MODEL PARAMETERS

Cell compartments

C = 32 pF: Cell electric capacitance
Leenn = 70 um: Cell length
Ls,» = 0.02 um: Distance between jSR and surface membrane (submembrane space)

R ei; = 4 um: Cell radius

V; = 0.46: Part of cell volume occupied with myoplasm

part
Visrpare = 0.0012: Part of cell volume occupied by junctional SR
Viiskpar, = 0.0116: Part of cell volume occupied by network SR

Veew =m- Rceuz * Leey: Cell volume

L
Veup =2 T+ Lgyp - (Rce” — %”) - Leey;: Submembrane space volume

Vi = Vipare * Veeu = Vsup: Myoplasmic volume
Visk = Visryare * Veerl’ Volume of junctional SR (Ca2+ release store)

Visr = Vnsryqpe * Veell® Volume of network SR (Ca2+ uptake store)

Fixed ion concentrations, mM

Cao = 2: Extracellular Ca®* concentration
Ki = 140: Intracellular K* concentration
Ko = 5.4: Extracellular K* concentration
Nao = 140: Extracellular Na* concentration

Mgi = 2.5: Intracellular Mg®* concentration.

Variable ion concentrations

Cai: Intracellular Ca®* concentration
Cajs,: Ca** concentration in the junctional SR

Ca,,: Ca** concentration in the network SR



Cag,p: Subspace Ca®* concentration

Nai: Intracellular Na* concentration.

lonic values

F = 96485 C/M: Faraday constant

R = 8.314 J/(kM-K): Universal gas constant
T = 310 K: Absolute temperature for 37°C

RTONF is “R-T/F” factor = 26.72655 mV
Eng = RTONF - In % Equilibrium potential for Na*

Ex = RTONF - ln%: Equilibrium potential for K*

ao

Ecq = 0.5 - RTONF - In——-: Equilibrium potential for Ca**

C
Casup

Sarcolemmal lon currents and their conductances

I: Hyperpolarization-activated current (g¢, , = 0.03 uS, gf, = 0.03 pS)
Icqu: L-type Ca?* current (Pgy, = 0.2 nA/mM)

Icqr: T-type Ca** current (Pe,r = 0.02 nA/mM)

I,: Delayed rectifier K™ current rapid component (gg, = 0.0021637 uS)
I Delayed rectifier K* current slow component (gxs = 0.0016576 pS)
Ixach: Ach-activated K* current (gxacn, = 0.00864 uS)

I, Transient outward K* current (g;, = 0.002 pS)

Iyg: Na' current (gyg = 0.0125 uS)

Inax: Na'/K" pump current (Iyq, . = 0.063 nA)

Inaca: Na*/Ca?* exchanger current (Kygcq = 4 NA)

Modulation of sarcolemmal ion currents by ions

Kmgc, = 0.00035 mM: Dissociation constant of Ca®* -dependent Ica inactivation



Kmy,, = 1.4 mM: Half-maximal Ko for Inak
Kmyq, = 14 mM: Half-maximal Nai for Inak

Apcq = 0.01 ms™: Ca*" dissociation rate constant for IcaL

Na'/Ca®" exchanger (NaCa) function, mM

K1ni = 395.3: intracellular Na* binding to first site on NaCa
K1no = 1628: extracellular Na* binding to first site on NaCa
K2ni = 2.289: intracellular Na* binding to second site on NaCa
K2no = 561.4: extracellular Na" binding to second site on NaCa
K3ni = 26.44: intracellular Na* binding to third site on NaCa
K3no = 4.663: extracellular Na™ binding to third site on NaCa
Kci = 0.0207: intracellular Ca®* binding to NaCa transporter
Kcni = 26.44: intracellular Na*and Ca®* simultaneous binding to NaCa
Kco = 3.663: extracellular Ca?* binding to NaCa transporter

