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SUPPLEMENTAL METHODS

1 Three-dimensional finite element mesh of cardiomyocyte

Fig. S1 shows the structure of a 3D model of the myocyte (CTR model). To reduce the computational
cost, we modeled a segment containing only three myofibrils of one sarcomere length, together with
the adjacent cell membrane and organelle (Fig. S1, left panel). The rationale behind such modeling
is the longitudinal periodicity and axial symmetry of the myocyte. We assumed a cylindrical myocyte
containing 40 myofibrils, and three radially arranged myofibrils occupied the space between the cell
membrane and the center of the myocyte. At the final stage, further reductions were implemented to
include only one quarter of this model for analysis (halved in both length and width). The 3D structure

was modeled with a hexahedral solid finite element.

Mitochodria

Figure S 1: Finite element mesh

1.1 Mesh construction

Construction of mesh that is sufficiently fine to reproduce every detail of the subcellular component is
impractical. Therefore, first, we constructed a mesh expressing the three major volume fractions, namely,
the myofibril, mitochondrion, and the remaining components. The cytosolic reaction-diffusion field was

defined in the whole mesh. Second, small subcellular components were located at the appropriate nodes



to reproduce the anatomical structure. These subcellular components shared their fractional volumes
as double nodes. Fig. S1 shows the constructed mesh in which The JSR node is shown in light blue,
the NSR node is shown in blue, the membrane and t-tubule node are shown in yellow, mitochondria are
shown in green, myofibril is shown in red, and other structures are transparent. The second left panel
shows Ca?* transport pathways from the NSR to JSR. In the right panels, the model is decomposed to
show the distribution of myofibril and mitochondria in the 3D structure of the whole model.

The functional volume of each node was defined by finite-element integration of the volume of func-
tional elements such as myofibrils, mitochondria, and the cytosol. Uptake and release by the subcellular
components are expressed as the flux between the functional volumes at the node.

Finally, to investigate the effect of the gap between the JSR Ca?* release site and mitochondria,
mesh near the gap was finer. The model consisted of 1861 nodes and 581 elements. The total number
of degrees of freedom was 6164 for mechanical analysis and approximately 20,000 for reaction-diffusion

simulation.

2 Reaction-diffusion equations

2.1 Governing Equations

Numerical studies have investigated Ca?* dynamics in 3D space with reaction-diffusion equations [1,
2, 3, 4]. The current study adopted these formulas for calculating the transport and exchange of
metabolites, ions, and signaling molecules (substrates). The multiple reaction-diffusion fields for six
substrates, namely Ca?*, creatine (Cr), creatine phosphate (CP), inorganic phosphate (Pi), adenosine
tri-phosphate (ATP) and adenosine di-phosphate (ADP) were defined in the cytosolic space as follows.
oc
ot

Here, « indicates each of the six substrates, ¢ indicates the location, D® is a diagonal matrix containing

= V- (DV) + f(e) (1)

the diffusivity of the substrate a, ¢ is the concentration of the substrate «, and f{* is the function
describing the reaction involving the substrate a at the loci ¢ dependent on all the substrates concentra-
tions ¢;. We adopted the functional forms from the model by Cortassa et al. [5]. Details of functional

forms will be described in section 4. The diffusion coefficients used in this study are shown in Table S1.

We solved the reaction-diffusion equations of Ca?* inside the mitochondrial matrix separately be-
cause a significant gradient is expected. The mitochondrial inner membrane potential was shared by all
the nodes in a mitochondrion. Considering the dense structure of cristae in cardiac mitochondria, we
reduced the diffusion coefficient to 1/100 of the cytosol.



Substrate axial D transverse D reference

Ca2t 0.300 0.1880 2,3, 4, 7]
Cr 0.149 0.0936 [6, 7]
CP 0.114 0.0713 [6, 7]
Pi 0.140 0.0877 [6, 7]
ADP 0.078 0.0490 [6, 7]
ATP 0.083 0.0520 [6, 7]

Table S 1: Diffusion coefficients

3 Mechanical simulation

The cardiomyocyte is composed of multiple subcellular components, each having distinct material
properties in terms of the stress-strain relationship and bulk modulus. Furthermore, the excitation-
contraction mechanism introduces time-varying anisotropic stiffness in the myofibril, which in turn
creates a heterogeneous force field in the cellular space. To treat such a complex object in a unified way,
we needed to apply a mixed finite element method based on the perturbed Lagrange-multiplier method.

The governing equations are:

/ (28W +>\JC‘1> :6Edv+/ &y - dudS =0 (2)
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where W denotes strain energy function, C' denotes right Cauchy-Green deformation tensor, J denotes
volume change (J = 1/2det(C))
E denotes Green-Lagrange strain tensor, S denotes second Piola-Kirchhoff stress tensor (with assump-
tion of hyper-elastisity, S = 2%—‘&,‘/), u is displacement, A is a Lagrange multiplier for volumetric con-
straint (corresponding to —% of the pressure), V' is analysis volume, « is bulk modulus, 1, is the stress
boundary condition, and S; is the surface where the stress boundary condition is defined.

