.4,
Sigma-Aldrich) at a concentration of 50 nM using Lipofectamine RNAIMAX
(Thermo Fisher Scientific). Three days after the transfection, total RNA was
isolated (RNeasy Plus Micro Kit, QIAGEN) from four different batches and was
reverse transcribed (PrimeScript Il 1st strand cDNA Synthesis Kit, TAKARA).
Real-time PCR was performed with the SYBR green dye technique (Light
Cycler 480, Roche Diagnostics) using primers listed on the right. Expression
levels of NCLX mRNA normalized with those of GAPDH are expressed as
mean = s.e.m. of four batches. *p<0.05, **p<0.01 vs NC. B-D.
Immunofluorescence analyses of NCLX in cells co-transfected with 0.3 ug/ml
pTagRFP-mito (Evrogen) and 50 nM negative control siRNA (NC) or various
kinds of NCLX siRNA (NO.1-NO.4). Three days after the transfection, cells
were fixed with 3.6 % paraformaldehyde, were blocked with Image-iT FX
Signal Enhancer (Cell Signaling Technology), and were incubated with our
custom-made anti-NCLX antibody (1:100). Anti-rabbit IgG Alexa Fluor 488
(1:500, Thermo Fisher Scientific) was used as a secondary antibody. Images
were acquired using a laser scanning confocal microscopy (Olympus FV1200)
with a x40 objective lens (NA 0.95). Excitation/emission wavelength were 473
(laser 670 V)/485-545 nm and 559 (laser 750 V)/575-675 nm for Alexa Fluor
488 and pTagRFP-mito, respectively. Representative images are shown in B.
For the analyses, the pTagRFP-mito-positive cells were chosen and the
fluorescence intensity of Alexa Fluor 488 was normalized with the cell area
using Image J (NIH). Cells incubated with secondary antibody but not with
primary antibody were used for calculating background fluorescence
intensity/area, which was 0.016 = 0.0040 (A.U./um?; n=68 cells).
Background fluorescence intensity-subtracted data are summarized in C. Data
are expressed as mean = s.e.m. of 65-79 cells. **p<0.01 vs NC. The
histograms plus Kernel density (SigmaPlot 14.0) are shown in D. E.
Immunofluorescence analyses of NCLX in cells transfected with 0.3 pug/ml
pTagRFP-mito (Evrogen) and 0.3 ug/ml mouse NCLX-pCMV6 (Takeuchi and
Matsuoka, Cell Calcium, 2021). Images for Alexa Fluor 488 were acquired
with a lower laser intensity, 550 V compared with 670 V. As a reference,
images from negative control siRNA-transfected cells (NC) obtained under the
same laser conditions are shown, in which Alexa Fluor 488-positive signals in
B were completely diminished.
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Figure S3. Immunofluorescence of NCLX in mouse ventricular myocytes.
A. Representative images. Pre-incubation of the anti-NCLX antibody with
excess amount of antigen peptide diminished the signal (preabsorbed).
B. Fluorescent intensity/area of the cells, which were normalized with those
not treated with primary antibody. Data are expressed as mean = s.e.m. of 5
cells. ¥*p<0.01 vs control.



Figure S4. Immunofluorescence of MCU in mouse ventricular myocyte.
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Figure S6. Simulation of the effects of NCX_,, scaling factor reduction to 0.001
on the time courses of SR CaZ* fluxes via SERCA (black lines) and NmSC (red
lines) during the caffeine application protocol using MSI model (A) and non-
MSI model (B).



Supplementary Material

Description of the Mathematical Model of HL-1 Cardiomyocytes with/without
Mitochondria-SR Interaction (MSI Model/Non-MSI Model or Non-MSI model
with hlgh CuU mit_cyt & NCXmit_cyt)

This is a supplemental material that describes details of the mathematical model of HL-1
cardiomyocytes with/without mitochondria—sarcoplasmic reticulum (SR) interaction (MSI
model/non-MSI model or non-MSI model with high CUmit_cyt & NCXmit_cyt).

