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The overall structure of the ventricular myocyte model is described in the Methods section and
Fig.1 in the main text. Here we describe the detailed mathematical formulations and the parameters of the
model.

1. Membrane potential and ionic currents
The governing differential equation for the membrane potential (V) is

Cma = INa + INa\,L + IK1 + IKr + IKs + Ito,f + Ito,s + INaK + IK,ATP + ICa,b + ICa,L + INCX - Isti'

where 14;=-50 pA/cm? is the stimulus current density and C,=1 uF/cm? is the cell membrane capacitance.
The equations and functions for the ionic currents are detailed in the sub-sections below and their
maximum conductance are listed in Table S1 except the ones stated in their corresponding sub-sections.
The formulations for the ionic currents are mainly based on those from the rabbit ventricular myocyte
model by Mahajan et al (1) except for the ones specifically stated. The physical constants and ion
concentrations are listed in Table S2.

Table S1. Maximum ionic current conductance

Parameter Description Value

ONa Maximum Iy, conductance 12.0 mS/uF
ONa L Maximum Iy, conductance 0.0065 mS/ uF
Oto Maximum Iy, s conductance 0.1 mS/uF
Otos Maximum Iy, s conductance 0.04 mS/uF
Ok1 Maximum lx; conductance 0.6 mS/uF
Okr Maximum |k, conductance 0.0078 mS/uF
Oks Maximum lks conductance 0.2 mS/uF
ONak Maximum lIy.x conductance 1.5 mS/uF




1.1. Na" current (Iy,)
The Iy, formulation is from Hund and Rudy (2), which incorporates CaMKII-dependent
activation.

Ina = gNam3hj(V - ENa) ,
RT <[Na+]0>
Ena = —In ’

F [Na"’]i
dh _ (1-h) h
dla_ ah Bh ]
J . .
= 4@ =D By,
dm
Frin 0y (1 —m) = Bypm,
Table S2. Physical constants and ionic concentrations
Parameter Description Value
F Faraday constant 96.5 C/mmol
R Universal gas constant 8.315 Jmol*K™
T Temperature 308 K
[Na'], External sodium concentration 136 mM
[K*To External potassium concentration 54 mM
[K™Ti Internal potassium concentration 140 mM
[Ca*T, External calcium concentration 1.8 mM
_ V+47.13
apy = 0.32 1 — e-0.1(V+47.13) ’
\%
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1
Bn = V+10.66—AVpaY ’
0.13 (1 ve —tix )

e—2.535><10‘7(V—AVNa)

B]. =0.3 1 + e~ 0.1(V+32-AVya) ’

ForV — AVy, < —40 mV,
V+80-AVna
ap = 0.135e -638 ,
Bh — 3.5660'079(V_AVN3) +3.1 X% 105e0.35(V—AVNa) ,
(—127140e%2444(V-AVNa) — 0,03474¢7004391(V=AVNa)) x (V + 37.78 — AVy,)
j) ' 1 + e0311(V+79.23-AVNg) ,
0.12129_0-01052(V_AVN3)

a]-=(1+A0(

I T 1§ e-0.1378(V+40.14-AVyp) ’
where
—-3.25

K v
1 +< m,CaMK )
[CaMKII],

AVNa =



—0.18

K v
1 _|_( m,CaMK )
[CaMKII],,

A(X]' =

Km camx=0.3 was used.

1.2. Late Na* current (Ina,)
The Ina. formulation is from Hund and Rudy (2) , which incorporates CaMKII-dependent

activation.
INaL = (8NaL + A8Nar) - mihy, - (V — Ena),
dmL
dt = o(m,L(l —my) — Bm,LmL ,
dhy _ by —hy
dt Th,L ’
ForV = —-47.13mV,
B V+47.13
O, = 0.32 1 — —0.1(V+47.13)’
else
O(m'L = 32,
v
Bm, = 0.08e 11,
1

by = V491’

1+e61

Tp, = 600 ms,

0.0095

AgNa,L = K 4"
14 ( m,CaMK )
[CaMKII] ;¢

Km,camx=0.3 was used.

1.3. L-type Ca®* current (Icar)

L-type Ca?* channels (LCCs) are simulated by a stochastic 9-state Markov model (see Fig.1C)
that were developed based a Hodgkin-Huxley formulation (3). However, a directly randomized version of
the Hodgkin-Huxley-type formulation is not appropriate for an LCC, because the maximum open
probability of an LCC is 100% in the Hodgkin-Huxley-type model at high voltages, whereas that of real
channels is much smaller (~5%-10%). Therefore, we added a new state (the final open state) to simulate a
much lower channel open probability (~5%-10%) observed in experiments.

