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Abbreviations

Table S1. Abbreviations in model equations
Vi, membrane potential (mV)
iot_cen total current of ion channels and exchangers (pA/pF)
lot_x _a total current of ion ‘X’ channels and exchangers at space ‘a’ (pA/pF)
lapp_bik current applied through a patch electrode (pA/pF)
Ex reversal potential of ion ‘X’ , determined by the Nernst equation (mV)
C. Whole cell membrane capacitance (pF)



http://www.eheartsim.com/

G, conductance of current ‘I’ (pA /pF/mV)
GHK, , a modified Goldman-Hodgkin-Katz equation of ion ‘X’ at space ‘a’ (mM)
k1 i) 1
apv rate constants (/ms)
K
d_x dissociation constant for ion ‘X’ (mM)
P
1CX) converting factor of current ‘I’ from GHKx (pA/pF /mM)
Voye _1 turnover rate of transporter ‘T’ (/ms)
PS)( 4 . o iy o
probability of state ‘S’ in a scheme of state transitions at space ‘a
VX
total volume of space ‘X’ (pL)
X .
Xiowla total concentration of substance ‘X’ at space ‘a’ (mM)
[x free]a : o [P)
free concentration of substance ‘X’ at space ‘a’ (mM)
X .
[X1, concentration of ‘X’ at space ‘a’ (mM)
J X : )
total flux of ion ‘X’ (amol/ms)
Zy L s
valence of ion ‘X
d[X1,
dt rate of change of ‘X’ concentration at space ‘a’ (mM/ms)

Model parameters

Physical constants Ion concentrations
Table S2 Physical constants Table S3 Ionic composition of external solution
R 8.3143 C-mV/mmol/K Ko 4.5 mM
T 310 K [Na'], 140 mM
F 96.4867 C/mmol [Ca®'], 1.8 mM




Substrates (fixed)
Table S4. Substrates

[MgATP]cyt 6.631 mM

[MgADP]cyt 0.0260 mM

[Pi]cy: (free form) 0.5087 mM

[H eyt 0.0001 mM

[Mg? eyt 0.8 mM

[SPM] 0.005 uM
GHK equation

The magnitudes of ion channel currents are described by the ohmic equation or by the GHK
equation. In the latter case, the term to convert mM to pA (permeability times zF) in the original
GHK equation is represented by a lumped converting factor, P in a unit of pA'mM-!, because of
unknown total number of channels within a cell and single channel ion permeability. Then, the fully-

activated current amplitude (I) for an ion X is given by,

| =P-GHK,
where GHKx is,
-z, FV
e [P0-0a 00 T2
GHK, =—=*—"m.
RT l—exp(_ZXFVm)
RT

Nernst equation
E, = jog| LX1e

Zy -F [X]i

Cell geometry and SR Ca2* compartments

The cell configuration and scalability of the HuVEC model (Sc_Cell)

Almost all models of cardiac myocyte have been developed using a given input capacitance (Cn) and a
whole cell volume (V). However, the dissociated human ventricular myocytes show a large variety of
both cell size (see Fig. 1 in (1)) and the input capacitance (Cm, Fig. S1) as has been obtained in other
mammalian species (2). In the present study, we developed a cell model, which can maintain identical
characteristics independently of the cell size. Since no human data are available for the relationship
between Ve and Cr, we referred to the data (red line in Fig. S1) obtained by Satoh et al., (3), who
applied the three-dimensional volume rendering method of confocal images to dissociated rabbit, ferret
and rat cells. Though the rat data showed a different slope, we used a slope of 0.197 pL/pF as a first
approximation, which is similar to the experimental value of 0.215 pL/pF in both rabbit and ferret. The

Veeli-C relationship (the red line in Fig. S1) was modified to meet the origin. A standard Ve (Vs =



37.92 pL) and a Cpn (Csa = 192.46 pF) were set at a medium size within the range of measurements in

human ventricular cells, represented by a rectangular block with a standard size of 120 x 37.62 x 8.4

um?3, and an input capacitance of 192.46 pF. Note that the range of Ve, calculated over the range of

experimental Cy, well overlaps with the experimental V. in Fig. S1. We confirmed that the

characteristics of the cell remained unchanged if volume of intracellular Ca?* compartments and rate of

Ca?" transfer between SR and the cytosol were scaled by a scaling factor, Sc_Cell = Cy/ Csid, Wwhere Cr is

the input capacitance measured in a ventricular cell used in experiments.
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Fig.S1. Relationship between Cr, and Ve in
the human ventricular cells.

Measurements of the input capacitance Cy, of dissociated
human ventricular myocyte in various references are
indicated along the abscissa by mean values from 2
references (a; (1), c; (4)), or by mean + SEM from 5
references (b, (1), d; (5), e; (6), f; (7), g; (8)). An
experimental measurement of Vg in hearts with normal
coronary arteries (9) is indicated with mean + SEM along
the vertical axis. The cell size used in GPB (red point) and
ORd (black point) models are indicated in comparison with
the thick red line representing the relationship between the
Ve and Cr, in HUVEC model, given by the following
equation. The black point on the red line indicates the
standard cell in the present study.

The experimental relationship in rabbit ventricular myocytes (3) is shown by the blue dotted line, which

is given by,

V,, =0.215-C,+0.718

Table S5 compares the volumes of cell as well as Ca* compartments in HuVEC model with GPB and
ORd models. The total volume of SR was set at 6% of V., as in ORd model. The volume of SR, in

HuVEC model was adjusted based on two premises [1] [Ca?*]srq decreases to less than ~10% of the

diastolic level during CICR as assumed in the previous studies (10, 11) in the presence of 3 mM
calsequestrin (2.6 and 10 mM in GPB and ORd model, respectively), and [2] CICR results in a peak
amplitude of ~0.5 uM for the global Ca?" transients in the presence of Ca?* uptake by SERCA and

myoplasmic Ca?* buffers including troponin, calmodulin, ATP as well as fixed binding sites on the T-
tubule and SR membranes as in GPB model.



Table S5 Cell geometry compared with previous models

GPB model ORd model HuVEC model
Cell configuration (Veeln) (Veen) (Veen)

(cell volume) Cylinder Cylinder Scalable rectangular block
L=100 pm, r=10.25 L=100 pm,r=11 um L=120 pm, W =37.62 pm, D
pm (=33 pL) (=38 pL) =84 um (=37.92pl)

Bulk space (Vmyo) (Vmyo) (Vo)
65% Vel (=21.45 pL) 68% Vel (=25.84 pL) 68% Veen (=25.79 pL)
Total SR space (Vsr) (Vsr) (Vsr)
3.5% Veen 6% Veell 6% Veell
(=1.16 pL) (=2.28 pL) (=2.28 pL)
SR releasing site - (Visr) (Vsrn)
volume 0.48 % Veen 1.2 % Veen
(=0.182 pL) (=0.46 pL)
SR uptake site - (Vsr) (Vsrup)
volume 5.52 % Veen 4.8 % Veell
(=2.098 pL) (=1.82 pL)
Junction space (Vijunc) - (Vjne + Vi)
0.0539 % Ve 0.8 % Veell
(=0.0178 pL) (=0.30 pL)
Subsarcolemmal (Va) (Vss) (Viz)
space 2% Vel 2 % Vel 3.5 % Veell
(=0.66 pL) (=0.76 pL) (=1.33pL)
Diffusion Gcaslmyo = 3724 fL/ms Gaca_ssmyo = 3800 fL/ms Gaca_jnciz= 3396 fL/ms and
conductivity Gadca_izblk = 3508 fL/ms

Input capacitance

138.1 pF

153.4 pF

192.46 pF

Ca2* buffer

The detailed set of buffer species (12) used in the GPB model was adopted after several simplifications

as described in our previous paper (13). In short, we deleted the myosin, Na* and Mg?" buffers, and fixed

[Mg?*]. The low affinity binding of Ca®" to troponin (TnCl) was replaced by a contraction model (14) and
the amount of the high affinity site (TnCh) was adjusted.