Based on the biased distributions of mitochondrial and SR Ca?* handling proteins (Figure 6E in
the main text and De La Fuente et al., J Biol Chem, 2016), the MSI model was updated from the
previous HL-1 cell model (Takeuchi et al., Sci Rep, 2013), described as follows. 1) The NCLX-
SERCA complex (NmSC) and CUnjt facing junctional space (CUmit_js) were newly implemented. 2)
The scaling factor of NmSC was set as 7/3 of that of NCXmit facing cytoplasm (NCXmit_cyt),
according to the Manders’ coefficient of NCLX overlapping with SERCAZ2, ~0.7 (Figure 6E in the
main text). 2) The scaling factor of CUmit_ss was set to the same value as that of CUnit facing
cytoplasm (CUnmit_cyt), according to the super-resolution images of MCU, in which about half of
MCU was localized near RyR2 at junctional SR (De La Fuente et al., J Biol Chem, 2016). 3)
Functional coupling of NCLX and SERCA via NmSC was expressed by assuming that Ca2*, that is
extruded through NmSC from mitochondria, directly enters SR. 4) The 30% of SERCA was replaced
with NmSC, according to the Manders’ coefficient of SERCA overlapping with NCLX, ~0.3 (Figure
6E in the main text). Several parameters for mitochondrial and SR Ca?* fluxes were modified for the
firing rate and cytosolic Ca?* dynamics to become within the range of experimental data.

The original HL-1 cell model defined the mitochondrial membrane potential (AY¥) as a constant
value (—150 mV) regardless of the mitochondrial Ca?* level. This made the CUnmit to be continuously
active even under the mitochondrial Ca?*-overloaded condition, although mitochondrial Ca?*
overload is known to depolarize AY to impede CUnit. As a result, unrealistically high level of
mitochondrial Ca%* occurred especially when the NCXmi—the only pathway for extruding
mitochondrial Ca?* in the model—was inhibited in the long time (5 min) simulation of caffeine
application. In order to prevent this, we newly implemented the equations for mitochondrial Ca2*
overload-mediated CUmit inhibition (see lcumit in Table S5).

The scheme of the MSI model is shown in the Figure 8 in the main text. The non-MSI model was
constructed by removing NmSC and CUnjt ss. The non-MSI model with increased CUmit ¢yt &
NCXmit_cyt Was constructed by increasing the scaling factor of CUmit_cyt and NCXmit ¢yt by 2 and 10/3
times, respectively, in the same manner as the MSI model. This model was created to confirm that
the biased distributions of CUmit and NCXnit, not their scaling factors—i.e. expression levels—are
important for reproducing the experimental data on NCLX inhibition.
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The models were created with Visual C# (Microsoft Visual Studio 2019) and the ordinary
differential equations were integrated by Runge-Kutta method with adaptive time step. Units are mM
for concentration and msec for time. Mathematical formulas are described in the following tables
(Tables S1-S8). The caffeine application was simulated by increasing the open probability of RyR—
multiplying the “koCa” in RyR (see Iryr in Table S4) by 11—and by blocking SERCA with time
constant of 3000 msec. The caffeine effect was reversed with time constant of 15000 msec. In the
MSI model, Ca?" extruded via NmSC during caffeine application was assumed to leak to cytoplasm.

Table S1. Abbreviations

R Gas constant, 8.314472 C mV/K/mmol

F Faraday’s constant, 96.48653415 C/mmol

T Absolute temperature, 310 K

Cao Extracellular Ca?*, 1.8 mM

Cai Cytoplasmic Ca?* concentration in mM

Cays Junctional space Ca?* concentration in mM

CasL Subsarcolemmal space Ca?* concentration in mM
Casr Sarcoplasmic reticulum Ca?* concentration in mM
Camit Mitochondrial free Ca?* concentration in miM
Catotalmit Mitochondrial total Ca®* concentration in mM
Nao Extracellular Na* concentration, 140 mM

Na; Cytoplasmic Na* concentration, 15.0 mM

Namit Mitochondrial Na* concentration, 4.0 mM

Ko Extracellular K* concentration, 5.4 mM

Ki Cytoplasmic K* concentration, 120 mM

Clo Extracellular CI- concentration, 150 mM

Cl; Cytoplasmic CI~ concentration, 15 mM

AY Mitochondrial membrane potential, =150 mV
Mgi Cytoplasmic Mg?* concentration, 1.0 mM

Table S2. Cell property

Abbreviation Value Unit
Total cellular volume \oli 33000 um3
Cytoplasm volume Vol eyt 0.65 -Vol; um3
Junctional space volume Vol ;s 4.0 -10* -Vol; um3
Subsarcolemmal space volume \Vols. 0.013 -Vol; um3
SR volume \Volsr 0.023 -Vol; um3
Mitochondrial volume VOl mit 0.2 - Vol um3