Eq. (2) is the equilibrium equation and eq. (3) is the compressibility control condition. We solved

eqns. (2) and (3), which are nonlinear equations of two variables (u,\), by using finite element methods.

3.1 Constitutive equation for mitochondria and other components

Mitochondria and other intracellular components excluding myofibrils were regarded as isotropic soft
tissue. The following constitutive equation for Mooney-Rivlin material using reduced invariants was

applied.
W = Cl(jl — 3) + Cg(jl — 3)2 + C7(j1 — 3)2(.?:2 — 3)

where I; is i" reduced invariants of C. We used parameters in Table S2, which were fitted for bioma-
terials [13].



Table S 2: Constants of Mooney-Rivlin material[13]unit( N/um?)
C1 C3 C7

0.7x10~11 0.32x10~° 0.7x10" 11

3.2 Constitutive equation for myofibrils

To characterize the time-varying material properties of myofibrils, we adopted a constitutive equation for
myocardium described by Watanabe et al.[13], which combines the passive property model by Humphrey
et al. [14] and the active property model by Lin and Yin. [15]. Parameters were modified according to
the experimental data of a single myofibril by Linke et al. [16]and Akiyama et al. [17] The strain-energy
function of myofibrils is expressed as a sum of a passive part (1W,) and an active part (W,) as follows

and the parameters of the active part are the functions of activation level Fr:

a = VI (4)
W= W,+W, (5)
W, = cpla—1)2~+cp(a—1)%+cp3(ly —3) + cpa(ly — 3)(a — 1) + cps (I — 3)2 (6)
Wo = cao+car(ly —3) Iy — 1) + caa(I1 — 3)* + ca3(Is — 1)* + caa(I1 — 3) (7)

where c,0 = Ca00Fr, Ca1 = Ca10Fr, Ca2 = Ca20Fr, Ca3 = Caz0Fr, Cas = ca40Fr2, and Fr: normalized force

for the activation level F,. = force/forcemax, forcemax= 0.1 N mm~2.

Table S 3: Constants of myofibril model (N/um?)
Cp1 Cp2 Cp3 Cp4a Cps
12.32x107° 12.96x107° 2.872x107° -7.76x107° 6.64x10°

Ca0 Cal Ca2 Ca3 Ca4d
3.08x107? 3.24x107° 0.359x1079  -1.94x1079  3.32x107°

4 Reaction term of each subcellular component

Equations and parameter values are from Cortassa et al. [5], except for the values with remarks and

comments.



4.1 General parameters

F 9.5 C/mmol Faraday constant.
T 310 K Absolute temperature.
R 8314 Jmol 'K~! Universal gas constant.

E area

Z area = 7.5 x 1072 em?

membrane t—tubule
> voleyto = 3.375 nL (100.00 %)
Zvolmito = 1174 nL ( 34.70 %)
> volmyo = 1819 nL ( 53.9 %)
> volysr = 1.114 pL ( 0.033%)
> volxsg = 0.103nL ( 3.05 %)

where Z area means the sum of the area, which belong to * % % , and > vol,.. means the sum of the

sk
volume, which belong to * * x*.

4.2 Cytosolic reaction

Reaction terms of cytosol fcyi, become:

ADP ATP
cyto — " Jeyto = +VCK + ‘/CytATPase (8)
Cr __ CP —
cyto — " Jeyto T —Vek (9)
Pi _
cylto - +chytATPase (10)

Vexk is creatine kinase reaction and ViytaTPase is basal metabolism. These parameters are described

later in this section.

Cytosolic Ca?+buffer Cytosolic Ca?* buffer affects Ca?t dynamics. The reaction-diffusion equation

was modified to include this effect.

—1
2 Kcyto MDN cyto 9 2

Ao — (14 ZoenCED e ) peett priog,, 4 o) (11)
ot (Koypx + [CaF eyio)

Creatine kinase reaction Creatine kinase reactions are present in the cytosol, which is colocalized

with mitochondria, the M-line, NSR, and membrane.

vor = ke ((arpyon - BRI

eq

(12)

where * * * denotes either mitochondria, M-line, NSR, or membrane.



Basal metabolism The basal cytosolic ATP consumption rate was assumed to be homogeneous
throughout the cytoplasm.
VeytaTPase = 1.0 x107° [mM/ms]

parameter value unit reference
K&ihn 2.38 X107  mM (5]
[CMDN]&¥° 5.0 x1072  mM [5]

Keq 0.0095 [22]*
kgito 6.67 x10™5 mmol L~'ms™!  [5]**
fMiine 7.0 x107®*  mmol L~ tms™!  [5]**
kSRR 7.0 x10™®  mmol L™ ms™  [5]**
fembrane 7.0 x107%®  mmol L~ tms™1  [5]**

Table S 4: Constants for cytosolic reactions
* Keq was estimated from data by Johannes H.G.M. van Beek [22].
** CK is condensed more than 10 times into mitochondria or the cytosolic space near subcellular
components. This induces a high local concentration of metabolites and inhibits CK. To maintain

energy metabolite level and flux, the value of kck was increased to 50 times.