Bulk space (blk)
d[CaMCa] ‘
d

kofffCaM = 0238 ’ I(on7CaM = 34

d[TnChCal]
dt

total

kOf‘f _TnCh = 0000032 4 kon_TﬂCh =237

d[SRCa]

dt

koff_SR =0.06, kon_SR =100

on_CaM [Ca2+lnlk : ([BtotalcaM ]_ [CaMca])_ koff_CaM : [CaMca]
= kon_TnCh' [Ca2+l)|k : ([B TnCh]_ [TnChca])_ koff_TnCh : [TnChca]

= konfSR. [Ca2+11|k : ([BtotaISR]_ [SRC&])— kofffSR ' [SRC&]




Intermediate zone (iz)

[L ] _ [BtotaIL]iz
free diz — +
1+ [Ca'2 ]iZ
KdL_iz
Kot 1 i K =13,k =100
KdL_jiz :k; > Roff _L_iz ==Y Don_L_iz —
on_L_iz
o, = Bl
freediz — +
1+ [Ca'2 ]iZ
KdH_iz
Kot 1 K =0.03, k =100
KdH_iz zk;’ off _H_iz — ™ > Non_H_iz T
on_H_iz
+ [Ca ]
[CaZ ]iZ — tot diz
1+ [Lf]iz + [Hﬂiz
KdL_iz KdH_iz
Junctional space (jnc)
L _ [BtotaIL] jnc
[ free] jnc — W
14 2 dine
Kdejnc
k )
KdL_jnc = kOff_LJ”C 4 koff_L_jnc :1'3’ kon_L_jnc =100
on_L_jnc
B....H].
[H free]jnc = [ It:(éa;.ZJEI:JInC
14— =i
KdH_jnc
k )
KdH_inc: Oﬁ_H_JnC’ koff H_jnc =0'03’ kon H_jnc =100
kon_H_jnc T T
[Ca,];
Ca2+ — otd jnc
[ ]Jnc 1+ [Lf] jnc + [Hf] jnc
KdL_jnc KdH_jnc
Release site of the SR (SRrl)
kof‘f
Kd_CSQN_Ca = k_—CSQN
on_CSQN
koff _CSQN — 65, kon_CSQN =100
a=1
b= [BtotaICSQN]_ [Catzc;al]qur| +Ky_cson_ca
C= _Kd_CSQN_Ca' [Cati-:al]Ser

~b++vb*-4-a-c

2-a

[Caz+ ]SRrI =



Boundary Ca2* diffusion

Ca2* transfer between cytosolic compartments
Jea inciz = Gaca_jnciz -([Ca*"], ne ~ [Ca* 1,)-Sc_Cell
Gica_jnciy =3395.88 (fL- ms™)

Jca ik = Gaca ik’ ([Ca* I, —[Ca 2 o )-Sc_Cell

Gyca juoi=3507.78 (fL-ms™)

Ca2+ transfer from SR uptake site to release site
‘]trans_SR trans ([Ca2+]SRup _[Ca2+]SRrI) SC Ce"
P.... =4.8037

trans

Ion channels and transporters

L-type CaZ* current (IcaL, LCC)

We used the scheme of Shirokov et al. (1993) and Ferreira et al. (1997), in which Ca?*, passing through
the channel itself, takes the primary role in the Ca?*-mediated inactivation (15-18). The same 4-state
model was used for both LCCs in CaRU (lca._jnc) and for LCCs located in iz (Ica._iz) and blk (lcaL_pik).
The [Ca?*]na determined by Egs. 2 or S150-S153 were used to calculate the Ca*"-mediated inactivation
for IcaL, jue, and [Ca?*]ng determined by Egs. S175, S176 for lca_i; and lcar_oi. This [Ca?*]ng is ~10 times-
higher than the average [Ca®*]jnc in HUVEC or [Ca?*] in the Ca?* compartments ([Ca?*]jnc in GPB or
[Ca**]ss in GPB models) obtained by the time-integration of fluxes in the cleft space in most of cardiac
cell models. The rate constants for the Vm-gate (o and o) and Ca**-gate (g+ and ¢.) of LCC are given by
Egs. S1, S2 and Egs. S5, S6, respectively. Both of the activation (ou+) and deactivation (o..) rates of the
Vm-gate were described as a function of two exponential terms, and adjusted to human data (see
activation curve (chocolate) superimposed on experimental data in Fig. S2A, B).

1 (Eq. S1)

a, =

3.734. Exp(—

3500

1 (Eq. S2)
465 Exp( )+1 363- Exp( )

The rate constant (&) for the Ca?'-inactivation was determined according to the Hinch algorithm. The

inactivation rate &+ could be divided into two terms by integrating Eq. S3 with S4.

(e L) (Eq. S3)

Q
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[Ca* ], (eXID( Viyea)

z = [Ca2+]nu‘tL'&+ + [Ca2+]nd a

' qK(exp(m L)+1) nK TLK(eXD(m L)+1>

(Eq. S4)

where V7, is defined as a potential when half LCC open, AV, width of opening potentials, #; time
switching between C and O states, 77, inactivation time, K; concentration at inactivation and a biasing to
make inactivation function of V. To avoid confusion, o, € and K; from Hinch model were given a tilde.
The first term of Eq. S4 is a function of both [Ca?'],4, the activation rate of V ,-gate (a,)and Vi The
second term is a sigmoidal function of V,, increasing with increasing negativity of Vi, toward a
saturation level, unlikely in experiments. Therefore, the second term was removed for simplicity, and Eq.

S5 was used in our model.

& = [Ca2+]nd 'a+ Py
T, -K,

(Eq. S5)

where o+ is given by Eq. S1 and t/t. in Eq. S4 was substituted by 77.

T, =147.51

In the revised model, the values of 77 (= 147.51) and K; (=0.0044 mM) (or the product of 77 x K;) for
€+, and a new equation for €. (Eq. S5 and S6) were determined by referring to the experimental
measurements of steady-state inactivation (Fig. S2_B) and time constants (Fig. S2_C3) described in
literatures (see legends of Fig. S2 for references). The value of [Ca®*],s (Cavo, or Carr) shown in Fig.
S2C1 was determined by Eq. S152 or S153, respectively, at a representative [Ca?*]srq of 0.7 mM and a
[Ca?*);uc0f 0.0001 mM. The &+ was calculated at four different values of [Ca]srn (0.71, 0.51, 0.31, 0.11
mM) as shown in Fig. S2 B and S2 C, since [Ca]srq might be different in experimental conditions and
thereby caused variations in the data of ¢, inactivation. The rate of removing Ca?" inactivation (&.) was
determined by referring to the recovery rate from the inactivation at the resting potential in Fig. S2C3

and the V,-dependence of steady-state inactivation in B.