Qci = 0.1369: intracellular Ca** occlusion reaction of NaCa

Qco = 0: extracellular Ca** occlusion reaction of NaCA

Qn = 0.4315: Na* occlusion reactions of NaCa

ca’* diffusion
Taif,, = 0.00004 s: Time constant of Ca®* diffusion from the submembrane to myoplasm

7., = 0.04 s: Time constant for Ca?* transfer from the network to junctional SR

SR Ca’* ATPase function

Ky, = 0.0006 mM: Half-maximal Ca; for Ca”" uptake in the network SR

P,, = 12 mM/s: Rate constant for Ca’®" uptake by the Ca** pump in the network SR



RYR function

kiCa = 500 mM™* s
kim=5s"

koCa = 10000 mM?-s™
kom =60s"

ks = 250000000 s™

HSR = 2.5
MaxSR = 15
MinSR =1

Ca" and Mg?" buffering

CM,,; = 0.045 mM: Total calmodulin concentration

CQ:o: = 10 mM: Total calsequestrin concentration

TC,,; = 0.031 mM: Total concentration of the troponin-Ca** site
TMC,,, = 0.062 mM: Total concentration of the troponin-Mg?" site
kbey = 542 s Ca?* dissociation constant for calmodulin

kbcy = 445s™ Ca®* dissociation constant for calsequestrin

kbre = 446 s Ca** dissociation constant for the troponin-Ca®* site
kbrye = 7.51 s Ca?* dissociation constant for the troponin-Mg?” site
kb = 751 s Mg?®* dissociation constant for the troponin-Mg** site
kfy = 227700 s: Ca?* association constant for calmodulin

kfco = 534s™ Ca®* association constant for calsequestrin

kfre = 88.8 s Ca’" association constant for troponin

kfrme = 227700 s Ca?*association constant for the troponin-Mg?" site

kfrum = 2277 s Mg?* association constant for the troponin-Mg?* site



EQUATIONS

Membrane potential

dV _ _ItOt
dtime  C

Lot = Ir + gy + Igs + Ito + Inak + Inaca + Ina T Lcar + Icar + Ikach

lon currents
X Steady-state curve for a gating variable x
7. Time constant for a gating variable x

a, and B,: Opening and closing rates for channel gating

Hyperpolarization-activated, “funny” current (Ir)

Iy = (Itna + Ik)

y?-Ko

Iryg = ——- -(V—E
fNa K0+Kmf nga ( Na)

y?-Ko

Ly =—+—- -(V—E
K Ko + Kmg Iric " ( x)

Kmf =45 mM

1

Yoo = V+525
14+e 9

~ 0.7
Ty = —(V+5) v
0.0708 - e 2028 + 10.6-e18

dy Yoy
dtime Ty

L-type Ca®* current (lcaL)

lcar = (IsiCa + I + IsiNa)

2 Peq -V =2V
| Cagyp — Cao - eRTONF

Lsica = -2V
RTONF - (1 _ e—RTONF)

)-dL-fL-fCa



0.000365 - Pgqp -V ) -1V
-|Ki— Ko - eRTONF) -dL-fL-fCa

siKk = -V
RTONF - (1 — eRTONF)

0.0000185 - Pegy - V

-V
| Nai — Nao - eRTONF) ~dL-fL-fCa

siNa =

-V
RTONF - (1 - eRTONF>

_ 1
Lo = —(V+20.3)
14+e 42
—0.02839 - (V +41.8) 0.0849 - (V + 6.8)
Qar = —(V+41.8) - —(V+6.8)
e 25 -1 e 48 —1

_0.01143 - (V + 1.8)

dL — V+1.8
e 25 —1

0.001
TaL =

ar, + Bar

ddL  dLe —dL

dtime 14
1
flo = V+374
14+e 53

_(V+36)2
Tp, = 0.001-(44.3 +230-e \ 10

dfL  fle—fL

dtime s

Kmea

fCap = —"—"7—
Kmea + Cagyp

0.001 - fCao,
Tfca = —
afCa

dfCa  fCae, —fCa
dtime Tfca

T-type Ca?* current (Icar)