Each CRU has a LCC cluster of 5 LCCs under the control condition. The Ca** current through the
LCC cluster into the proximal space (dyadic space) of a CRU is given by

IcaL =nricaL
where n<5 is the number of open LCCs in the CRU, and ic, is the single LCC current, which is:
. 4'PCaZF(Yi [Caz-'-]pe2Z ~Yo [Caz+]o)
IcaL = e2z — 1 )
VF
~RT
[Ca“]p is the Ca®" concentration in the corresponding proximal space of the CRU. Therefore, the
whole-cell L-type Ca®* current (Ic,.) is a summation of the Ca** currents of all CRUs in the cell,

Z
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M
T (m)
ICa,L = z ICa,L
m=1

where M is total number of CRUs in the cell, and Tcgi)is the LCC current in the m" CRU.
The transition rates of the LCC model are as follows:

_do _1-de
(Xd - Td ) Bd - ‘[d )
where
1
deo = V5
14+ e 624
V-5
1—e 624 q
T4 = 5035V —5) 0=
_fw _1—fy
af - Tf 1] Bf = Tf
where
1
feo = — 1606
14+e 86
_ 1 A
T = 0.01976-10:03370V=9F 4 0.0z | - HCaMK
Ofca = feao Bica = 1-feae
fCa cha ] fCa cha )
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1
fCa o — >
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1+ —
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Trca = 15 + ATfca camk-

The rate constants r; and r, are constants, which are chosen to account for 5%-10% open probability of
LCC (2).

CaMKII-dependent Ca®* channel phosphorylation results in a slower inactivation (4). Here, we
use the formulation by Hund et al (5) to change the LCC inactivation time constants as follows:
ATfCal,CaMK,max
)hCaMLcc'

ATfCa,CaMK =
" ( KmcamLcc
[CaMKII],oq

ATf,CaMK,max
)hCaMLcc'

ATf =
cantie 14 < KmcamLcc
[CaMKII],or



The corresponding parameters for the 1, model are listed in Table S3.

Table S3. L-type Ca®" current parameters

Parameter Description Value
Pca LCC permeability 11.9 umolC*ms™
Yi: Yo Activity coefficient of Ca®** 0.341
KmcaMmLce Kp of CaMKI|I activation on LCC 0.1
heamLcc Hill coefficient of CaMKII activation on LCC 4
Cp Ca’*-dependent inactivation constant of LCC 20 uM
r, Opening rate 0.3ms™?!
ry Closing rate 6 ms~?!
Tfca Time constant of Ca?*-dependent inactivation 15 ms
ATha Cammas Maximum increase of the time cpnstant of Ca**- 5 ms
’ ’ dependent inactivation
ATt ot ma Maximum increase of the_ time: cohstant of voltage- 5 ms
’ ’ dependent inactivation

1.4. Na*-Ca”" exchange current (Incx)
The Na'-Ca** exchangers are spatially distributed in the CRUs, which senses the Ca

concentrations of their local sub-membrane spaces ([Ca%*];). The Na*-Ca®* exchange current in a single
CRU is

2+

I _ KaVNaCa(enZ[Na-F]?[CaZ-F]o - e(n_l)Z[Na+]g[Caz+]s)
Nex (ts + t; + t3) (1 + kgqee™=D2)

Na*];\®
- ([ L) |
KmNai
Ca2+
t, = K3 nao[Cat]g <1 + [K ]S>
mcCai

ts = Kicao[Na*} + [Na*]P[Ca®*], + [Na*[3[Ca®*];,
-1

Kda 3
o[ (L]
= (@) |
_VF
2T RT

where

t; = Kmcai [Na+]g

and the whole-cell Inycx is
M

Incx = Z TN((I?X),

m

where M is total number of CRUs in the cell, and TN((’:’)‘()is the LCC current in the m" CRU.
The parameters are listed in Table S4.



Table S4. Na*-Ca®" exchange current parameters

Parameter Value Units
VNaca 21 UM - ms™?!
K mcai 3.59 uM
K mcao 1.3 mM
K mNai 12.3 mM
K mNao 87.5 mM
Kga 0.11 uM
Kat 0.27
M 0.35

1.5. Inward rectifier K* current (1)

I — [K+]o AK1
K1 = BK1 [T Ar; + By

(V- Ex),

1.02

Av. =
K1 ™ 1 } ¢0.2385(V-Eg—59.215) ’

0_49124e0.08032(V—EK+5.476) + e0.06175(V—EK—594.31)

K1 = 1 + g—0.5143(V—Eg+4.753) ’
RT [K*],
Ex =—1 .
“TF “([Kﬂi

1.6. The rapid component of the delayed rectifier K* current (lx,)

_ [K*],
Ikr = 8xr 54 xgrR(V)(V — Eg),

R(V) = V+33 ’