Cell capacitance Cm 40 pF
Fractional current of junctional space Fis 0.11
Fractional current of subsarcolemmal space FsL 1-Fss
Fractional current through lcac of junctional space Fisca 0.9
Fractional current through Ica. of subsarcolemmal space FsLca 1-Fjsca
Table S3. lon fluxes at junctional and subsarcolmmal membrane
Ina; Voltage-dependent Na* current
Abbreviation Value Unit
conductance Gna 23 nS/pF
1
s T 56.86 + Vmy
.86+ Vm
(1 +exp (- 2553 ))
_ 01292 <Vm + 45.79)2 T 0.06487 (Vm - 4.823)2
tm =T exp 15.54 ' xp 51.12
oo = Vm + 7155\
m+ 71.
(1 +exp(Frgg ))
c Vm + 80
@, = 0.057 - exp (—T), Vm < —40mV
0, otherwise
(2.7 - exp(0.079 - Vm) + 3.1- 10% - exp(0.3485 - Vm), Vm < —40mV
0.77 ,
B =< " TG otherwise
m + 10.
0.13- <1 +exp (‘T))
1
= an + B
) 1
oo T Vm + 7155\
m+ 71.
(1 +exp (g3 ))
_ (—2.54-28-104-exp(0.24—4—4-Vm)—6.948-10_6-exp(—0.04—391-Vm))-(Vm+37.78)‘ Vim < —40 mV
aj = 1+exp(0.311-(Vm+79.23))

0, otherwise

0.02424 - exp(—0.01052 - Vm)
_ |1+ exp(—0.1378 (Vm + 40.14))’
B = 0.6 - exp(0.057 - Vm)
1+ exp(—0.1- (Vm +32))’

Vm < —-40mV

otherwise




1

T;

Ta+ B
dm mg—m
dt T,
dh  hgs—h
dt_ Th
ﬂzjss_j
dt T;

]

INa]S =F]S'GNa'rng'h' i (Vm_ENa)
INag; = Fs;* Gyg-m®-h- j- (Vm — Eyg)
ING. = INa]S + INaSL

Inak; Sarcolemmal Na*/K* pump current

Abbreviation Value Unit
amplitude Anak 1.26 pA/pF
dissociation constant KMpai 11.0 mM
dissociation constant Kmko 15 mM
Na,
e (grg) -1
o=
7
f 1
NakK =
1+ 0.1245 - exp (—0.1 Vm- }f—T) +0.0365 - 0 - exp (—Vm : %)
ANaK 'fNaK K,
INaK;c = Fis - .
W = s Kmpyg, * K, + Kmyg,
1 +< Na; )
ANaK ' fNaK K,
INaKg; = Fq; - .
st st 1 Kmyg, * K, + Kmy,
+ ( Na; )
INaI( = INast + INaKSL
Ikr; Rapidly activating K* current
Abbreviation Value Unit
conductance Gkr 0.73 nS/pF
" 1
XKTss =
1+ exp (— —Vmg- 15)




Vm + 20.1376\2
Typr = 2.5+ 31.18 + 217.18 - exp | — (—)

22.1996

i 1

rkr =
Vm 4+ 55
1+ exp ()

dxkr  xkrss — xkr

dt B Txkr

Ko,

IKtrys = Fjg - Gy - a-xkr-rkr- (Vm — Eg)

K,
IKrSL =FSL'GKT'. S_Z'Xkr'rkr' (Vm_EK)

IKT = IKT']S + IKT'SL

Iks; Slowly activating K* current

Abbreviation

Value

Unit

conductance Gks

0.0035

nS/pF

pNaK

0.01833

1

xksss = Tm T 3.8)

1+ exp(— 773
990.1

Vm+ 2.436
14.12 )

Txks =
1+ exp (—

dxks _ xksss — xks

dt Txks

RT (K, +pNaK - Na,
Egs = — n( )

F K; + pNaK - Na;
IKS]S = F]S : GKS : xk52 " (Vm - EKS)
IKSSL = FSL ' GKS ' kaZ ' (Vm - EKS)
IKS = IKS]S + IKSSL

Ikp; Plateau K™ current

Abbreviation

Value

Unit

conductance Gkp

0.002

nS/pF

1

kpkp =
1+ exp (7.488 - %)

IKp;s = Fs - Ggp kpkp *(Vm —Eg)
IKps, = Fsp, - Ggp - kpkp - (Vm — Ex)




IKp = IKp]s + IKpSL

lto; Transient outward K* current

Abbreviation Value Unit
conductance Gt 0.12375 nS/pF
; 1
X0ss = Vm—1
1+ exp (— a1 )
14.0%
Teto = 1.5+ 3.5 exp| — (%)
. 1
Ytlogs =
Vm+ 40.5
1+ exp (S5
Vm + 52.45\°
Tyto = 21.21 + 38.4525 - exp{ — (W)
dxto  xtoss — xto
ac Txto
dyto _ ytogs — yto
at Tyto
Ito;s = Fj5* G, * xto - yto - (Vm — Ey)
Itog, = Fgp - Gy, ~ xto - yto - (Vm — Ey)
ItO = ItOJS + ItOSL
Ikur; Ultrarapid delayed rectifier K* current
Abbreviation Value Unit
conductance Gkur 0.035 nS/pF
K 1
X UTss = Vm + 6
1+ exp (- —g5-)
9
Teur = 0.5+ Vm+5
1+ exp( 12 )
1
yKurss =
Vm+75
1+ exp( 10 )
3050 + >90
Fyur = Vm + 60
1+ exp( 10 )
dxKur  xKurss — xKur
dt Txkur
dyKur _ yKurg — yKur
dt TyI(ur