4.3 Membrane and t-tubules

Ton channel distributions on peripheral and t-tubule membranes were included in the model, as reported
by Pasek et al. [23]. Distributions are defined as distributions of permeability of the channel per unit
membrane area, and are shown in Table S5. Because our model is primarily based on the Cortassa
model, total channel permeability was defined in a manner consistent with the Cortassa model. At the
Ca?t release site, channel distribution is different from other regions of the t-tubule membrane, and
only the LCC is clustered without other ion channels.

The membrane potential is uniform throughout the model as shown in the following eq. 16, because
an experimental study suggested that the whole cell membrane is electrically well coupled [24].

Reaction terms at the membrane or t-tubule node f,,, become:

Ca2t area

= —Jcp , —— 13
mbr Cayot 2V01cytoF ( )
ADP area

= Iyca + Inak) ————— 14
mbr +( pC + IN K) VOlcytoF ( )
ATP area

= (Loga + Inag ) —282 15
mbr ( pC + N K) VOletoF ( )

where area denotes the functional membrane area, volcyt, denotes functional cytosolic volume, and F' is
the Faraday constant. I, denotes membrane current, and this is described later in this section.

The following variables were lumped in the model: sarcoplasmic membrane voltage (V), cytosolic



Nat and K+
d[V]
dt
d[Na]

where

Itotal
INatot
IKtot

Icatot

concentrations ([Na] and [K])

L chll Itotal area

C’m Zcell area

Zcell INatot area
Zcell VOICytOF

- Zcell IKtot area

Ecell VO]CytOF

INatoc + IKtot + Icatot

INa + INab + Ica(Na) + Ins(Na) + 3 X INak + 3 X INaca
Ix + Ix1 + Ixp + Icak + Ins() — 2 X INak
Ica + ICa,b + Ip(Ca) — 2 X INaCa

In, : Fast Na current (uA/uF)

Ix : Time-dependent delayed rectifier K current (uA/uF)
Ix; : Time-independent K current (uA/uF)

Ixp : Plateau K current (pA/uF)
Inax : Na K pump current (pA/uF)

INaca : NaCa exchanger current (uA/uF)

I(cay : Sarcolemmal Ca pump current (uA/ul)
Is x : Non-specific Ca-activated K current (pA/uF)

Icab : Ca background current (uA/uF)

INab @ Na background current (uA/uF)
I, @ Ca current through LCCs (uA/uF)
Icak @ K current through LCCs (uA/uF)

Fast Na current

INa -

ENa =

dm

dt
dh

dt
4

dt

qyy, =

ﬁm =

G h-j - (V = Exa)
RT [Na™],
T ( Nat] )

Oém(l - m) — Bmm

an(l—=h) = Brh

aj(1—j)—B;j
(V + 47.13)
1 — o—0.1(V+47.13)

0.08¢~V/11

0.32




For
ap,
Br
Bj

For
Qp
Bh

aj

Bi

V > —40mV
a; = 00,
(013(1 _~_e7(V+10.66)/11.1))71

o(—2.535-1077V)
03 ————————=

1 4+ ¢—0.1(V+32)
V < —40mV

0.135 - 6(80+V)/76.8

3.56e%079 4+ 3.1 x 10%e%3°Y

[—1.2714 x 10°e%2444V _ 3474 x 10757004391V

—0.01052V

0.1212 1 + o—0.1378(V+40.14)

Exa - Reversal potential of Na (mV)

GNa : Maximum conductance of the Na channel (mS/uF)

m : Na channel activation gate

h : Na channel inactivation gate

j : Na channel inactivation gate

Time-dependent delayed rectifier K current

Ix
Ex
Gk

X1
dX

dt

125%

Bx

GK'Xl 'XQ'(V_EK)
RT ([Kﬂo +PNa,K[Na+}o)
[

F UK + Prax|Nat]
K+,

0.282
54

(1+ e(\/—40)/40)4

oy (1 —X) — By X

. V430
7.19 x 10 1 — o—0.143(V130)
1.31 x 10~* V30

—1 + ¢—0.0687(V+30)

(V + 37.78)

1 + e0-311(V+79.23)

Gx : Channel conductance of time-dependent delayed rectifier K current (mS/uF)

X : Slowly activating K time-dependant activation

X : Slowly activating K time-dependant activation

Exs : Reversal potential of time-dependent rectifier K current (mV)

Prak : Na/K permeability ratio



Time-independant K current

0.4912¢0-08032(V — B, =5.476) | ¢0.06175(V —Ei, —594.31)

IK1 = éKl : Kloo : (V - EKI)
RT [K*],
Ex = - .
o = 5ol
_ [K-‘r]o
G = 075\ ——
o 5.4
oK
K = .
! ak, + Bk,
ok, = 1.02 (1 4 eo.2385(V—EK1%9.215))71
. .
Bk, =

1 + o—0-5143(V—FEx, +4.753)

Ex, : Reversal potential of time-independent K current (mV)