1+ e224

dXKr _ XKr,co — XKr

dt TKr ’
1
XKr,o0 = V450’
1+e 75
_ 1
Trr = 0.00138(V+7) , 0.00061(V+10)"
1 — -0123(V+7) T 1 y g0.145(V+10)



1.7. The slow component of the delayed rectifier K* current (1xs)

IKS = ngXslxsqu(s)(g - EKS):
qKS = 1 + .0 5 3
1+ _
([C32+]i>

Clxsl _ X500 — Xs1

dt Txs1 '

dX52 _ X500 — Xs2

dt Tysz
1
X500 = V-15’
1+e 167
_ 1
Txs1 = 5.0000719(V + 30) . 0.00031(V + 30) ’
1 _ e—0.148(V+30) _1 + e0.0687(V+30)

Txs2 = 4Txs1

o _RT([K*], +0.01833[Na*],
ks = 7 K+, + 0.01833[Na*];

1.8. The fast component of the outward K* current (1)

lio = gto,tho,fYto,f(V — Ex),

1
Xtofoo = vz
1+e 15
1
YtO,f,OO = V+33.5"’
1+e 10
A4 2
Txtof = 3.5e_(ﬁ) + 1.5,
20
Tytof = visss T 20,
1+e 10

dXto,f _ Xto,f,oo - Xto,f

)

dt Txto,f

dYto,f _ Yto,f,oo - Yto,f
dt Tyto,f

1.9. The slow component of the outward K* current (ls)



Ito,s = gto,tho,s (Yto,s + O'SRS,OO )(V - EK)'

1
Rsoo = V+335 "’
1+e 10
1
Xtoso = vi3°
1+e 15
_ 1
Yeos.00 =~ (vi339) ”
1+e 10
9
TXto,s — Va3 + 0.5,
1+e15
3000
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14+e 10

dXto,s _ Xto,s,oo - Xto,s
7

dt TXto,s

dYto,s _ Yto,s,oo - Yto,s
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1.10. Na*/K* pump current (Inax)
The Na*/K* pump current formulation is from Cortassa et al (6) to incorporate the ATP and ADP

dependence of Iyak:

INak = fyak - f 1 [K*],
NakK = 8NakK " INaK " INak ATP . (w) K], +kle0’
[Na*];
where
1
fNak = — ’
1+ 0.1245¢™01¥F 4 0.0365¢ Rt | &7 — 1
f — 1
NaKATP = 1 4 KiNakare ( |, _[ADP] )
[ATP] K; Nak,ADP

The parameters are listed in Table S5.

Table S5. Na*/K* pump current parameters

Parameter Description Value

Ki Nak ATP ATP half-saturation constant for Na*/K* pump 8 uM

Ki NaK ADP ADP inhibition constant for Na*/K* pump 100 uM
K Nai Na* half-saturation for Na*/K* pump 10 mM
Km Ko K" half-saturation for Na*/K* pump 1.5mM




1.11. ATP-sensitive K* current (Ixarp)
The formulation of ATP-sensitive K* current (Ixapp) is from Matsuoka et al (7):

Ixatp = 2333 -y - (V= Ey) * prate,

where
y = 0.0236 - ([K*],)0%4,
o _RT K,
KETF R
0.8

PratP = 97710 - [ATP])?
1.12. Background Ca*" current (Icap)
The formulation of the background Ca®" current is from Shannon et al (8). In this model, the

background Ca?* current is spatially distributed in the CRUs, which senses the Ca** concentrations of
their local cytosolic space ([Ca%*];). The background current in a single CRU is

TCa,b = Veab * V- ECa);
RT [Ca“]o

Eca =5z 1In ’
2F [Caz+]i

The whole-cell background Ca®* current is

where vy, = 0.0002513 mS - uF.

M
ICa,b = 2 Tc(ar;?))’

m
where M is total number of CRUs in the cell, and Tcg’f;))is the background Ca’* current in the m" CRU.

2. Intracellular Ca?* cycling
The differential equations for the Ca®* concentrations in different sub-spaces of a CRU are as
follows:

d[Ca?*]; v v
Tl = Bi([caz+]i) (]dsi =— ]up + Jieak * Jeab — J1ci +Jci + Dmito - =
Vi Vi
(Unexm — (1 — £, = £5) - Juni + IMPTP))t
d[Ca?*] v v
TS = BS([C32+]S) (]dps V_p + ]NCX - hmito ’ fs ’ ]uni ' V_m - ]dsi - ]TCS + ]cs)'
s s
d[Ca?*] v
Tp = Bp([caz+]p) (]r +Jca— ]dps — hnito - fp * Juni V_m)}
p
d[Ca**]nsr Vi VjSR
T - (]up - ]leak) m - ]tr@ + ]CNSR ’
d[CaZ"']]SR o Vp
—a - Bysr([Ca?*]isR) (Itr —Jr VI;)
d[CaT]l
dt = Jrciv



d[CaT]
dt = Jrcs)
where hyiw=1, if a mitochondrion connects to the CRU, otherwise hpmi,=0. fp is the fraction of MCUs
facing the proximal space, and f; is the fraction of MCUs facing the submembrane space. The volumes of
different compartments are listed in Table S6. Intracellular Ca** cycling parameters are listed in Table S7.
The diffusion flux and buffers of the intracellular Ca** cycling remain the same as in (3, 9, 10).
Mitochondrial Ca** cycling parameters are listed in Table S8.