IKurjs = Fj5* Ggyy - xKur - yKur - (Vm — Eg)
IKurg;, = Fg * Ggyy - xKur - yKur - (Vm — Ey)

IK'U.T == IKuT]S + IKuTSL

Ik1; Inward rectifier K* current

Abbreviation

Value

Unit

conductance Gk

0.15

nS/pF

~ 1.02
1+ exp(0.2385 - (Vm — Ex — 59.215))

Ok1

_0.49124 - exp(0.08032 - (Vm + 5.476 — Ex)) + exp(0.06175 - (Vm — 594.31 — Ey))

K1 —

45761

Kl,,. =——
¥ gy + P

K,
IK].]S=F15'GK1' ?Z}Klss(Vm—EK)

K
IK1g, = Fgy - Ggq * ﬁ-Klss(Vm —Ex)

IKl = IK].]S + IKlSL

1+ exp(—0.5143 - (Vm + 4.753 — Ey))

lcica; Ca?* activated CI™ current

Abbreviation Value Unit
conductance Geica 0.0548125 nS/pF
Kdcica 0.1
Fic: G -(Vm—-E
Icl Ca]g _ Ts " bcica KE{ cz)
1 + ClCa
Ca]S
Fg - G -(Vm—-E
IClCaSL — SL ClCaKEi Cl)
1 + ClCa
CaSL
IClCa = IClCa]S + IClCaSL
Ici; Background CI™ current
Abbreviation Value Unit
conductance Gew 0.0045 nS/pF




IClbys = Fis - Gey - (VM — E¢y)
IClbg;, = Fgy, - Gy - (Vm — E¢y)
IClb = IClb]s + ICleL

IcaL; L-type Ca?* current

Abbreviation Value Unit
permeability Pca 0.200475 cm/sec
permeability Pna 5.56875- 10°® cm/sec
permeability Pk 1.002375- 104 cm/sec

A = 1
ss m+1
1+ exp(-—55-)
Vm+5
— g 1_eXp(_ 6.0 )
fa = s 70035 (Vm +5)
£ = 1 N 0.6
ss Vm + 30 50 —Vm
1+ exp (—9 ) 1+exp(—20 )
2
i = 2
0.0197 - exp (—(0.0337 - (Vm + 14.5)) ) +0.02
dd _dg—d
dt - Tgq
df _fu—f
dt Tf
dfCaB
% =1.7-Cajs- (1 —fCaBys) —11.9-1073 - fCaB)g
dfCaBSL _
T = 17 " CaSL : (1 —fCaBSL) - 119 . 10 3 'fCClBSL
ICalcays = Fiscqd - f - (1 —fCaB,S)
F F
PCa4-Vm F pp- (0.341 - Cays - exp (2 Vm- RT) 0.341 - Cao)
exp (2 Vm- RFT) 1
ICaLcqsy, = Fspeq - d - f - (1 — fCaBsy)
F F
PCa4-Vm F pp- (0.341 - Cag, - exp (2 Vm- RT) 0.341 - Cao)

exp (2 Vm- RFT) 1
lCaLCa = ICaLCa]S + IcaLCaSL

lCaLNa]S =F]5(;a'd'f'(1—fCaB]5)
PNa VmF- 0.75 - Na; - exp(Vm 15) 0.75 - Nao)

exp (Vm RFT) 1

RT(
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ICalygsy, = Fspca-d - f+ (1 — fCaBg)
F

'PNa-Vm-F-ﬁ-

(0.75- Na; - exp (Vm : %) —0.75- Nao)