1 1 (Eq. S6)

8084 Exp (—

2000

The [Ca?*],q for LCC located in iz and blk were calculated in the same way as in CaRU.
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Fig. S2. Determination of LCC gating from the experimental data

A: activation (o.+, red) and deactivation rate constants (.., blue) and the sum of the two rate constants (1 /
T, gray). B: the steady-state activation and inactivation of LCC. Data points are from Mewes & Ravens
(6) (red), Pelzmann et al. (19) (blue), Magyar et al. (20) (chocolate) and Li et al., (21) (black). C1: the
[Ca?"]ng —Vm relations were calculated for Cayo (red), Carr (gray), and Cagr (chocolate) together with K,
in Eq. S5 (blue). C2: the inactivation rate (at Caro) plotted for four [Ca]srn (€+, red curves), and removal
rate from inactivation (., chocolate curves) given by the two components in Eq. S6. C3: the V-
dependence of Ca?'-inactivation 1. Data points are from Beukelmann et al.(1) (red), Pelzmann (19)
(blue), Fulop et al., (22) (a single chocolate point) and Pelzmann (19) (black points connected with gray

line are the fast and slow components).

poLCCfa = Yooo + Yooc (Eq S7)
1 (Eq. S8)
ICaL_X_a = fCaL_al ! PCaL_X ! G H Kx_a : pOLCC_a : T q
+ [ATP] )

a = (blk, iz, jnc), X = (Ca, Na, K). [ATP] was fixed to 6 mM.
Fraction of Icar

fCaL_jnc = 075 2 fCaL_bIk = 010 > fCaL_iz = 015

Converting factors

Peal ca=14.21

PCaL_Na =0.0000185- PcaL_Ca
PCaL_ « =0.000367 - PCaL_Ca

ICaL = (ICaL7Ca7jnc + ICaLfNafjnc + ICaLfKﬁjnc) + (ICaL7Ca7iZ + ICaLiNaiiz + ICaLfKiiz)
+(lear_ca_oi + ear_na o  lear_k o) (Eq. S9)
Ca?*-mediated inactivation in other models for comparison
Ca’"-mediated inactivation in ORd model was examined under the widely used assumption that the Ip,
through LCC was solely due to VDI. This assumption is different from the thorough experimental
conclusion by Brunet et al. (23) and Ferreira et al. (18) (see also Discussion in Grandi et al. (24)).
Ferreira et al, (18) recorded Ig, in the transfected cell-line with the pore-forming o1 subunit in
association with 3 subunits, and revealed that the Iz, decayed as the sum of two exponentials, where the
first one (t = 600 ms at 21 °C) was accompanied with no gating current, but the slow one (t = 6 s) was
with the gating current, indicating that the former is CDI and the latter is VDI. Brunet et al. (23)
suggested that the CDI of I, is mediated by a low affinity binding of Ba?" to calmodulin as has been
suggested in foregoing studies (18, 25, 26), and indicated that unambiguous measurement of VDI
requires use of Na* or another monovalent cation as charge carrier (for the slow inactivation of Iy, via
LCC, see Matsuda (27)). In HuVEC model, we simply ignored the relatively slow inactivation of Ix, for
the sake of simplicity.
The time course of LCC inactivation during AP was conventionally examined by recording
compensation currents (I¢p) during the Ica. blockage in the AP clamp experiment. However, our
simulation of the AP clamp indicated (not shown) that I, is not equal to lca., but represents a sum of

9



modifications of all current components, such as lcac, Incx, lks, lcab, ILcay @nd Ipmca caused by blocking

the Ca?*-flux of lca.

Sodium current (Ina)

The same Ina model as in our previous study (13) was used, except for the amplitude parameters, f.

and Pna. Ina is composed of the two components, Inat and Inar.

INa: INaT+INaL

Transient component (Iyar)

dp(gt)NaT oc * PO)yar +Kioc * P12 nar +Kigp - P ar = (Kis =

dp(O

% =Kizo P nar + e na “Kezo PC)par _(koC +k0|2)' P(O)rir
dp(l

p(dzt)NaT - fc_Na “Kearz ' P(C)nar +Korz “P(O) nar +

dp(l

% =Ky PO nar +Kigt - P(Chpar =2+ Kigy - PU) par

C, 1
fo v =(chc,) V, +48
1o 1+exp[—m7j

1
kCZO V
0.0025- 0.15-¢
eXp[ oj+ Xp[ 100. o]
1
koc =
30.0-e +0.53-¢
Xp[ oj Xp[so 0)
1
kOIZ
0.0433- 0.34-
exp( 27 oj+ exp( 2000. oj
K, o =0.0001312
0.5
R .
10+ 120 oC
o12 " "c20
k|2c 20-5_k02|2
1
kIsh
300000.0- exp[ Oj+500000 exp[ 0]
1
I(Isf =

V.,
0.016-¢ 8.0-e
Xp( 99)+ Xp[ 450)
NaT (1 f ) PNa (GHKNa+Ol GHK ) p(O)NaT
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fe_na '(kczo +kczu))‘ P(C)ar

klsb ' p(ls)NaT _(kIZC + kIZO

(Eq.

(Eq.

(Eq.
Isf) (I )NaT

(Eq.

(Eq.

(Eq.
(Eq.
(Eq.

(Eq.

(Eq.
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(Eq.
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Late component (Iyay)

The ki, ko, ko, kiic and keor are specific for Inar, and other rate constants are the same as in

INaL.
dp(C
% - kOC ’ p(O)NaL+ kllC ’ p(ll)NaL+ kIZC : p(IZ)NaL+ klsb ’ p(ls)NaL
_(klsf + fc_Na’(kczo + I(c2|2 + kczu))' p(C)NaL
dp(O
% - I(Ilo 'p(ll)Nal_ +fC7Na : I(czo 'p(C) NaL _(koc + kOll)' p(O) NaL
dp(l
% - I(Oll ’ p(O)NaL +fC_Na ’ kczu ’ p(C)NaL _(kllo + kuc + klllz)' p(ll)NaL
dp(l
% =fc naKeaiz " PChnar Kz *PUD) ot +Kigy - PU) et _(kIZC +Kygs ) PO e
d IS al
p(dt)NL =Kist - PU,) ot Ko *PC)par =2 Kigy - P> )
Ky, =0.00534
Koir =Ko
Ko =0.01
Kie =Kiac

kc2|1 = kczlz
INaL :fL . PNa '(GHKNa +O-1'GHKK)' p(O)NaL

f, =0.13125, P, =8.1072 (pA/mM)

Inward rectifier potassium current (Ix1)

The characteristic inward-going rectification of Ix; has been widely observed in mammalian

(Eq. S24)

(Eq. S25)

(Eq. S26)

(Eq. S27)

(Eq. S28)

(Eq. S29)

ventricular cells, including human cells. Yan and Ishihara (28) and Ishihara and Yan (29) conducted

detailed analysis using transfected 293T cell line and demonstrated the time-dependent kinetic changes in

Ik (Ix1 transient) on repolarization to -30~-50 mV, and explained it by the time lag between the

instantaneous relief of Mg?*-block and the relatively slow spermine-block during AP repolarization. We

adopted this model after adjusting the amplitude of Ix; to obtain a maximum repolarizing rate of ~1 V/s.

[Mg?*]ey: fixed at 0.8 mM for the Mg?*-block in the mode 1, and spermine concentration [SPM] = 5 uM.