Table S6. Effective volumes of different compartments

Parameter | Description Value
Vi Local cytosolic volume 0.5 um3
Vs Local submembrane volume | 0.025 um3
vp Local proximal space volume | 0.00126 pm3
Vjsr Local JSR volume 0.02 pm3
vnsr | Local NSR volume 0.025 pm?®
Vi Local mitochondrial volume | 0.33 ym?®

2.1. Ca?* diffusion within a CRU
[Ca®*]s — [Ca®*];

Jasi = T ’
S1
Lo = [Ca®*], — [Ca®*],
dps — Ts ’
fo = [Ca®*]ysg — [Ca®*]jsr
tr Ttr .

The diffusion time constants are listed in Table S7.

2.2. Ca* diffusion among neighboring CRUs
The Ca** diffusive fluxes within cytosol, submembrane, and NSR are:
cm) _ ()
() _
¢ Tmn '
where the sum is over the six nearest neighbors. The diffusion time constants for Ca?* in cytosol,

submembrane and NSR in longitudinal and transverse directions are listed in Table S7.

Table S7. Intracellular calcium diffusive time scales

Parameter | Description Value
Tsi Submembrane to cytoplasm | 0.1 ms
Tps Proximal to submembrane | 0.022 ms
Ter JSR refilling 5ms
TT Transverse cytosolic 2.93 ms
T L Longitudinal cytosolic 2.32 ms

TysgT | Transverse NSR 7.2ms

tnsrL | Longitudinal NSR 24 ms
TsT Transverse submembrane | 1.42 ms
TsL, Longitudinal submembrane | 3.4 ms
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2.3. Troponin C buffering
Jrci and Jrcs describe the rates of change in the concentration of Ca®" bound to Troponin C in the
cytosolic ([CaT];) and submembrane ([CaT]s) compartments,
Jrci = Kon,r [Ca**];(By — [CaT];) — Koy [CaTl;,
]TCs = kon,T [Caz+]s(BT - [CaT]s) - koff,T [CaT]s-
The rate constants are given in Table S8.

2.4. Instantaneous cytosolic Ca** buffering
The instantaneous cytosolic Ca®* buffering constant Bi(c;) is:

YBuKp 177
Bl(cl) - 1 + (Ci + Kb)z )
where the sum is over the instantaneous cytosolic buffers Calmodulin, SR sites, Myosin (Ca*"), and
Myosin (Mg2+), with buffer dissociation constants Kcam, Ksr, Kuca, and Kywg and total concentration of
buffering sites Bcam, Bsr, Bumca, and Buwg, respectively. The parameters are listed in Table S8.

Table S8. Cytosolic buffering parameters

Parameter | Description Value

Kon,T Rate constant of Ca** binding to Troponin C 0.0327 yM~'ms™?
koser | Rate constant of Ca** unbinding from Troponin C 0.0196 ms™!
Kcam Dissociation constant for Calmodulin 7uM

Bcam Total concentration of Calmodulin buffering sites 24 uM

Ksr Dissociation constant for SR sites 0.6 uM

Bsr Total concentration of SR sites 47 uM

Knmca Dissociation constant for Myosin (Ca’*) 0.033 uM
BuMca Total concentration of Myosin (Ca”") buffering sites | 140 uM
Kymg Dissociation constant for Myosin (Mg?*) 3.64 uM
Bummg Total concentration of Myosin (Mg?*) buffering sites | 140 uM

2.5. Instantaneous luminal Ca?* buffering
BJSR([Ca“]JSR) describes instantaneous luminal Ca?* buffering to calsequestrin (CSQN). The
expression of Bjsg([Ca®*];sr) (denoted as B (c) for simplicity) is

-1
K Bcsonn(c) + d.n(c)(cK. + c?)
PO = <1 i (K +Cc)2 C '
C
where
n(cjsr) = Mny + (1 — M)np,
1
0 = (14 8pBcsgn)? — 1
4pBcson '
and
Pooc”

The parameters are listed in Table S9.
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Table S9. Luminal buffering parameters