Gx, : Channel conductance of time-independent K current (mS/uF)

K1 : K inactivation

Plateau Kt current

I,

Exp, = Exi1

Ky

Gk, - Kp(V — Ex,)

(1 + e(7.488—\/)/5.98) -1

Gk, : Channel conductance of plateau K current (mS/uF)

Exp : Reversal potential of plateau K current (mV)

K, : K plateau factor

Nat-Ca?" exchanger current

INaCa = kNaCa

7T [Nat]3 - [Ca2t], — eV FF [Nat]3 . [Ca2t]eyi0

(K3

m,Na

Na™-K* pump current

_ 1 K+ o

Inax = INak * fNak © fooag - T K]
L+ (Km,Nai/[Nat])t5 K+, + K ko
—1
Batle 4
frax = | 1+0.12450701FF 1 0.03650 7 [ & '7
ATP -
are (g, MiNax (1 [ADPleyo
[ATP]cyto KADE

+ [Nat]3) (Km.ca + [Ca2t]o) (1 + keareMD7r)




Inax @ Maximum current through the NaK pump (uA/uF)
K Nai © Na Half saturation concentration for the NaK pump (mM)
K ko © K Half saturation concentration for the NaK pump (mM)
frnak @ Voltage-dependence parameter of Inax

{IP . ATP and ADP dependence of Inak

Nonspecific Ca?t-activated current

Ins(Ca) = IHS(K) + I“S(Na)
B 1
I = lusx)
ns(K) ns(K) 1+ (Knl,ns(ca)/[ca2+]cyto)3
B 1
ns(Na) ns(Na) 1+ (I{m,ns(Ca)/[Caer]CytO)3
) - VF20.75([Kt]eV /BT — [KH],)
Ins(K) - PHS(K) RT eVF/RT -1
- VFQ 0.75([Na+]eVF/RT — [Na+]o)
Ins(Na) = PﬂS(Na)
BT oVF/RT _ |

s(Ca) : Permeability of a channel to Na and K (cm/s)

\N;g

m,ns(Ca) ¢ Half-saturation concentration of NSCa channel (mM)
ns(k) © Maximum K current through NSCa channel (pA/uF)
_nS(Na) : Maximum Na current through NSCa channel (uA/uF)

Py, ¢ Permeability of the membrane to Na (cm/s)

Sarcolemmal Ca?t pump current

I c _ Imélx AgP [Ca2+]cyto
a a
’ P pre Kfr')nca + [Ca2+]cyto
ATP -1 ATP -1
AgP _ 14+ KmlpCa 14+ [ADP]cyto + 1+ KmlpCa
pCa [ATP]CytO Kfp%l; [ATP]CytO
I5E + Max.Ca current through the sarcolemmal Ca pump (pA/uF)

KPC : Half-saturation concentration of the sarcolemmal Ca pump

ATP

bCa  ATP ADP dependence of the sarcolemmal Ca pump

Ca?t background current

Icar = Geap (V= Ecan)
RT ([ [Ca?t],

Ecan = on( L2 Jo
Ca,N oF ([CaZ“‘]Cyto

10



Geap : Maximum conductance of Ca background (mS/uF)
Ecan : Nernst potential for Ca** (mV)

Na background current

Inab = Grap - (V= ExaN)
RT . ([Na®],
Exan = Ena= N In ( [Na*] )

GNapb : Maximum conductance of Na background (mS/uF)

Exax @ Nernst potential for Na (mV)

L-type Ca?' channel current LCCs locate in the sub-space and surface sarcolemma, therefore

regional Ca?* transients have variation.We need to use different models depending on the particular

regions in the myocyte because the currently proposed models are created and tuned phenomenologically

to either of the regional transients.

L-type Ca?t channel current at the Ca®" release site L-type Ca?* channel currents at the Ca?*

release site node are adopted from Cortassa et al. [5] and expressed as follows:

caru VF? 0.001e2VF/ET _(.341[Ca’t],

Icaluax = 4PCa RT e2VF/RT _{
Ica = 6lca,,y O
VF2 [K-l-]eQVF/RT _ [K+]
— / o
Ix = PKy'(O+OCa) RT SVE/RT _ 1
pCaRU
P = T
1 + Camax
Tcapy

(70)

(71)

The LCC state is expressed with the following 13 modes, and the open probability is expressed as

y - (O + Oc¢,) as described above.

dC
=2 = BCy +wCeao — (4a +7)Co

dt

dC
ditl = 4aCy+28Cs + %CCal — (B +3a+7ya)Cy
dC!
d—; = 3aCy +35Cs + Z%CCa2 — (284 20+ 7a?)Cy
dC
=2 = 200, +45Cs+ b%CCag — (384 a +ya®)Cs
dC
7dt4 = aCs+g0 + Z%Ccaz; — (48 + f +~ya")Cy
dO

o fCy—gO

11



dCCaO

dt
dCCal

dt
dCCa2

dt
dCC a3

dt
dCC ad

dt
dOca

dt

dt

where,

Ty

= B'Ccar +7vCo — (40’ 4+ w)Ccag

= 40/Coan +28'Coaz +7aC1 — (8'+ 30’ + =)Ccu

= 30/Cour +38'Coas +70°Ca — (28 + 20" + 5)Ccus
= 20/Ccaz +46'Ccas +va’Cs — (38" + o’ + 2}—3)00&3