Oty =12.0-exp(-0.025- (v, — E, )

Bug =28-[Mg* ], -ep(0.025- (v, — E, )
U prg

G+ Bug
Bug

Olyg +BMg

POy = fo-fo- 1o

fo =

B =

POy, =3.0- - fo - fy

POy, =3.0- fy - fy - fg
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. S30)

(Eq. S31)

(Eq

(Eq

(Eq

. $32)

. S33)

. S34)

(Eq. S35)

(Eq

. $36)



The SPM-block in the mode 2
0.17-exp(-0.07-((v,, — E, ) +8-[Mg*1,,))

s =10+ 001exp(0.12-((V, - E,)+8-Mg*1,,)) (Eq. S37)
_0.28-[SPM]-ex(0.15-((v,, ~E, ) +8-[Mg*],, )
™M 1.0+001-exp(0.23((V,, — E, )+8-[Mg* 1., )) (Eq. S38)
Py g o (L-Pb,,, )~ ctgpyy - Pb
dt — Fspm p Mg spm O(SPM spm (Eq 839)
2 1
POmode1 = fmode1 " (1 - Pbspm) ' (pOMg + 3 POpmg1 T 3 pOMgZ)
(Eq. S40)
fmode1 = 0.9 (1-f )
POmode2 = Lo+ 7;[1;;1;]1
' 40.0-exp(—v7'191EK) (Eq S41)
P(0)k1 = POmode 1 + POmode 2
(Eq. S42)
[K+]0 04
X 45 (Eq. S43)
K1 = N q.
3 [K*], -22
1.0+exp( o6 J
li =G X '(Vm =" ) P(O) s
(Eq. S44)

Gy, =1353

Delayed rectifier K* current, fast component (Ikr)

Different models of Ik, were used in the GPB and ORd models. We adopted the ORd Ik, model, which
was developed by referring to the slow inactivation kinetics of Ix, demonstrated in lost et al. (8) and Jost
et al. (4). We adjusted the amplitude of Ik, to a medium size of Ik, tail currents at -40 or -30 mV among
different references (0.25 in Iost et al. (8); 0.29 in Jost ef al. (30), 0.57 in Jost et al. (4), 0.31 in Magyar et
al. (20), 0.32 in Li et al. (7), and 0.25 pA/pF in Rajamani et al. (31)). The experimental prolongation of
APDy was well reconstructed by blocking Ik, (with a limiting amplitude of ~0.3 pA/pF), which is less

than a half of that in ORd model of 0.85 pA/pF (see Results, Fig. 3A1 red and 4 blue).
1

Xr,oo —(Vm+8.337))

- 1+exp(

6789 (Eq. S45)
1
=12.98
Txr fast T 05652 e p(CEE) 11,123 10~ expCLBD) (Eq. S46)
1
= 1.865
Txr slow + 0.06629-exp(V";__3?5'70)+1-128'10_5'€xP(W) (Eq. S47)
1
A =
= ) (. 549
Axrstow =1 — AXT'fQSf
(Eq. S49)
er_fast _ Xr,oo_Xr,fast
dt - TXr fast
(Eq. S50)
AXrsiow __ Xrco—Xrslow
dt TXr,slow (Eq SSI)
Xr = AXr,fast ’ Xr,fast+AXr,slow " X stow
(Eq. S52)
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1

Ryr = (1+exp(V";;SS))'(H””(V%N)) (Eq.

p(O)Kr = X, " Rgr

(Eq.
_ [[K*]o
Xyr ~ N a5 (Eq.
IKr:GKr'ZKr'(Vm_EK)'p(O)Kr E
q.

Gy, =0.0166

Delayed rectifier K* current, slow component (Ixks)

S53)

S54)

S55)

S56)

The gating kinetics of ORd model was used after separating Ixs into two components, Ixs k and Ixs na

and using the GHK equation. The permeability ratio, Pna: Pk = 0.04 : 1.

1
paraxsi g0 =

—(Vm+11.60)
1+exp( 8.:3121 * ) (Eq
1
= 817.
Txsta = 817.3 4 2326:10~*-exp(TE222%).10,001292-exp(~LILEE0D) (Eq
dparaxsi g __ PATAxs1 a0~ PATAXs1 a
dt Txsia (Eq
paraXSZ_a,OO = paraXsl_a,oo
) (Eq.
Txs2.a = O.Ol-exp(vnégso)+0-0193'ex1’(W) (Eq
dparaxs; q _ baraxsz qe0—PArdxsz a
dt TXs2_a (Eq.
0.6
parag , =1+ 14 (E
0.000038 !
I+ Ty
[Ca™],
p(O) Ks_a — para‘xslfa : para‘xszfa : paraRsta (E
g.
Istxfa = stfa . Pstx GHKX : p(O)sta (E
q.
a=(blk, iz), X=(K, Na)
st_iz =01 st_bIk =09
Converting factors
PKS_K =0.002782, PKs_Na =0.04- PKS_K
ls = (IKs_K_iz + IKs_Na_iz) + (IKs_K_bIk + IKs_Na_bIk) E
q.

Transient outward K+ current (Ikto)

The gating kinetics of the ORd model was used after adjusting Gqo.
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1
a

0 = —(Vm-14.34
1+exl’( ( T4.82 ))
_ 1.0515
Ta - 1 R 3.5
_ _ T Vm+100
1.2089-(1+exp(%)) 1+€Xp( D38 )
da _ aw—a
dat Tq
P = 1
0 T T Vi;m+43.94))
1+exP( 5.711 )
1
Ti fast = 4.562 + —
f 0.3933-exp(%)+0.08004-exp(v71’;+520))
1
T; =23.62+ —
Lslow 0.001416-exp(~LIEO5D)). 14 7808.10-8-exp(TELL)
59.05 8.079

1
Vm—213.6)
151.2

Ai,fast =

1+exp(
Ai,slow =1- Ai,fast

difast _ ioo_ifast

dat Ti,fast
dislow _ ioo - islow
dt Tislow

= Ai,fast ' ifast+Ai,slow “Lsiow
P(O)kro = a-i
IKto = GKto ’ p(O) Kto ’ (Vm - EK)

Gy =0.0312

Time-independent currents

All these currents are from Takeuchi et al. (32) as described in Asakura et al. (13).

Voltage-dependent potassium current (plateau current) (Ikpi)

P(Ogp1 = #’(_v_m)

13.0

0.16
ey

It = Pept " Zipr - P(O) i - GHK¢
Py, =0.0000172

Background calcium current (I¢ap)
ICab_a = PCab_a ’ 1:Cab_a 'GHKCa ;s a = (blk’ IZ)

Peay  =0.00006822
Fraction of Icap
fCab_iz =01 fCabibIk =09
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(Eq.
(Eq.
(Eq.
(Eq.
(Eq.
(Eq.
(Eq.
(Eq.
(Eq.
(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
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370)
S71)
S72)

S73)
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leab = lcab iz + Tcan bik

Background non-selective cation current (Ipnsc)

Iszc_x = IDszc_x -GHK, , X = (K, Na)

Posc_k =0.00014, B \, =0.00035

Tonse = onsc_k + lonsc. na

Calcium-activated background cation current (Iica))

1.0

p(0), = T ooolz)
1.0+ 0'02

[Ca™],
II(Ca)_X_a = PI(Ca)_X : fI(Ca)_a 'GHKx : p(o)a X = (Na, K)’
P ca v =0.00273
PI(Ca)_K = PI(Ca)_Na
Fraction of Ijca)
fI(Ca)_iz =0.1, fI(Ca)_bIk =09
licay = Niccay_na_iz T iccay k iz T Niccay_na_bi + Nicca)_k_bik

ATP-sensitive potassium current (Ixarp)

0.8

T Taap] N2
1.0+[[ATP]WJ
0.1

Xrare = 0.0236- ([K + ]O )0.24

p(0) KATP =

I kare = Grare '(Vm —-E« ) P(O)ware * Xare

Gyurp =17.674

Na*/K* pump current (Inax)

a = (blk, iz)

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

S84)

385)

S86)

387)

S88)

S89)

$90)

391)

$92)

As described in PBMB, the Na*/K* pump model developed by Oka et al. (33) on the framework of

Smith and Crampin (34) was used after adjusting

—  [Na‘l
Kd,Na\i
Na_ - Na'l,

0
Kd,Nao

K =KL
Kd,Ki

AmpNaK.