Parameter | Description Value

Beson | Concentration of calsequestrin (CSQN) molecules | 460 uM
K. Dissociation constant of CSQN 600 pM
Ny Buffering capacitance of CSQN monomers 15
np Buffering capacitance of CSQN dimers 35
Poo Asymptotic ratio of dimers to monomers 5000
K Dimerization constant 850 uM
h Dimerization exponent (steepness) 23

2.6. SERCA pump

ATP, ROS regulation and CaMKII activation effects on SERCA are incorporated into the model.
The flux of SERCA is formulated as

[Ca?* ]
[Ca2* ]2 + (k; — PLB([CaMKII]c))’

]up = Vyp - fup,ATP : fup,ROS

where
c B 1
uPATE = TADP]; [ADP]¢\ Kmupatp’
1+77—+|1+
ki,up ki,up [ATP]
i B 1 0.75
up,ROS = s ([ROS] )hROS,SERCA + - (kd'ROS)hROS,SERCA'
K4 ros [ROS]
PLB([CaMKIl] o) = Altm.up
act K hcampLB”
1 +( mCaMPLB )
[CaMKII],

The parameters are listed in Table S10.

2.7. SR Ca?* leak flux (Jjeax)

The Hund et al formulation (2) is used for the background SR Ca** leak flux due to CaMKII-
dependent phosphorylation:

[Caz+]NSR2
[Ca?*]Rsr + Kfsg’

Jieak = 8leak(1 + Akleak)([caz-'-]NSR - [Caz+]i)

where

kleak max
AKjeax =

1+ ([kmCaMleak

hcamieak”
CaMKII]act>

The parameters are listed in Table S10.

Table S10. SERCA uptake and leak flux parameters

Parameter Description Value
*vup SERCA uptake strength 0.3uM - ms™?
ki Kq for Ca** sensitivity 0.5 uM
Ki up ADRP first inhibition constant for SERCA 140 uM
k{'up ADP second inhibition constant for SERCA 5100 uM
KmupaTp ATP half-saturation constant for SERCA 10 uM
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K4 Ros K¢ for ROS inhibition on SERCA 50 uM
hros serca ROS inhibition exponent 1
Ak up Maximal CaMKII-dependent decrease in k; 0.17 uM
KncaMPLB Ky for CaMKI|I activation on PLB 0.15
hcampLB Exponent of CaMKI|I activation on PLB 1
gleak Strength of leak current 1.035% 1075 ms™1
Kjsr K for leak current 500 uM
Kjeak max Maximal CaMKII-dependent increase in SR leak 0.5
KmcaMieak Ky for CaMKI|I activation on SR leak 0.15
hcamieak Exponent of CaMKII activation on SR leak 1

*Vup is 0.3 uM - ms~1 for all the simulations except for the simulations shown in Fig.7B, where its value
is increased to 0.8.

“k; is 0.5 uM for all the simulations except for the simulations shown in Fig.7B, where its value is
decreased to 0.3.

2.8. Background Ca*" flux

Jeab = %cap ICa,br

2Fvj
where ac,p, = c

-1 —
) is the factor to convert the unit of pA/pF to “m—l\: and I, y, is the background ca®

m

current in a single CRU as described in Section 1.12.
2.9. L-type Ca** channel flux

Jca = oice * leaw

2Fv

where o cc = ( c

_1 -
") is the factor to convert the unit of pA/pF to ';—1\2 and I¢, 1, is the LCC current in a
single CRU as described in Section 1.3.

2.10. Na*-Ca?* exchange flux
JNex = Onex - Incxo

_1 -
where aycx = (%) is the factor to convert the unit of pA/pF to ';—1\2 and Iycy is the Na'-Ca®* exchanger
current in a single CRU as described in Section 1.4.

2.11. Ca®" release flux from ryanodine receptors

[Ca**]jsgr — [Ca**],

Jr = Jmax * Po ’
Vp

where P, is the fraction of RyR channels that are in the opening state, and Jnax is the maximum RyR flux
strength.

2.12. RyR gating model
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The RyR model (see Fig.1B) is the same as the one by Restrepo et al (11), consisting of four
states: closed CSQN-unbound (CU), open CSQN-unbound (OU), open CSQN-bound (OB), and closed
CSQN-bound (CB). The rates of transition are:

k12 = Kpase - Ku * (1 + Akcamk + Akgros) [Ca2+]123’

_ Mty 'Beson
1 Besqno

kpy =Tt

_ Mt ' Beson
23 — )

Besaqn,o
kg3 = Kp [Caz+]129,

where
AkCaMK,max

14 ( KmcaMryr
[CaMKII] ¢t
AkROS,max
)hROSRyR'

)hCaMRyR'

Kmrosryr
[ROS]
The parameters are listed in Table S11.