= /Cous+9'Oca +7a*Cy — (48’ + f + ;”—4)00&4

= f/CCa4 - g/OCa

Yoo — Y
Ty

0.4e(V+12)/10

0.05¢(V+12)/13

ac

B
b
0.1875[Ca’T]ss

1 0.5

1 + e(V+55)/7.5) + 1 + e((-V+21)/6)

600
1+ e((V +30)/9.5)

20 +

(85)
(86)
(87)
(88)
(89)
(90)

(91)

L-type Ca®t channel current except at the Ca?* release site We used model by Luo and Rudy
(1995)[26] for the small fraction of LCC outside the release site.

ICa =

Ty =
Qg =
Ba =

foo =

Ty =

VF20.001e2VF/ET _(.341

[Ca2+]o

4Pcad - f - fca i

1
1+ e (10+V)/6.24
1 — e—(104+V)/6.24

*0.035(10 + V)

deo
E
1—ay
Td
1 0.6
1+ o(VIsD)/8 T 1 1 o(50-V)/20
1

0.0197e—[0-0337(V+10)]* 4 (.02

T o2VF/RT _ |

12



Ozfz
By =

fCa =

oo
Tf
1-— ayf
Tf
1
(1 + [CaQ+]cyto/K7rL,Ca

Table S 5: Channel fractions on the surface membrane and t-tubule membrane

Ton current parameter total surface t-tubule unit fraction(t)

Ina Gra 12.8 14.7 11.0 mS/uF 0.57

Ixp Gxp 8.28 x1073 - - mS/uF 0.50

Ik, Gk1 0.75 0.3 1.2 mS/uF 0.80

Inax Inax 3.147 - - UA/uF 0.50

Lhg(Na) Pos(Na) 1.75 x10~7 - - cm/s 0.50

Ican Gcab 3.217 x1073 - - mS/uF 0.50

INab GNab 5.45 x1074 - - mS/uF 0.50

Ivca e 0.575 0.828 0.207 uA/uF 0.20

Ica Pc. 0.916 10—3 16.725 1073 0.0836 102  cm/s 0.91

Ina Px 1.11 x10~ % - - cm/s 0.50
Table S 6: Surface membrane and t-tubule membrane common parameters

parameter value unit reference

Crnbr 1.0 pF/em?  [5)

[Nat], 140.0 mM [5]

[K*], 5.4 mM [5]

[Ca%t], 2.0 mM [5]

Prak 0.01833 [5]

kNaca 3000 pA/pE - [5],[26]*

kmNa 87.5 mM [5]

kmca 1.38 mM [5]

ksat 0.1 [5]

n 0.35 [5]

KNai 10.0 mM [5]

Kuko 1.5 mM [5]

Prs(k) 0.00 cm/s  [5]

Gcab 3.217 x1073  mS/pF 5]

GNab 5.45 x1074 mS/uF  [5]

IE 0.575 uA/uF  [5]

13



parameter value unit reference

KpCa 50 x107*  mM  [5]
Tca,.. -0.4583 uA/uF 5]
w 0.01 ms~!  [5]
a 2.0 [5]
b 2.0 (5]
f 0.3 ms~!  [5]
g 2.0 ms~!  [5]
1 0.0 ms~! [
q 0.0 ms~!  [5)
Kon.Ca 0.0006 mM  [26]

* Nat-Ca?t exchanger maximum velocity was reduced because the high concentration at the sub-
sarcolemmal space enhanced Nat-Ca2t flux.
4.4 SR
The reaction term at the JSR node fjgg is:
fisr(Ca) = Jxfer (102)

The JSR Ca?* release site and LCC face each other across the subspace. The JSR, LCC and SS

share the same node in our model. Inside the SS and JSR, Ca?* concentrations are defined and change

as follows:
d[Ca?t]ss voljsr voleyto area
- 5, = re — Jxfer o1 103
dt ! VOISS f VOlSS +fLoe 2V0155F ( )
d[CaZ* K85, [CMDNSS \ 7!
[Ca®"]jsr _ (1 n S(;MDN[ . Jfot 2) (Jor — Joel) (104)
de (K&upn + [Ca?tss)

The reaction terms at the NSR node fnygr become:

Ca2t VOINSR
= —/J 105
NSR up VOlcyto ( )
ADP volnsr
= +0.5J, 106
NSR +0.0Jup voloyo (106)
ATP volnsr
= —0.5Jy 107
NSR P VOlcyto ( )
Ca2* concentrations inside the NSR are also defined and change as follows:
d[Ca®T]nsr voljsr
—— = Juyp—Ju——— 108
dt P ¢ VOINSR ( )

Since Jyger is defined as the change in rate of JSR Ca?t concentration, A correction was made by
multiplying by the volume ratio between the SS and the cytosol. On the other hand, Ju, of the NSR

was defined based on cytosolic Ca?t concentration, and no correction was made.