ICaLNa == ICaLNa]S + ICaLNaSL

exp (Vm-}f—T) -1

PK-Vm-F-}f—T- (075K -exp(Vm-RF—T) - 0.75-1(0)
ICQLK]S=F'15Ca'd'f'(1_fcaB]_g)' F
exp (Vm . W) -1
PK-Vm-F-%- (0.75-1{1--exp(Vm-%)—OJS-KO)
ICalygg, = Fspcq-d-f+ (1= fCaBsy) - F
exp (Vm : W) -1
ICQLK = IcaLK]s + IcaLKSL
ICaL = ICaLCa + ICaLNa+ICaLK
Icat; T-type Ca?* current
Abbreviation Value Unit
conductance Gear 0.4122 nS/pF
A = 1
ss Vm+ 30
1+ exp (-5 5—)
1
Tqg =
1.068 - exp (Vm;r—o%'?’) +1.068 - exp - Vm;r—()%'?’)
£ = 1
ss = Vm + 48
1+ exp (—7 )
1
T =
0.0153 - exp (- %?)1.7) +0.015 - exp (Vm;r—(f”)
dd d¢—d
dt - Tgq
df _fs—f
dt Tf
ICQT]S = F]S . GCaT -d- f . (Vm - 45)
ICQTSL = FSL : GCG.T : d : f " (Vm - 4’5)
ICaT = IcaT]S + ICaTSL
Ipca; Sarcolemmal Ca?* pump current
Abbreviation Value Unit
amplitude Apca 0.0673 pA/pF
dissociation constant Kmpca 5.0-10* mM




IpCa]S =
Kmig, + Calf
Fsp* Apcq - Calf
IPCCISL — SL pCa SL

16 16
KmpCa + Cag;,

IpCa = IpCa]S + IpCaSL

Ican; Background Ca?* current

Abbreviation Value Unit

conductance Geap 5.513- 104 nS/pF

Icab]S = F]S ' GCab ' (Vm - ECa]S)
ICabg, = Fgp, * Geap * (VM — Ecqsy)
ICab = Icab]S + ICabSL

Incx; Sarcolemmal Na*-Ca?* exchange current

Abbreviation Value Unit
amplitude Ancx 4.0 pA/pF
dissociation constant Kdact 2.25-10* mM
dissociation constant Kmcai 0.00359 mM
dissociation constant KmMcao 13 mM
dissociation constant KMnai 12.29 mM
dissociation constant KMnao 87.5 mM
nu 0.27
Ksat 0.32
Kajs = ! >
14 (Kdact)
Cajs
Kag, = ;2
1+ (a)
SL

F
sl= exp(nu-Vm-ﬁ)-Na?-Cao

F
$2;s = exp <(nu -1)-Vm- ﬁ) “Naj - Cays

F
52, = exp ((nu -1)-Vm- ﬁ) *Na3 - Cag,

3 5 Na; ’ 3 Cays 3 3
s3;s = Kmgq, *Nag - | 1 + Ky + Kmy,, " Cajs | 1 + —— ) + Km¢y, - Naj + Na; - Ca,
ai i

+ Nag * Cajs
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3

_ 3 Na; 3 Cag, 3 3

s3sp = Kmgg, *Nag | 1+ Km + Kmpy,, " Cas, - (1 + + Kmeg, - Naj + Naj - Ca,
Nai i

+ Nag * CaSL
F]S ' ANCX ' Kajs ' (Sl - SZ]S)

S35 (1 + kgqr - €Xp ((nu -1 -Vm- ;_T>>

Fsp - Ancx * Kagy, - (s1 — 52g,)

F
s3g, - (1 + kyor - €Xp <(nu -—1)-Vm- ﬁ>>

INCX = INCX]S + INCXSL

INCX;s

INCXSL ==

Ina; Hyperpolarization-activated cation current

Abbreviation Value Unit
conductance Gha 0.2 nS/pF
1
Yss = Vm + 70
1+exp (T35
1
Ty = Vm + 198 Vm — 130
exp (-5 ) +exn (T )
Q — Yss =Y
dt T

y
Thaygss = Fjs * Gpg - 0.3833 - (Vm — Ey,) - y*
Thag;s = Fjs - Gpg - 0.6167 - (Vm — Ey) - y?
lha;s = Ihayg s + Thag;s

Thaygs, = Fsp, - Grg - 0.3833 - (Vm — Eyg) - y2
Thags, = Fs, - Gpg - 0.6167 - (Vm — E) - 2
lhag; = Thayg + Thags;,

Iha = Ihajs + IhaSL

Buffers;
Cytosolic Ca?* buffers
Abbreviation Value Unit
association constant kontnciow 32.7 /mM- msec
dissociation constant koffrnciow 0.0196 / msec
total TnCiow cONcentration Bmaxtnciow 0.07 mM
association constant kontnchca 2.37 /mM- msec
dissociation constant koffrnchca 3.2:10° / msec
association constant kontnchmg 0.003 /mM- msec
dissociation constant koffrnchmg 0.00333 / msec
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total TnChigh concentration Bmaxtnchigh 0.14 mM
association constant koncam 34.0 /mM- msec
dissociation constant koffcam 0.238 / msec