Table S11. RyR gating parameters

Parameter Description Value
Kpase Pre-factor of K, 1
K, CSQN-unbound opening rate 0.00038 yM~?ms~1!
Ky, CSQN-bound opening rate 0.00005 uM~2ms ™1
Beson,o Normal CSQN concentration 400 uM
Ty CSQN unbinding timescale 125 ms
Tp CSON binding timescale 2ms
T¢ RyR closing timescale 1ms
AKcamk max | Maximal CaMKII-dependent increase in K, | 0.5
Kmcamryr | Kq for CaMKII activation on K, 0.2
hcamryr | Exponent of CaMKI|I activation on Ky, 1
. AkRrosmax | Maximal ROS-dependent increase in Ky, 0.3
Kmrosryr | Kq for ROS-dependent increase on K, 10 uM
hrosryr Exponent of ROS-dependent increase on K, | 1

) AKRos,max 1S 0.3 for all the simulations except for the simulations shown in Fig.7B, where its value

is increased to 2 to increase the leakiness of RyR, promoting Ca®* waves.

3. Mitochondrial Ca?* cycling

The free Ca®* concentraiton in a single mitochondrion is decribed by:

d[Ca%*],,

T BmUuni — Incxm — ImpTe),
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where B, is the Ca* buffering factor, which is described in Section 3.5. The fluxes, Juni, Incxm, and Jyere,
are described below.

3.1. Mitochondrial uniporter Ca?* flux
The formulation is taken from Williams et al (12):
~_imcu
ZFVmyo’

Juni = Po * Nmcu

. gmMmcu,
imcy = —l?: (A — Ecam ),

T a2t

E —Eln [Caz+]space
Cam = . [Ca2*], /)

where [Ca®*]gp,ce i replaced by [Ca®*];, [Ca®*]s, or [Ca®*], with the mitochondrial uniporter facing the
cytosolic, submembrane or dyadic space. The parameters are given in Table S12.

3.2. Mitochondrial Na*-Ca®" exchange flux
The formulation is taken from Cortassa et al (6),

bF 2+
pe@u-)  [Ca®T ]y
erT [Ca2™*];

JNcxm = VNCXmax (

The parameters are given in Table S12.

3.3. Mitochondrial permeability transition pore flux

Jmprp = Emptp - Puprp - ([Ca*]y, — [Ca®*]y),

where Pyprp IS the open probability of MPTPs, which is governed by a stochastic Markov model
described below. The parameters are given in Table S12.

3.4. Mitochondrial permeability transition pore gating model

The MPTP gating Kinetics is described by a 3-state Markov model (see Fig.1F), which was
developed by Korge et al (13). The transition rates are retuned to fit recent experimental data as stated in
the main text. The transition rates from C, to C; is mitochondrial Ca** dependent, i.e.,

[CaZ+]hMPTP
Keoer = Qo | 1+199- hypre r hypre |’
[CaZ*] + [Ca%t],

The other rate constants are given in Table S12.

3.5. Mitochondrial Ca?* buffering factor
When MPTP opens, the buffering factor 8, is set to be By, on, and when MPTP closes, the
buffering factor relaxes to B, o¢ With a time constant t,y, i.e.,

Bm,on MPTP opens

At

| -
" Bm,off - (Bm,off — Bm)e Toff, MPTP closes

The parameters are given in Table S12.
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Table S12. Mitochondrial Ca** dynamics parameters

Parameter | Description Value
Po MCU open probability 0.9
Nmcu Number of MCUs per mitochondrion 200
Vimyo Myoplasmic volume 18 ul
gMcumax | MCU maximal conductance 8.1pS
Kmn Half-saturation constant for MCU 19 mM
Vnexmax | Maximal Na*-Ca** exchanger rate 0.0035 uM - ms~t
Yo A offset for Ca* transporter 91 mV
b Na'-Ca®* exchanger Ay dependence 0.5
Kna Kg ([Na*];) for Na*-Ca®* exchanger 9.4 mM
n Na‘-Ca?" exchanger cooperativity for [Na*]; 3
Kca Ky ([Ca?*];) for Na*-Ca*" exchanger 0.375 uM
guprp | Maximal mPTP conductance 100 ms™1
A Rate constant from C, to C; 101%)5_9 ms-1
[Ca?*], | Kq for Ca®* dependent opening 2 uM
hyvprp Exponent for Ca®* dependent opening 5
o4 Rate constant from C, to O 3.03x 107" ms™?
Bo Rate constant from C; to C ioli)sq ms—1
B4 Rate constant from O to C, 1.5x 1075 ms™?
Bm,on Ca”" buffer capacitance when MPTP opens 0.1
Bm,off Asymptotic Ca®" buffer capacitance when MPTP closes 0.01
Toff Relaxation time constant for Ca®* buffer when MPTP closes | 20 s

3.6 Mitochondrial membrane potential
We used a simple formulation for mitochondrial membrane potential (Ay) following Korge et al
(13),i.e.,

dAw
rTa Vs — kyu - AU — Lyni — Incxmo
L=t
uni leto uni’
Incxm = C— : H\InaCaJ
mito

where Cpito=1.812 uM - mV~" is from Cortassa et al (14). Vs =3.5mV-ms™ and kyy =
0.0192 ms™1 are from Yang et al (15).