14



SERCA pump The pumping function of SERCA is dependent on energy metabolite concentration.

max max
Vi fo = V"1 app

Jup = Ksr

1 +fb + 7 SERCA
N,
fb — ( ]cyto>
Kp
( [Ca?*] NSR) A
Ty, =
ATP
m u ADP C o ADP C fo)
féErea = - +[ ]yt)+ 1+[ /]yt
ATP cyto Ki,up Kl ,up

v3 : Maximum velocity of Ca?* pumping by SERCA

Ca?* release from the JSR to the SS

Jel = v1-(RyRopen)([Ca’"]jsr — [Ca?t]ss)
RyRopen = vmaxe %07(t=t0) (1 _ 670.07(t7t0))

v1 : Maximum Ca?t flux RyRopen : RyR open probability ¢y :

threshold

Transport from the NSR to the JSR

g [Ca?t]nsr — [Ca?t]jsr
tr - )

Ttr

Ter © Time constant of Ca2t transfer from the NSR to the JSR

Diffusion from the SS to the cytosolic space

J. ‘ _ [Ca2+]SS - [Ca2+]Cyto
er  —
* Txfer '

Teter © Time constant of Ca?t from the SS to the cytosol

Table S 7: SR model constants

parameter value unit ref.
V]{""“‘ 5.5172 x10~2 mmol L(NSR)~! ms™! [5]*
Jmax 5.8681 x1073 mmol L(NSR)™! ms™! [5]*
Ky 2.4 x1074 mM [5]
K 1.64269 mM [5]
Ny 1.787 [27]
Nyp 1.0 [5]
KT 0.01 mM 5]
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(109)
(110)

(111)

>_ (112)

(113)
(114)

The time when Ca?t exceeds the

(115)

(116)



parameter value unit  ref.

Kiup 0.14 mM [5]
Kl 51 mM  [5]
2 3.6 ms™! [5]
Txfer 0.1 ms [5]**
Tty 0.574713  ms  [5]
Kcson 0.8 mM [5]
[CSQNTiot 150 mM [5]
K& iox 2.38 x107*  mM  [5]
[CMDNJ$S 5.0 x1072 mM  [5]

* Ve and VP are converted from mmol [L(cyto)™! ms™'] to [mmol L(NSR)™! ms™'].

** In the original model by Cortassa et al., [5] Txfer denotes a time constant for Ca?* diffusion from
the SS to the bulk cytosolic space. In our model, however, 7yf,, is the time constant for the diffusion
from the SS to the adjacent cytosolic node. This definition inherently meant that the 7y, value was
dependent on the mesh size. Accordingly, we set the 7y, value at 0.1 so that the average cytosolic Ca?*

transient reproduced physiological levels.

4.5 Mitochondria

Reaction terms at the mitochondrial node fpit, are described as follows:

24 VOl i
S?to = _(Vuni - VNaCa) mito (117)
VOlcyto
ADP VOlmito
i = - - 118
mito ANT VOlcyto ( )
vol;
e = +Vanr—— (119)
VOlcyto

At each node in mitochondria, ten variables are additionaly defined:
ADP],,,: Mitochondrial ADP concentration.
NADH]: Mitochondrial NADH concentration.

ISOC]: Mitochondrial isocitrate concentration.

Q

KG] : Mitochondrial a-ketoglutarate concentration.

SCoA]: Mitochondrial succinyl CoA concentration.

Suc] : Mitochondrial succinate concentration.

FUM] : Mitochondrial fumarate concentration.

MAL] : Mitochondrial malate concentration.

OAA] : Mitochondrial oxalacetate concentration.

Cal,,: Mitochondrial free Ca?™ concentration.

AW, : Inner mitochondrial membrane potential (This variable takes the common value at all nodes in

a single mitochondria.)
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Reaction term eqns.(117,118,119) were determined in terms of the cytosolic substrate concentration
and the above 11 variables.

Time derivatives of the 11 variables are described as follows:

% = VanT — VaTPase — V5L e
% = —Vo2 + Vipu + Vkepu + Vvpn 12y
d[If;)C] — Vo — Vion (122)
d[a(zG] = Vipu — Vkepu + Vaar 12
% = Vkapu — Vsi "
% = Vs — Vspu -
d[F;tIM] — Vepn — Vin e
d[l\/([ifL] = Vg — Vapu e
d[Od?A] = Vmpnr — Vos — Vaar )
% = Bmitca(Vani — Vaca) (129)
dA\CIlltmito - = nllim S" (Vite + Viter — Vit — Vant + Vitteak — Viaca — 2Vani)

mitochondrion

(130)

V., denotes the reaction velocities [mmolL ~'ms™!] of o proteins, which are listed in the following sections.
Bmitca is the fraction of free Ca2*, analogous to cytosolic Ca?* buffer as follows:

Kyt [Buf]iot ) -
KBuf + [Caz—i_}mito>2

5mitCa = (1 + ( (131)

where [Buf]io is the concentration of Ca?* buffer in mitochondria and Kp is the Ca?* half saturation
constant for Ca?t buffer. [Bufliot, Kput, and even the buffer itself are unknown. Because the fraction
of free Ca?* is estimated to be approximately 1% [30], we set the values so that Bumitca becomes 0.01
when [Ca?*] 0 is 0.1 gmol /L.