total CaM concentration Bmaxcam 0.024 mM
association constant koNnmyocinca 13.8 /mM- msec
dissociation constant koff myocinca 4.6-10* / msec
association constant kon myocinmg 0.0157 /mM- msec
dissociation constant koff myocinmg 5.7-10° / msec

total myocin concentration Bmaxmyocin 0.14 mM
association constant konsrs 100 /mM- msec
dissociation constant koffsre 0.06 / msec

total SRB concentration Bmaxsrs 0.0171 mM

dTnClOW
T = konTnClow Ca; - (BmaxTnClow - TnClow) - kofanClow "TnCow
dTnChCa
BT konrnenca * Ca; * (Bmaxrncnign — TnCrnchca — TnCrncnmg) — kof frnchea * TnCrnenca
dTnChMg
—dt = konTnChMg "Mg; - (BmaxTnChigh — TnCrpchca — TnCTnChMg) — koff: TnChMg

*TnCrnchmg
dCaM

T kongam - Ca; - (Bmaxcgy — CaM) — kof feay - CaM

dMyocing, ] .
T = konmyocinCa Ca; - (Bmaxmyocin — Myocing, — MyOClnMg) - kOffmyocinCa

- Myocing,
dMyociny, ) )
T = konmyocinMg "Mg; - (Bmaxmyocin — Myocing, — MyOClnMg) - koffmyocinMg

" Myocinyg
dSRB
7 = konSRB . Cai . (BmaxSRB — SRB) — kOffSRB -SRB

dTnCpy dTnCpcq  dTnCryy dCaM  dMyocing, dMyocinyg dSRB
CaByorar = + + + + + +
JCaBrorar dt dt dt dt dt
Junctional space Ca®* buffers
Abbreviation Value Unit
association constant konjsiow 100 /mM- msec
dissociation constant koffsiow 1.3 / msec
total JSiow concentration Bmaxsiow Voley mM
3.22-107% —=
Voljs
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association constant konshigh 100 /mM- msec
dissociation constant koff shigh 0.03 / msec
total JShigh concentration BmaXshigh Vol mM
? = 11551074 - —2¢
Vols
dajJs,
dtow = kon]slw Cays - (Bmaxmow _]Slow) - koff]smw *JISiow
dJShign
Tlg = konysnign - Cays - (Bmax;snign — JShign) — kOf fisnign * IShigh
AJSiow A Shign
CaB;s =
JCaBys T de
Subsarcolemmal space Ca?* buffers
Abbreviation Value Unit
association constant konstiow 100 /mM- msec
dissociation constant koffsLiow 1.3 / msec
total SLow CONcentration Bmaxstiow Volgy, mM
0.02618 - ——
Vol
association constant konstnigh 100 /mM- msec
dissociation constant koffsLnigh 0.03 / msec
total SLnigh concentration BmaXsLnigh Volgy, mM
0.00938 - ——
Vol
dSLiow
dt = kongpiow * Casy, - (Bmaxspiow — SLiow) — kof fsiow * SLiow
Dlnigh _ -Cag, - (B SL k - SL
T ONgphign * LAsy, ( MaxXsihigh — high) —kof fSLhigh high
dSLipy  dSLpign
CaBs, = +
JCaBs, dt dt
Ca?* fluxes;
Jeyist; Ca?* diffusion between myoplasm and subsarcolemmal space
Abbreviation Value Unit
permeability PeytsL 5000 ums/msec
Jeytst = Peyest - (Cag, — Cay)
Jis_si; Ca?* diffusion between junctional space and subsalcolemmal space
Abbreviation Value Unit
permeability Pis_sL 824.13 ums/msec

Jisst = Pis s (CaSL — Ca]s)
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Table S4. SR Ca?* fluxes
Iserca; SR Ca?* pump current

Abbreviation Value Unit
maximum velocity Vmax 0.0075 mM/msec
dissociation constant Kmg 2.0-10* mM
dissociation constant Km; 1.7 mM
For MSI model
<<ﬁ)1.787 B (%)1.787>
ISERCA =0.7- Vmax IéirlfR 2 ’ KWZ 1.787 KTZr 1.787
1+ (Krcrll;) + (Ker?:)
For non-MSI model & non-MSI model with high CUmit ¢yt & NCXpmit_cyt
<<ﬁ)1.787 B (%)1.787>
ISERCA =1.0- Vmax IéirllSR 2 ’ KWZ 1.787 KTZr 1.787
1+ (Krcrll;) + (Ker?:)
Iryr; Ca?* current through RyR channel
Abbreviation Value Unit
ec50sr 0.25 mM
koca 10.0 mM?/msec
kom 0.06 /msec
Kica 0.5 /mM- msec
Kim 0.005 /msec
ks 100 /msec
Maxgsp = 15
Mingg = 1

kiSRCa = Kkicg - kCaSR
RI =1—RyR, — RyR, — RyR;

dRYR
dyt = = (kiy - RI — kigg,, - Cajs - RyR,) — (kosg,, - CaZs - RyR, — kop, - RYR,)

dRyR . .
pr o= (koSRCa - Cafs - RyR, — ko, - RyR,) — (leRCa -Cajs* RyR, — kiy - RYR;)
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dt