We assume that mitochondrial membrane potential is immediately depolarized to zero once the
MPTP in a mitochondrion opens. Therefore, the mitochondrial membrane potential is numerically
updated as follows:

., 4oy |
AP+t = Ayt + Tl At, if mPTP closes,

0, otherwise.
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4. Cytosolic ATP
A simplified ATP model is adapted from our previous study (16). We reformulated the cytosolic
ATP and ADP cycling as follows:
[ATP] + [ADP] = TAN,
d[ATP]
dt = _VATP,consum + VaTpase + IATP,D'
psp

sp + kd,pspconsum

VATP,consum = kATP,consum

where
_ [ATP]
Psp = TaDP],
VaTpase = KaTpase (fALbfADP - gAlJJfATP)'
where
fAg, = av
AT AP + kg ay
1

fapp = /77—
1+ kd,psn *Psp

gay = 0.3(1 — fay),

[ATP]I* LIk 4 [ATP]i-1iK — 2[ATP]

]ATP,D = DATP(

Ax?
N [ATP]Y+1K 4 [ATP]M~1LK 4 [ATP]VK+T 4 [ATP]K-1 — 4[ATP]
Ay? ’
d[ADP];

FTa Bapp(TAN — [ATP]),
where i, j, and k are the indices of a CRU in the model.

The parameters are given in Table S13.

Table S13. Cytosolic ATP and ADP parameters

Parameter Description Value
KATP consum ATP consumption rate constant 0.01 uM - ms™?
K4 pspconsum Michaelis constant for pg, 200
KaTpase ATP synthesis/hydrolysis rate constant 0.16 uM - ms™1
Kq Ay Michaelis constant for fy, 150
K psn Michaelis constant for fapp 0.02
K psp Michaelis constant for forp 0.5
Datp Diffusion constant of ATP 0.25 um? - ms™?!
TAN Total ATP and ADP 7000 uM
Bapp ADP buffer term 0.025

5. Cytosolic reactive oxygen species (ROS)
The equation governing the cytosolic ROS level in a single CRU is the following,
d[ROS]
.~ Vsonc ~ Vbc * Jrosp;

where
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Kprod . . . .
0 9 if the CRU is attached to a mitochondrion

ag + —E—
Vsonc = 1+ (ZOO—A‘P ’

0, otherwise
Vpc = Kpc[ROS],

] b [ROS]i+1Ik 4 [ROS]-1ik — 2[ROS]
ROS,D ROS Ax2

N [ROS]M*1K 4 [ROS]W~LK 4 [ROS]WA*T 4 [ROS]HK-T — 4[ROS]>
Ay? ’

where i, j and k are the indices of the CRU in the model.

The parameters are given in Table S14.

Table S14. Cytosolic ROS parameters

Parameter Description Value
a, Baseline production rate 0.036 uM - ms™?!
Kprod Production rate constant 100 pM - ms~?
Kpc Degradation rate constant 0.1 ms™?
Dros ROS diffusion constant 1.2 um? -ms™1
Ax CRU separation in the longitudinal direction 1.84 um
Ay CRU separation in the transverse direction 0.9 um

6. Ca”*/calmodulin-dependent protein kinase Il (CaMKII) signaling
The 4-state Ca**-bound calmodulin model (see Fig.1D) is from Chiba et al (17):

d[CaMCa]
— = ~CA +CA,,
d[CaMCa2]

S = —CA +CAg,
d[CaMCa3]

o = —CAs + CA,,

d[CaMCa4] _ _cA
dt B v

[CaM] = CaM;,; — [CaMCa] — [CaMCa2] — [CaMCa3] — [CaMCa4],

CAy = —Kqcam - [Caz+]i - [CaM] + Kkp1cam - [CaMCa],
CA, = —kycam - [Ca?t]; - [CaMCa] + kpypcam - [CaMCa2],
CA; = —kjcam - [Ca?T]; - [CaMCa2] + kp3cam - [CaMCa3],
CA, = —Kycam - [Ca?]; - [CaMCa3] + kpacam - [CaMCa4],

The CaMKII activation model (see Fig.1E) is from Foteinou et al (18),

d[CaMKII

[ tCaMCa4] A . !2 B1 Bz E1 Ez'
d|CaMKIIP,

[ . CaMCa4] Bl Bz C1 Cz 12 11’
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d[CaMKIIP]
—:C1_C2_D1_H2+H1,

dt
d[CaMKIIOXB]
— =B -E-Fi+F,
d[CaMKIIOXP]
— g =Fi R L+ L =G+ Gy,
d[CaMKIIOXA]
——r =G~ G+ H — H,