15

(Eq. S93)

(Eq.

(Eq.

(Eq.
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[MgATP],,

MATP=
d,MgATP
Ay FV
Kd,Nao = KdO,Nao'exp$
Anai - FV,,
Ko nai = Kt(i),Nai -EXp 7NaRT
A -FV
K — KO .e Ko m
d,Ko d,Ko Xp RT
Ao FV
K., =K% .exp=Ki_ " "m
d,Ki d,Ki Xp RT
Ko nai =55 K yae =268, K, =188, KS . =0.8, K, oo = 0.6

Ay, =—014, Ay,
. k' Na,
o =——— —
(L+Na)*+(@1+K;)* -1

Lt
a, =k;

=044, A, =014, A, =023

. KK,
a; = Na \3 T \2
(I+Na,)" +(1+K,)" -1
. k;MgATP
oy = ————
1+ MgATP
o = kl’[MgADF’]Cyt

_ k; Na,
% = Na \3 W \2
(I+Na,))’ +(1+K,) -1
- _ k[Pil[H"]
° 1+MgATP
: kK,

a, = — —
Y @+Na)+(1+K)2-1

k; =0.72, k[ =0.08, k; =0.08, k; =0.008, k: —4, k; =8000, k; =03, k; =0.2

&,
dt
0P, .o

dt

_ + - + -
=-0, P+a, B+t R -0 P

+ - + -
0y By ytag Py sta, P—a, Ry g,

V, =0‘1+'p1_6_0‘1'|:)7

stepl

Vv

== + . —_— N .
step2 — %o P-a Ps_13

V.

el + . —_— N .
step3 — X3 F?3_13. a3 P14_15
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(Eq. S98)

(Eq. S99)
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(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
(Eq.
(Eq.

(Eq.
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Vv

= + . —_— - .
steps — A4 P14_15 a, Pl_6

V,

\ step2

cyc_NaK =

INaK = AmpNaK “Voye_Nak

Amp, .« =25.178

INaK_Na = StOINaK_Na 3 NaK StOINaK_Na =3, INaK_K = StOINaK_K : INaK

Stoi, « =2

Na*/Ca?* exchange current (Incx)

(Eq.
(Eq.

(Eq.

(Eq.

(Eq.

The NCX model developed by Takeuchi et al. (32) was used after adjusting the amplitude factor

Amchx.

a = (blk, iz)

&0 = 8 (END) - (feuna o 1 o0+ (1= Teaine o) @1_otr)
Bra=Teanaa Bront 0 Teanaa) Bion

@ o= fcainaa @ on+ 1= Toana o) @_ot

Bo o= Teanaa Poont 0 Teanaa) Bo_on

@ 5y =0002, @ o, =0.0015, f, ,,=0.0012, £, ,, =0.0000005
&y 4y =0.00006, @, , =0.02, £, ,,=0.18 A, . =0.0002

g = kz 'Q(EzNa) + k4 -q(EZCB.)

ﬂE_a = kl : qa(ElNa) + ks : qa(Elca)

0.32-F-V,

klzexf)( R.T

)
(0.32-1)-F-V,

RT

kz :eXp(

k,=1.0, k, =1.0

[Ca*],
fCalinaLa = 2+
[Ca™], +K

m,act

K = 0.004
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(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
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dp(E1)ch7a

dt
dP(1)nex_a
%CX_ =P(E)nex a0 a =P ) nex o *Bia
dp(15)nex
% =P(EDnex 2 % 2 =PU)nex 2 Ba s

p(Ez)ch_a =1- p(El)NCX_a - p(ll)NCX_a - p(lz)ch_a
1.0
1 0+( Kn Na'] (1 0. €87, J
[N ] m Cai
1.0

0. (ECa) =
(1_0+ KM [Na] ]
[ca* 1,

qa(E1Na)=

m Nai

[1_0{ Km,NaOJ Nlm [cazqu
[Na+]o Km,Cao

1.0
(1.0+ Kacas J_{LOJ{[NW]OJ J
[Ca +]o Km,Nao

=875, K

q(E,Na) =

q(E,Ca) =

=20.74854, K =138, K, ., =0.0184

m Nao m,Nai m,Cao m,Cai

chchCXfa = k1 'qa(ElNa) : p(El)NCle - kz 'qa(EzNa) : p(Ez)chfa
INCX_a = fNCX_a : Amchx “Veye NCX_a

AmMp,, =30.53

nex = Tnex iz + Tnex_bik

fNCX_iz =01, fNCX_bIk =09

INCX_Na_a =3: INCX_a

INCX_Ca_a =-2- INCX_a
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= p(Ez)ch_a "Og + p(ll)NCX_a 'Bl_a +p(|2)NCX_a 'Bz_a _p(El)NCX_a '(BE_a +04y x +a2_x)

(Eq. S130)

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
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Plasma membrane CaZ+-ATPase current (Ipmca)
The model equation used in Grandi ef al. (35) was used for spaces iz and blk after adjusting the

amplitude factor Amppmca and K.

Ca*'] )1'6
I =f -Am : ([ .
PMCA_a — 'PMCA_a Pemca (Km )1_6 N ([Ca2+ 1. )L.B (Eq. S143)

a=(blk, iz)
fomea_iz =015 Toyca_oi =095 Amppyc, =019, Km=0.0005

IPMCA = IPMCA_iz + IPMCA_bIk (Eq. S144)
q.

CaRU

LCC
The tightly coupled LCC-RyR kinetic model developed by Hinch et al. (36) was used after

modifications. The new LCC model is described in the section L-type Ca*" current.

RyR channel

The state transition of a RyR is defined by the two—state transition with the activation rate, kco and
deactivation rate koc.

0.4
kco=Q ——7—
Quo 0.025 27 (Eq. S145)

1+ (——
( [Ca z ] nd
The [Ca®*],q for the activation is,
[Ca?"] .4 = Caro for LCC-dependent activation of a RyR
[Ca?"] . = Caqo for spontaneous activation of a RyR

koc=Qy,-0.5664
(Eq. S146)

ft kCO

- kco + koc (Eq. Sl47)

The state transition of couplon at the regenerative step is also described by the two-state transition
scheme.
kI’CD )
Closed Open
(—

k

The activation rate ki, and the deactivation rate k. are,
krco = fn : ft : kco : (SI0C0+ [Ca2+]SRrI)
(Eq. S148)
f»=17, sloc0=0.1
[Ca?"],s = Carr for LCC-dependent activation,
[Ca**],a = Cagr for RyR-dependent spontaneous activation,
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K k

roc

Koo+ T, -

(Npg-1)-074)
= koc' pC™ ™" pC = =

rco

k

n

(Eq. S149)

The f; in Eq. S149 is calculated using Cago. Nryr is the number of RyRs in a couplon and assumed to

be 10.

The [Ca?*],4 (indicated in Fig. 1) is defined as Cago, Cagr, Caro or Carr.