= (kisg,, - Cajs - RyR, — kip - RyR;) — (koy, - RyR; — kogg,, - CaZs - RI)

VOlSR " F " 2
IRyR = kS . T . RyRO . (CaSR - Cajs)

leak; Leak Ca?* current through SR

Abbreviation Value Unit

maximum velocity Vmax 2.0-10° /msec

VOlet * F " 2

cm . (CaSR - Ca]_g)

Lieak = Vimax

Calsequestrin; Ca* buffer in SR

Abbreviation Value Unit
association constant koncsgn 100 /mM- msec
dissociation constant koffcsgn 65.0 / msec

total calsequestrin concentration BmaXesgn 0.13 Volgy, mM
' Volgg
dCsqny,
It = kongggn " Cagg - (Bmaxcsqn - qunb) — kof fesqn - Csqny,

Table S5. Mitochondrial Ca?* fluxes
Icumit; Mitochondrial Ca?* uniporter current

Abbreviation Value Unit
Ol mit 0.2
ol 0.341
Kicamit 0.01 mM
amplitude Acauni 185.6 L/msec

For MSI model

F
Uit " Camir — @; - Ca; - exp (—2 -AY - W)

exp(—Z-Alp-%)—l

F - F
ICUmit_Cyt = —Acauni m (2 - AY ﬁ) .

. (KiCamit)2
(Camit)2 + (KiCamit)2
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-2
ley,,;gs = —Acauni " " (2 DAY — |-
‘ Cm RT exp (-2 & }f—T) 1

. (Ki(:amit)z
(Camif:)2 + (Ki(:amit)z

For non-MSI model

F ) Amit - Camic — ;" Cays - €xp (—2 AY

(Camif:)2 + (Ki(:amit)z
For non-MSI model with high CUmit_cyt & NCXmit_cyt

-2

F
. A F-2 (2 Ay F) a’mit'Camit—a’i'Cai'exp(—z'mli'ﬁ
CUpiscyt — —HcaUni "~ ° ’ o)
‘ Cm RT exp (—z-Azp-If—T)—1
(Ki(:amit)z

F
Uit - Camiz — a; - Ca; - exp (—2 - AY ﬁ)

F F
lcy pircye = =2 Acauni T (2 Ay ﬁ) :

. (Ki(:amit)z
(Camif:)2 + (Ki(:amit)z

exp(—z-A¢-}f—T)—1

Incxmi_cyt; Current of mitochondrial Na*-Ca?* exchanger facing cytoplasm

Abbreviation Value Unit
dissociation constants KdNamit 38.0 mM
KdNai 32.0 mM
KdCamit 0.020932007 mM
KdCai 0.0125 mM
amplitude Ancxmit 21.0192 mmol/msec
Na3 .
PNamic = 3 3 = Camit
Nag;e + Kdyamie (1 + m)
Ca,,;
Pcamlt = mlt Na3
Ca; + KdCa,; -(1 +—m”>
mit mit Kd[%]amit
Na3}
PNal- = Ca.
Nal-3 + Kdl?\’lai . (1 +m)
L
Cai
PCai = Na3
Cai + KdCal- . (1 + Kd3l )
Nai
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F
k1=1.0-exp (0.2 “F-AY - ﬁ) *PNa,;;

F
k2 = 1.0 exp ((0.2 —1.0)-F - M- ﬁ> - PNg;

k3 =1.0- PCayy;
k4 =1.0-PCq;

tEl = ——
a+f

tE2 =1—tE1 where o = (k2+k4), B = (k1+k3)
For MSI model and non-MSI model

F-2
INCH it cye = ~ANCKyy * e (LE1- k2 = tE1- k1)

For non-MSI model with high CUmit_cyt & NCXit_cyt

7

F-2
INCXmit_cyt =- (1 + §) : ANCXmL-t ) m - (tEl k2 —tE1- kl)