[CaMKII] = CaMKll,o; — [CaMKIIP] — [CaMKIIcamcasl- [CAMKIIPcapmcas] — [CAMKIIOXB]
— [CaMKIIOXP] — [CaMKIIOXA],

[CaMKII] . = [CaMKIIP] + [CaMKlIcamcaal + [CAMKIIPeamcas] + [CAMKIIOXB] + [CaMKIIOXP]
+ [CaMKIIOXA].
Ay = Kyss0 - [CaMKII] - [CaMCa4],

K3 CaM K3 CaM
A, = [CaMKII ]-(kd- (1 - e >+kd- : =2 ,
2 CaMCa4 isso [Ca2+]i3 + Kr3nCaM issoCa [Ca2+]i3 + Kr3nCaM
ATP
B: = Kcatzze - P+ [ATP% n K] TP - [CaMKII¢amcaals
m
b_ 1 (1caMK] 2
B CaMKll,o, /) °
[CaMKIIPcamcaal
B, =k -PP1- )
2 catppinew [CaMKHPCal\{CaAL] + KmPP1
kcatpplnew = kcatppl 'w;
Kmros
K1311CaM K1311CaM
¢ = [CaMKIIPCaMCa4] ’ kdissoZ 1- [Ca2+]3 + K3 + kdissoCaZ ' [Ca2+]3 + K3 ’
i mCaM i mCaM

C, = Kasso - [CaMKIIP] - [CaMCa4],
[CaMKIIP]

D1 = Kcatppinew - PP1- [CaMKIIP] + Kpp1
E; = Koy - [CaMKlI¢amcas] - [ROS],
E; = Kysra - [CaMKIIOXB],
ATP
__1ATPL  camkioxsl,
[ATP] + KaTe

[CaMKIIOXP]

F2 = Keatppinew  PP1- [CaMKIIOXP] + Kypps’
I, = Kysra - [CaMKIIOXP],
I, =Koy - [CaMKHPCaMCa4] : [ROS]:
K3 K3
mCaM + ks . mCaM

[Caz+]i3 + K1311CaM> dissoCa2 [Caz_l,]ig T K >,
Gy = Kasso - [CAMKIIOXA] - [CaMCa4],

H; = Kysea - [CAaMKIIOXA],

H, = ko - [CaMKIIP] - [ROS].

F; =Kearzze " P+

G, = [CaMKIIOXP] - <kdisso2 (1 —
mCaM

The parameters are given in Table S15.
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Table S15. Ca?*-bound calmodulin and CaMKI1 activation parameters

Parameter Description Value
CaMyo¢ Total calmodulin concentration 50 uM
K;cam Calcium binding rate 1 0.0025 uM~tms™1
Kn1cam Calcium unbinding rate 1 0.05ms™?!
Kocam Calcium binding rate 2 0.08825 uM~1ms™1
Kpn2caMm Calcium unbinding rate 2 0.05ms™?!
Kscam Calcium binding rate 3 0.0125 uM~tms™1
Kpn3cam Calcium unbinding rate 3 1.25ms™ !
Kicam Calcium binding rate 4 0.25 uyM~'ms™1
Kpacam Calcium unbinding rate 4 1.25ms™ !

CaMKllo¢ Total CaMKII concentration 1uM

K,sso CaMCa4 association rate 0.0021 uM~tms™1
kg, Dissociation rate of CaMCa4 from 7 % 10-5 ms-1
1580 CaMKII_CaMCa4 pathway 1

o Dissociation rate of CaMCa4 from
dissoCa CaMKIl_CaMCa4 pathway 2

o Dissociation rate of CaMCa4 from
disso2 CaMKIIP_CaMCa4 pathway 1

o Dissociation rate of CaMCa4 from
dissoCaz CaMKIIP_CaMCa4 pathway 2

Half saturation of Ca dissociation from from

9.5x 107*ms~?

7% 1078 ms~1

9.5x 1077 ms~?!

Kmcam CaMKII_CaMCa4 0.03 uM
Keatz7e Phosphorylation rate constant at 37 °C 54 %1073 ms™?
KmATp Michaelis constant for the CaMKII-ATP complex 19.1 uM
Kcatpp1 Dephosphorylation rate constant 1.72x 103 ms~?
K Michaelis constant for the ROS-mediated 1 uM
mROS autophosphorylation "
Kinpp1 Michaelis constant for the PP1-CaMKII complex 11 uM
Kox Oxidation dependent rate 1.28 X 107°uM " Ims™?
Ky Reductase rate mediated by methionine sulfoxide 10-% ms-1
sTA reductase A
PP1 PP1 concentration 1 uM
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