LCC closed; RyR closed:
Ca,, =[Ca*']

jnc

LCC closed; RyR open:

2+
CaOR — Ca‘OO + ]f-I:_ Eca ]SRrI
R

f, =031

LCC open; RyR closed:

oV e .
Cay, + f, ‘W'[Caz I

Ca, =
N
L+ f 'm)

f, =0.014

LCC open; RyR open:
oV e

1_ e—()V

Caoo + fR '[Cah]sml + fL :
Ca, =

[Ca*],

Y

1+ fo + fL.W

s=2F
R-T
P(O) = p(O)+ P(O)ue

p(0),,., =0.000075
p(o) = Y000 + YCOO + YCCO + YOCO

J

Ca_rel —

Py =5967.67 (fL-ms™) (whole cell)

Sarcoplasmic reticulum CaZ* pump (SERCA) current (Jserca)

PRyR ' p(O)[ '([Ca2+]SRrI_[Ca2+]jnc)' SC_Ce"

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

(Eq.

S150)

S151)

S152)

S153)

S154)

S155)

3156)

S157)

The three-state model developed by Tran et al. (37) was used after several minor modifications as

described in Asakura et al. (2014) (13). The limiting amplitude of Jsgrca, ampSERCA, was
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modified.

ol = 25900-[MgATP|

2540
1+( Kgfai 1.7
[Ca™ Iy

Kacai = 0.0027 (mM)

a2 =

. 5.35
1+ ([CaZJr ]SRup )1.7
chasr

KdCasr = 1378 (mM)

a3

Bl= 0.1372
1+ ([Ca ]blk)1.7
KdCai
4o 25435-[MgADP],
1+( KdCasr 17
[Ca2+]SRup
B3 =149-[Pi]

v - 6.86-(al-a2-a3— p1- B2 53)
%7 02-03+ Bl-a3+ Bl f2+al- a3+ B2-al+ B2 f3+al- a2+ B3- fl+ B3 a2
ampSERCA -v

JSERCA = Tcyc . SC_CE"

ampSERCA = 106.4448 (mmol.ms™")

Rate of change in the membrane potential and ion

concentrations

Membrane potential

d;im = _(Itot_cell + Iapp)

| +1 +1

tot_cell = tot_Na tot_Ca tot_K

Itot_Ca = Itot_Ca_jnc + Itot_Ca_iz + Itot_Ca_bIk

tot_Ca_jnc — VcaL_ca_ R T ICaL_Ca_ LO
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I =] +1 +1 + 1

tot_Ca_iz CalL_Ca_iz PMCA_iz NCX_Ca_iz Cab_iz

(Eq. S170)

Lot ca b = lcar_ca bic + Tomea o + Inex_ca b T can_bik
(Eq. S171)

Itotha = (ICaLfNafjnc + ICaLfNafiz + ICaLfNabek)+ (I NCX_Na_iz + INCXfNabek)

+ (I Ks_Na_iz + IKs_Na_bIk )+ INaT_Na + INaL_Na + INaK_Na + IKto_Na + IbNSC_Na + (I LCCa_Na_iz + ILCCa_Na_bIk)

(Eq. snzj
Itot_K = (ICaL_K_jnc + I(:aL_K_iz + ICaL_K_bIk)+ INaT_K + INaL_K + IKl_K + IKr_K +(I Ks_K_iz + IKs_K_bIk

+ IKto_K + IKpI + INaK_K + IKATP_K_cyT + IbNSC_K + (I Lcca K iz T ILCCa_K_bIk)

(Eq. S173)
Ion concentrations
d [Caz+total:|jnc _ Lot ca ine Cmn Jca rel B Jea jnciz
dt V2 F Vo Vi (Eq. S174)
d[Caz+tota|L __lotcan G N Jea ooz Jca ik
dt V,-2-F V, V, (Eq. S175)
d[Caz+total:L|k _ Lot ca b Cnm _ Jca serca + Jeainik
dt Vo -2-F Voi Voi (Eq. S176)
d[ca2+]SRUp — ‘]SERCA _ ‘]trans_SR
] dt VSRup VSRup (Eq. S177)
d Caz+total]5Rr| _ Jtrans_SR_ ‘]reI_SR
) dt Ve Vs (Eq. S178)
d Na+] _ liot naCh
dt  V,,-F (Eq. S179)
d[K] (Lo +1agp)-Cn
dt vV, -F (Eq. S180)
Contraction

The original model of Negroni and Lascano (38) was used. The magnitude of Fb is given in a unit of
mN mm. The binding of Ca?" to a troponin system (TS) having 3 Ca?" binding sites (given in uM)
was included in the equation of determining the concentration of free Ca?* in the bulk compartment.
3.(TSCa, +TSCa, +TSCa,)

[Ca®*],x =[Cauu ], — (CaMCa+TnChCa+ SRCa +
1000 (Eq. S181)
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Supplemental Figures and Tables

Determination of the deactivation rate of a couplon
Determination of the closing rate (Eq. S149) of the Hinch-type couplon
model

The closing rate of a couplon may be different from that of single RyR. We addressed this question
by comparing the closing rate between a single RyR and a regenerative couplon by examining the
statistical distribution of open times, which is described by a monoexponential decay function of the
form:

t

f(t)=N, e - (Eq. S182)

where f(t) is the number of observed open events of life time t, Ne is the total number of open events,
and ris the inverse of the transition rate. The two-state transition schemes defined for both RyR and

couplon in the present study are,
—

C O forasingle RyR, and C O for a couplon.
<—

In the following analysis, 10 RyRs (Nryr = 10), which have no co-operativity, were assumed in a
single couplon. For simplicity, the couplon closed state was defined as the state when all RyRs were

closed, and the open state when one or more RyRs were open at any given time.

The effects of the multiple openings of RyRs within a couplon on the closing rate
Using the transition rates, Kciose and Kopen, in the LC model, we calculated the stochastic state

transitions of individual RyRs within the couplon and Fig. S3A shows a sample segment of
reconstructed time course of state transitions of RyRs. The couplon close times (tc) are indicated by
the thick black bars under the record, and thus the open time (to) is indicated by the interval between
two sequential black bars. The distribution of t, was analysed by constructing histograms of number
of observation in panel B. An attempt to fit a single exponential using single RyR Kinetics (ko) (EQ.
$183) to the histogram (red curve in panel B) was clearly unsatisfactory. The distribution of f(t;) of a

couplon showed a marked deviation from a single exponential at longer t, events.
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f(t,)=N,-e'=" (Eq. S183)

We assumed that this deviation resulted from multiple open events (MOESs) overlapping with single
level opening, which are shown by green bars (tm,i) in Fig. S3A. To test this view, we subtracted the

sum of ty,i from t, (Eq. S184) to define a corrected open time (t,”) as in Eq. S184.

b=t~ 2ty (Eq. S184)

The red line in Fig. S3B fitted well to the f(t,") (Eg. S185) in Fig. S3C, suggesting that MOEs are
indeed responsible for the deviation of the couplon open dwell time histograms in Fig. S3B from a

monoexponential function calculated using single RyR kinetics (koc) (Eq. S183).

o . —Koeto'!
f(t,)=N,-e (Eq. S185)

A pO of RyRs within a couplon

= R oW s oo

el | o [ENE I W 10 A
0 20 30

10 40 time (ms) 50

B No of events tc C No of events to'
8 ‘ 8

7 7 [
e R

5 | 5

405101520253035404550 405101520253035404550

Open dwell time (x binW ms) Open dwell time (x binW ms)

Fig. S3 Dwell time histograms for t, and t,” obtained from stochastic calculation of a couplon
consisting of RyRs (Nryr = 10) at [Ca]nds = 50uM. A: probability of open RyRs within a couplon.
Black, red and green colours indicate durations that none, one, or multiple RyRs are open at the
time. The closed, open, and multiple open time durations are indicated by t, to and tmi (i = 1~K),
respectively. B; dwell time histogram for t,, fitted with a monoexponential function with 7= 1/kec. C:

dwell time histogram for t,’, fitted with the same monoexponential function as in B. The large
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number of events at the last bin in the histogram are the sum of events observed at longer open dwell

time than the maximum value of 50 x 0.1 (binwidth) =5 ms.