The following are dependent variables:

[NAD] = Cpn — [NADH] (132)
[ATP]mito - Om - [ADP]mito (133)

[CIT] = Ckine — [ISOC] — [aKG] — [SCoA] — [Suc] — [FUM] — [MAL] — [OAA]
(134)
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4.5.1 TCA cycle model

Cytrate synthase

. _ aospes (14 KfcCoA  KOAA  rAcCoA [OAA -1 (135)
8 7 Peat™T [AcCoA] ' [OAA] " [AcCoA] [OAA]
Aconitase
ISOC
Vaco = ki ([CIT] - [K ACO]> (136)
E
Isocitrate dehydrogenase
S HRI B
+ k KNAD KISOC\ " KIsoc\ " s gNAD
(1+ 5] + g+ 108 (T ) + oM (i) + fIDH P8 ()™ (T8
ADP mito 2+ mito -
o = (14 APl ) () [0 niee (137
KXDP Kéa
NADH
fH (1 + E(NADID (138)
Alpha-ketoglutarate dehydrogenase
|KGDH pKGDH
Viapn = KGDH K&;G ors KGDH EMke (139)
1+ /s ( [aKG]) + Ja [NAD]
-1
[Mg?] [Ca?]
fRGDH (1 + e | (1 (140)
KME KG**
Succinyl lyase
[Suc][ATP]mito[CoA]
VSL = k?L ([SCOA] [ADP}mito — K%L to (141>
Succinate dehydrogenase
.SDH pSDH
Vspn = R (142)
L+ () (0 i) (1+ ow)
Fumarate hydratase
MAL
Veu = ki ([FUM] - [KFH]) (143)
E
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Malate dehydrogenase

kear T EYPN foo fi

KMAL OAA K KMAL OAA KX
v (o) (1 eet) + (e ) + (k) (1+ St (Sase)
] A2\
a = 1 7. 7. 1. ko se
i, ( * kn1 * kn,1kn2 T+ offset
kns  kngkna)
i = <1+ i + ]2

Aspartate amino trasferase

kasp K5AT
kASPKgAT + [OéKG] k?AT

Vaar = k3*T[OAA][GLU]

4.5.2 Oxidative phophorylation

Proton motive force

RT

Oxygen consumption

6FAT g Aros F g6 F Apgp Ares F 96FAppp
Tq + Tc1€” BT € RT —Tr,e RT + re.o€ RT € RT
_ res
Vo2 = 0.5p ArosF . OFAT AvesF . 96FAup

(1+mre 'T e T + (ro + rze RT )e  RT

Proton pumping of complexes I-IV

AresF 96FApp
ros rq€ BT  — (rq +Tp)e RET
Vie = 6p AP . 6FAUL Ao F . g6FAug
(1 + rie” RT )e RT  + (7‘2 + rze” RT )e RT
RT [NADH]
Ares = —1 Kres TNATL]
F ( [NAD+]>
Ares F g Ap
v _gres(®)) ree R — (ro +1mp)e S
He(F) — P Ares(m)F | 6FAT R Ares(M)F | g6FAppy
(14 re rr )e  RT 4+ (ro+rse” RT )~ RT
RT [FADHQ}
Arcs = —1 Krcs TTTRAD]
(F) Vol ( (F) [FAD]
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(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)



ATP synthesis and proton flux

Vv 5 (10%p, + pae BT e B — pue” B 4 pae e 154
ATPase — _p 1 + e% e% + + e% eSF]?;H ( )
p1 P2 T p3

” o F 100p, (1 + e%> — (Pa +pb)ew’§# (155)

Hu = —9p0 =

(L+pre B )™ 7% 1 (py + pye T Joo wr ™
RT [ATP}mitO

F1 7o ( " TADP]mito [Pi] 10

Adenine nucleotide translocator

(1 _ O.O5><[ATP]Cym><O,45><O.8><[ADP]m;m)
N 0.45X[ADP]eyto X0.05[ATP] mito
Vant = ViANT h,ANTFA}\IIItm t (157)
- %J_T) 1 4 0:45X0.8X[ADPmito
0.45X [ADP]cyto 0.05X [ATPmito
Proton leak
VHleak = ¢gHAUH (158)

4.5.3 Ca?' handling

Ca?t : mitochondrial Ca?* uniporter
We adopted the model of mitochondrial Ca uniporter kinetics proposed by Dash et al. [31], which is
a hybrid model combining the Michaelis-Menten equation for carrier-mediated facilitated transport of

Ca?t influx and the Goldman-Hodgkin-Katz equation for electrodiffusion.