Inmsc; NCLX-SERCA complex current

Abbreviation Value Unit
dissociation constants KdNamit 38.0 mM
KdNai 32.0 mM
KdCamit 0.020932007 mM
KdCai 0.0125 mM
amplitude Anmsc 49.0448 mmol/msec
Na3 .
PNamic = 3 3 = Camit
Nag;e + Kdyamie (1 + m)
Ca,,;
Pcamlt = mlt Na3
Ca; + KdCa,; -(1 +—m”>
mit mit Kd[?\,]amit
Na3}
PNal- = Ca.
Nal-3 + Kdl?\’lai . (1 +m)
L
Cai
PCCll' = Na3
Cai + KdCal- . (1 + Kd3l )
Nai
F
k1=1.0-exp (0.2 “F-AY - ﬁ) *PNa,;;
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k3 =1.0- PCayy;

k4 =1.0-PCq

tEl = ——
a+f

tE2 =1-tE1

F-2

Inmsc = —Anmsc * m (tE1-

F
k2 = 1.0 exp ((0.2 —1.0)-F - M- ﬁ> - PNg;

where o = (k2+kd), p = (k1+k3)

k2 — tE1- k1)

Ca?* buffer in mitochondria

Abbreviation Value Unit
association constant konmit 100 /mM- msec
dissociation constant koffmit 0.1 / msec

total calsequestrin concentration BmaXmit 0.6 mM

dCaBuf fmit
dt

= konye - Capmyy *

(Bmaxmit - CaBuffmit) - koffmit : CaBuffmit

Table S6. Nernst potentials

£ _RTl Na,
Na =T Mg
£ _RT1 K,
K= g

RT Ca,
Ecalsz?lnCa]S

RT  Ca,
Ecast = Tln Cag,
Eo = RTl cl,
a="TF "

Table S7. lon concentrations
Na* concentrations

INasor = INGorys + INQgorst,

dNai
dt

=0

INatot]S == INa]S + 3 * INast+3 " INaCa]S + ICaLNa]S + IhaNa]S
INatotSL = INaSL +3- INaK5L+3 . INaC(lSL + ICaLNaSL + IhaNaSL
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K* concentrations

IKtotjs = IKTys + IKsjs + IKpjs + Ito;s + IKurys + IK1;5 + [CaLlg s + Thag;s — 2 - INaK;
IKtOtSL = IKTSL + IKSSL + IKpSL + ItOSL + IKuTSL + IKISL + IcaLKSL + IhaKSL -2 INaKSL
[Kior = IKtorys + IKiost

dK,
—=0
dt

CI™ concentrations

ICltOt]S = IClca]S + IClb]S
ICltOtSL = IClCaSL + ICleL
IClior = ICliorys + ICioesy,

dcl _
dt

Ca’* concentrations

For MSI model
ICatot]S = ICaLCa]S + IcaT]S + IpCalS + Icab]S -2 INaca]S
ICasprs;, = ICalcqsy + ICaTg, + IpCagy, + 1Cabg; — 2 - INaCag;,

[Cator = ICatorys + ICaLotsy,

dCa; Cm ]
o ) o ~ ' JSSL
— = ~(Cacoys = ICUic s — IRYR Ileak) Vols 2 F + 7 s JCaBys
dCag Cm Jysst Jeytst
=-IC : “Volo, —Jtab

= QtotsL Volg,-2-F Volg, Volg, JCabs.
dcai Cm ]cytSL
ek —(ISERCA —ICUmt cye + 2 INCXmit_Cyt) W —JCaByta + _V0lcyt
dCasp (—ISERCA + 2 - INmSC + IRyR + lleak) cm deoam,

dt m Y « Volsg*2+F dt
dcatotalmit o
T = — (ICUmitcyt + ICUmit]s - 2 ' INCXmitCyt - 2 ) INmSC) l m

dCaBuffmit
dt

For non-MSI model

ICamtlS = ICaLCa]S + ICaTjs + IpCa,S + ICab,S -2 INaCajs

ICasprs;, = ICalcqsy + ICaTg;, + IpCag;, + 1Cabg; — 2 - INaCag;,

[Cator = ICatorys + ICatotsy,

dCajs
dt

Cm Jjs st
= (Icatot]S IRyR — Ileak) VOl]s'Z'F+V0l]S

_]CaB]S
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dCag, Cm _]]S_SL _]cytSL

=—IC : —JCaB
It AtotsL VOlSL -2 F VOlSL VOlsL Jta St
dcai Cm ]cytSL
—— = ~(ISERCA = ICUpnit eyt + 2 - INCXnit cye) Vol 2-F —JCaBtorar Voleye
dCagp = —(=ISERCA + IRyR + Ileak) cm deoam,
dt Y e Volsg2-F dt
dcatotalmit cn dcaBuffmit
e = = (10U = 2 INCKie) oy~ g

Table S8. Membrane potential

ItOt == INatOt + IKtOt + ICatot + ICltOt

dVm
Tar T e
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