Determination of closing rate of a couplon, S

According to the findings described above, the closing rate of a couplon () might be determined
from the closing rate koc of RyR, provided that the fraction to’/ to is predicted. Based on the fact that

all the remaining RyRs (Nryr - 1) are closed during to,” except the single open RyR, this probability

of simultaneous closure of (Ngryr - 1) RyRs will be approximated by pC(NRyR A

—1)- t N
to'z g(to) =t0 . pC(NRyR 1) or L ~ pC(NRyR 11

t (Eqg. S186)

where pC is the steady state closed probability of a single RyR (Eq. S187), and | is a correction

factor.

K
C=—2>— Eq. S187
p kco + koc ( ; )

Then, the distribution of couplon open times t, is given by,

(NRyR )

f(g(t,)) =N, e *etPC =N,-e”’" (Eq. S188)
and
B=k, - pCh= (Eq. S189)

Lastly, we fixed the correction factor, I, by performing stochastic simulations for various [Ca]nd.
We calculated the ensemble average of Ne = 5000 open events as shown by an example at 50 uM
[Ca]na in Fig. S4A, which was well fitted with a single exponential function (red curve) using the
least squares method. The closing rates of a couplon thus obtained at various [Ca]nq are plotted in
Fig. S4B for the LC model (red). The same analysis was also applied to our couplon model in

HuVEC model and results were plotted by black symbols. The two continuous curves, red and black
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superimposed on the data points, were drawn by Eg. S189 using a common | fixed at 0.74. We also

confirmed that Eq. S189 was applicable to couplons consisting of 1~20 RyRs.

In brief, we conclude that the closing rate defined by the two state transition model of a couplon is
different from that of single RyR kinetics because of overlaps of MOEs during the ‘open time of a

couplon’.

B couplon Closing rate (/ms ) Ne = 10

32
3 N

28 \.\

26

24 N

22 *

2 ~C

18 \

16" Lo .-

14 .

12 \.\

1 ™,

8 \.\ -

6

i .-

2 e .

05 152 25 3 a5 4 45 5 1
time (ms) 107X uM [Ca]

Fig. S4 Determination of the closing rate £ for the two-state couplon model.

A: Ensemble mean of couplon open times. The ensemble mean of open times (t,) was constructed by
cumulating individual open events during the course of stochastic computation of 10 RyRs within a
couplon until 5000 events were accumulated (Green area) by applying 50 uM [Ca]nq to the LC
model. The red exponential curve was fitted by the least squares method. The blue exponential curve
was drawn using the ko of single RyR for comparison. B: Red circles illustrate data points of g
obtained by applying the least squares method to the ensemble mean at various [Ca]nq indicated on
the abscissa of logarithmic scale. The continuous curve was drawn by the empirical formula of Eq.
$189 with | = 0.74. Red symbols are derived from the couplon of LC model, and black symbols are
from that of HUVEC model.

Comparison of activation and deactivation rates of a RyR or couplon among different
models

In the SJ, LC, SM(toy) and our HuVEC models, the gating of a single RyR is described using the two-
state kinetic scheme, and the rate constants are based on the single channel recordings in the planar
lipid bilayer method. The activation rates are all dependent on [Ca®"] with a cooperativity factor (n)
of 2 ~ 4. In our model, the activation rate of a single RyR (red line) was determined by adjusting the

rate used in SM model (blue line).
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Table S6 Comparisons among mathematical descriptions of the couplon activation

Spark CICR model

Whole cell CICR model

SJ model SM ‘toy’ model HuUVEC model Hinch model
Activation rate K, - CFopen k., (EG.9) k,
1+ (K k,-Ca®-(sloc0+Ca) | k= (1, k) T,-(sloc0+Cagey) | 14 ( K 2
Ca 1 Calo/00
i nupen kco (CaLR/UR) = 17}(27
“ganD 0 *(a,)
__ Ko (Cargie0)
' Keo(Caioin0) T
Deactivation rate K. CF e ke k, - pC Mo ! ke
Reference local d[Ca]Ss [Ca]dc [Ca]nd = fHuVEC (‘J Lcc! J RyR [Ca]ds
Caz* for RyR or dt = fSMtoy(JRyR) [Ca]jnc![ca]Ser v[Ca]u) = innch(‘JLCC’[Ca]i)
couplon activation | =Jiee+Jrr +Jo (Eq. 2)
next compartment blk n.c jnc blk

ko, ke; opening and closing rate constants of a RyR, CFqpen and CFiose; cooperative factor for open and close

rate, i; single RyR channel current, (slocO+Cag); the SR Ca*'-content factor, pC; probability of closed state,

Nryr; number of RyRs within a couplon, /; correcting factor, ss; subspace, dc; dyadic cleft, ds; dyadic space,

K; a half saturation [Ca?'], Js Ca?" flux via X per unit volume and n.c.; not concerned. No empirical

equations are given in LC model.

A, kco B, koc

1 1=~
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Fig. S5. Kinetics of RyRs

Relationships between [Ca*'] and open
(Fig. S5A) and close rates (Fig. S5B), in
five model studies are shown in each panel
respectively. Black: LC model, Blue: SM
model, Lime: Hinch model, Chocolate: SJ
model, Red: HuVEC model. A [Ca**]sra

of 500 uM was used to calculate rate of

activation if necessary.




Red, open state, blue, closed state
1

Fig. S6. Stochastic simulation of
20,000 couplons activity and its life
time histogram (Ca00=0.2uM,

SRCa=0.6mM, CaOR=0.15mM). Top)

360 life time histogram 380 life time histogram
0—C = ¢—0 red vertical lines show 203 open
events of 20,000 couplons occurred in

1000 ms. Bottom: open and close life
time histogram obtained after 20,000
sweeps of stochastic simulations

including 196 open events show
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smoothed time courses of the
activation and inactivation of
couplons.

Implementation of ‘blink space (bs)’ in HuVEC model

In order to examine the involvement of ‘blinks’ in determining the time course of CICR
extinction, we newly assume a ‘blink space’ (bs) under the junctional SR membrane supporting the
couplon as schematically shown in Fig. S7. The parameters in this figure are denoted in analogy to

the HuVEC (Hinch) dyadic space model.

Fig. S7. Schematic representation of the dyadic model. Jr; Ca>* permeability of single couplon
(um3/ms), gDys; Ca?" flux rate from SRrl to bs (um?/ms), gDng; Ca?" flux rate from nd to jnc (um3/ms),

Caps; Ca?" concentration in bs (mM), Casry; Ca?* concentration in SRyl (mM).