v o max ACI)/nuni fhumd [Ca2+}gytoeA<I> - [Ca2+}12111t067Aq) 159
o = T A ) ) KR+ [0 R [0 19
2F AV
Ad = 160
RT (160)
Mitochondrial Na-Ca exchanger
e
VNaca = VNaCa n (161)
(o) (o)
[Na+] NaCa [CaH]cyto
Table S 8: Mitochondrial model parameters
parameter value unit ref.
[AcCoA] 1.0 mM [5]
[GLU] 10.0 mM [5]
kSS 0.1 ms~? [5] *1
ESS 0.4 mM [5]
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parameter value unit ref.
K{jeCon 1.26x1072 mM [5]
K{AA 6.4x1074 mM [5]
CKint 1.0 mM [5]
kOO 1.25x1072 ms ™! [5]
K{e0 2.22 - [5]
k‘%{ 0.05 ms ™! [5] *1
H

iT (2).109 mM [z]
Kga 0.0005 mM g
Kiapy 0.19 mM [5]
KSpp 0.062 mM [5]
[H] 2.5x107° mM (5]
Ena 8.1x10~° mM (5]
En.2 5.98x107° mM [5]
KI$0¢ 1.52 mM [5]
KB 0.923 mM [5]
ERGDH 0.1 ms~! [5] *1
EXGDH 0.5 mM [5]
K3RG 1.94 mM [5]
K 38.7 mM [5]
KN® 0.0308 mM [5]
KCa -3

S 1.27x10 mM [5]
NaKG 1.2 -
[Mg?T] 0.4 mM .

[5]

kP 7.5x1073 mM~! ms™! [5] *1
KSL

s 3.115 - [5]
[CoA] 0.02 mM [5]
kSDH 7.5x1073 ms~? [5] *1
ESPH 0.5 mM [5]
K{re 3.0x1072 mM [5]
KFuM 1.3 mM [5]

oAp 0.15 mM [5]
kfFFHH 5.0x1073 ms~! [5] *1
KE 1.0 - [5]
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parameter value unit ref.
Fent 1.13x1075 mM (5]
ko 26.7 mM [5]
kns 6.68x107° mM [5]
Kna 5.62x1076 mM [5]
offset 3.99x1072 - 5]
kMDH 0.1665 ms~! [5] *1
EMDH 0.154 mM [5]
KMAL 1.493 mM 5]
KPAA 3.1x1073 mM 5]
Ky Mom 0.2244 mM (5]
EAAT 9.66x10~* ms~! [5] *1
K{AT 6.6 - [5]
kasp 1.5x1076 ms~! [5]
Ta 6.394x 10713 ms ! [5]
Tp 1.762x 10716 ms~! [5]
Te1 2.656x 1022 ms~! 5]
Te2 8.632x 10730 ms~? [5]
r 2.077x10~18 - (5]
o 1.728x107° - 5]
rs 1.059x10~26 - [5]
Pres 0.1 mM [5] *2
Kres 1.35x10'8 - [5]
PresF 3.75x 1074 mM [5]
AUp 50.0 mV [5]
G 0.85 - [5]
Kresp 5.765x 1013 mM (5]
[FADH,)] 1.24 mM [5]
[FAD] 0.01 mM [5]
Da 1.656x10~8 ms~! [5]
Db 3.373x10710 ms ! [5]
Pe1 9.651x10~17 ms~! 5]
De2 4.585x 10717 ms~! 5]
n 1.346x 108 - [5]
P 7.739%10~7 - (5]
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parameter value unit ref.

D3 6.65x10 1 - [5]

PF1 0.5 mM 5] *2
K1 1.71x10° - 5]

Ca L5 mM [5]
VAT 1.0 mM ms™! [5] *2
haNT 0.5 - [5]

gH 1.0x1078 mM ms™t mV~! [5]

ApH -0.6 pH units [5]

Cpn 10.0 mM [5]

Crnito 1.812x1073 mM mV~! [5]

Vini 0.5-2.0 x107° mM ms ! (32, 33]*3
Nuni 2.7 - [31]
Kuni 10.0x1073 mM [31], [33]
na 2.8 - [5]
Vimax 2.0-8.0 x10~° mM ms™! [32, 34, 35]*3
bNaCa 0.5 - [5]

Kxa 9.4 mM [5]

Kca 3.75x 1074 mM 5]
NNaCa 3.0 - (5]
KitCa 0.002 mM [5]

[Buf] 1.0 mM [5]

*1) As have been done in the work by Cortassa et al. [5], the kinetic constants of all the TCA cy-
cle enzyme steps were multiplied by a factor of 2-3 to maintain the physiological level of metabolites
against local accumulation of ions and substrates caused by the diffusional barrier.

*2) The constants for oxidative phosphorylation, pyes and pg1, and for the adenine nucleotide transloca-
tor VNT were also adjusted to maintain physiological levels of metabolites against local accumulation
of ions and substrates caused by the diffusional barrier..

*3) Mitochondrial Ca®* handling constants (V2% and VX ) were set so that the averaged value of

the spatially heterogenous Ca?* fluxes of the 3D model matched the experimentally obtained fluxes.
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