According to the simultaneous recording of both sparks and blinks (39-41) the time course of a blink
is nearly a mirror image of a spark, indicating that the depletion and the replenishment of Ca?" in bs
is quite rapid. Since each pair of spark-blink of a similar time course is evoked by the same Ca®* flux
via a couplon, the balance between the Volys and gDy should be comparable to that between Volng
and gDna. If so, [Ca®"]ss (Caps) might be given as an instantaneous function of Jr and gDy in analogy

to [Ca®*]qs in the Hinch formalism. The rate of change in Caus is,
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dCa,, _—Jp-(Ca, —Cay)+ 9D, - (Cage, —Cay,)
dt Vol

If a rapid equilibrium of Ca?" diffusion is assumed within the blink space in Eq. S190, namely, dCaps/dt

=0

(Eq. S190)

‘]R ) (Cabs _Cand) = ngs ’ (CaSRrI _Cabs) : (Eq. S191)
Eq. S191 is comparable to the original Hinch algorithm for the instantaneous balance of Ca®* fluxes
at nd.

Jr-(Cay, —Cayy) = gD, - (Cayy —Cay,) (Eq. 5192)

From Egs. S191 & S192, Cays and Cang is given as an instantaneous function of Cag and Casgyi. For
example, when a couplon is open and LCC is closed, Caps and Cang are determined by Eqgs. S193 &

S194.

C:aOO + CaSRrI

Cay,, = Lt flR ];bs (Eq. S193)
L+ =)
fo 1+ fg
and
Ca,, + f; -Ca
Ca,, =Cay, = °°1+ :f = (Eq. S194)
R
where
Ji
fs = 9D (Eq. S195)
nd
and
Jg
fbs = gT . (Eq 8196)
bs
When the couplon is closed,
Ca,, =Cagy, . (Eq. S197)

Namely, Caps switches between these two concentrations according to the open-close transitions of

the couplon. This instantaneous relationship of Caps can be readily applied to the compound state

transition model of CaRU (36). When gD, =0, then Ca,, = Cagg, and Ca,; =Cay as in the

original HUIVEC model, and when gD, =0, then Ca,, =Ca,, =Ca,,.

29



Using the dyadic model newly developed as above, the relationship between the degree of local SR
depletion and the activation and deactivation of a couplon, (ko and kroc), was determined by varying

the ratio of gDus and gDnd (rbs = gDps / gDna) at various levels of Casrq (Fig. S8).

1.7 05
2 e 04
g \ krco
‘2 188 Kkroc . 03
2
S 167 .02
o
3
© 1.66 01
165 2 -1 0 1 2 3 2 ] 0 1 2
Log(gDbs / gDnd?} Log(gDbs / gDnd)

Fig. S8. Rate constants calculated using the dyadic model at various rys (Ca00=2 uM,
[Ca2*]sgpn=0.1~5 mM). [Ca*Jsrx Was changed to various levels from 0.1 to 5 mM in increments of
0.2 mM. Kroc and kreo was colored in a gradient manner according to [Ca?"]srr (blue at [Ca2*]sgn =

0.1mM and red at [CaZ*]sgr= 5 mM).

Considering [Ca?"Jsrn = ~0.6 mM at resting condition, it may be concluded that a single couplon
could exhibit a train of open events at higher [Ca?*]srs1, which would be achieved by increasing Ca?*

flux rate from SRl to bs (gDus) or SR Ca?* loading by, for example, pharmacological treatment.

Frequency-dependency of HuVEC model

For validation of HuVEC model, the frequency-dependencies of [Na ey, APDg, [Ca**]sra and the
peak amplitude of Ca?" transient were examined (Fig. S9). At every stimulus frequency, all these
measurements reached stable values, and responses were completely reversible after returning to the
control frequency. The APDgy smoothly decreased with increasing stimulation rate as reported in both
experimental and simulation studies (21, 24, 42-44). This decrease of APDgg was largely due to the
increase in outward Inak amplitude induced by the accumulation of [Na*]y with increasing frequency of
AP generation. The decrease in [Ca®"Jsrn at the lower stimulus frequency was due to the Ca*" leak from
SR via basal openings of RyRs during diastole, while the decrease with increasing frequency above 1 Hz
was due to incomplete replenishment of SR with Ca?" during the shortened diastolic duration.
Nevertheless, the peak of [Ca?'], transient was increased with increasing frequency. This is because the
diastolic level of [Ca®>"],x was elevated, for example from the control 0.064 uM to 0.16 pM at 2.5 Hz.
The shortening of APD was well correlated with the increase in Inyk with increasing [Na™]cy. These
findings are in line with the GPB and ORd models.
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Fig. S9. Frequency-dependency of the HUVEC model
A: [Na']e, B: APDgg, C: [Ca**]sra, D: peak [Ca®*]oi magnitude of isotonic F, at 6 mN/mm?. The ion

concentrations were measured at the end of diastole.
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Initial set of time-dependent variables of HUVEC model at a

standard CL of 1000 ms

Vm =-91.4466885079348

TnChCa = 0.110742559707052
CaMCa = 0.000228581865602447
bufferSRCa = 0.00172960014640511
Lb_jnc=0.0218215322629436

Lb_iz = 0.0075621764602356
Hb_jnc =0.185094540066232

Hb_iz = 0.0769149150028914

Nai = 6.66894310282034
Ki=139.238265011042
Catot_jnc=0.207176351449979
Catot_iz = 0.084640522722006
Catot_blk =0.11279654524634
Ca_SRup =0.761077662687456
Catot_SRrl=2.21876221622152

0_TM =0.000000706725155695262
[2_-TM = 0.0117704053067285
Is_TM = 0.304002781414015

0_LSM = 0.00000295214591324261
[1_LSM = 0.00254273877063925
[2_LSM =0.0118261382165599
Is_LSM = 0.303220346353844

Yco_iz=0.992251726297519

Yoc_iz =0.000000024556270151713
Yoo_iz = 0.00000314564543512061
Yco_blk = 0.992424981547859

Yoc_blk = 0.0000000240070147854924
Yoo_blk = 0.00000314619469048683

Yooo =0.00000172489315884865
Yooc =0.00000142034754677507
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Ycoo =0.0000138422676498755

Ycoc =0.992110534408681

Ycco =0.0000000953816272498217
Yoco =0.00000000000156949238162028
Yocc =0.0000000249594301562175

paraxrF = 0.00000486210633393005
paraxrS = 0.437041249050081

paraxsl1_iz = 0.277482694590328
paraxs2_iz = 0.000131110342877451
paraxs1_blk = 0.277482694590328
paraxs2_blk = 0.000131110342877451

a_IKto = 0.000793627635934239
y1_IKto =0.999756080468878
y2_IKto = 0.575995954010486

Pbspm = 0.594875991179992

E1NCX_iz = 0.238718640001014
[1INCX_ iz = 0.13771129457898
[2NCX_iz = 0.622892868847556
EINCX blk=0.111872123711613
[1INCX_blk = 0.203023555446362
[2NCX_blk = 0.684869019924837

P1_6_NaK=0.435289193632868
P7_NaK=0.0831770174499825
P8_13_NaK=0.281082409575779

halfSL = 1.09840500012898
Fb=10.0502092089156129

Fp =4.94926096641491

TSCa3 =0.00899891910620064
TSCa3W =0.000369547640656701
TSCa3S =0.000153834503967436
TSS=0.000876347322180234
TSW =0.000492054058977473
hw =0.000100147615113241

hp = 0.00600014761511324
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ATPt cyt=6.67701543987464
ADPt_cyt=0.0227671477707
Pi_cyt=0.381130087573153
PCr_cyt=13.9261301893242
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