-2V

2 Pear-V
car Cagyp — Cao - eRTONF) -dT - fT

lear = 2V ) ' (

RTONF - (1 — eRTONF

1

—(V+38.3)
1+e 55

dT, =



0.001

Tar = V+383 —(V+38.3)
1.068-e 30 +1.068-e 30
ddT _ dT, —dT
dtime T4
1
fTeo = V+58.7
1+e 38
_ 1
ir = —(V+75) V+75
16.67 -e 833 + 16.67 -e15.38
dfT T — fT
dtime Tfr

Rapidly activating delayed rectifier K* current (lkr)

Ixr = ggr - (V — Eg) - (0.9 - paF + 0.1 - pa$) - pi

_ 1
ple = —(V+14.8)
1+e 85
1
Tpar = Vv v
30-e10 4+ e12
dpaF  pas —paF
dtime TpaF
0.84655
7'—paS = 14 -V

4.2 -e17 + 0.15 - e216

dpaS  pas, —pas

dtime Tpas
) 1
Pl = V+2856
1+e 171
1
Tpi = v v

100 - €54.645 + 656 - €106.157

dpi  pie, —pi
dtime

Tpi

Slowly activating delayed rectifier K* current (Iks)

Ixs = ggs - (V — Eg) -n?



—(V—40)
_ 1+e 9
fleo = 14 L v
—w-apy Tt 1€
1+e 9
1
Ty, =
28 -(v-5)
—w-ao) T € ?°
1+e 3
dn N —N
dtime 1,

Ach-activated K* current (Ikach)
V+20
I _{gKACh-(V—EK)-(1+e 20 )-a,ifACh>0
KACh —
0, otherwise
aa + Ba

3.5988 — 0.0256

®a = —5.0000012155 T 2026

1+ (1-ACh)1691

Ao

ﬁa =10- e0.0l33’(V+4-0)

1
T, =
¢ ag+ha
da e — a
dtime 1,

Transient outward K* current (lto)

lto =Gto" (V—Eg)-q-1

1
oo = V+49
1+e 13
65.17
T =0.001-0.6- (0.57 . @—0.08:(V+44) 4 0.065 - 0-1'(V+45.93) + 10'1)
dg  _deo—q
dtime Tq
_ 1
Too = —(V-19.3)

1+e 15



15.59
7 =0.001-0.66-1.4- (1_037 . £0.09-(V+3061) 1 (0369 . ¢-0.12(V+23.84) + 298)
dr T T
dtime 1,

Na" current (Ina)

INa:gNa'm3'h'(V_Emh)

Nao + 0.12 - Ko
Nai + 0.12 - Ki

Epn = RTONF - In

EO0,, =V + 41
S =1-10">mV

dm

= . 1 —_ — .
dtime oM (A =m) = fm -m

2000, if|EO0,,| < &,
@y, =1 200-E0,,

————, otherwise
1 — = 01E0y’

ﬁm = 8000 - e—0.056'(V+66)

L S S A
dtime %h h
a, = 20 - e—0.125-(V+75)
2,000
Bn

T 320-e 0179 11

Na'-K* pump current (Inax)

1 _, . (Kpr)l.Z -1
Nak = INaKqx Ko

-1

Km 13 —(V—Eng+110)\ 1
.<1+(_wa) ) (14
Nai

Na*-Ca?* exchanger current (Inaca)

o Kyaca® (2 k21~ x1-K12)
NaCa = x1+x2 4 x3 + x4

x1 = k41 - k34 - (k23 + k21) + k21 - k32 - (k43 + k41)

x2 = k32 - k43 - (k14 + k12) + k41 - k12 - (k34 + k32)



x3 = k14 - k43 - (k23 + k21) + k12 - k23 - (k43 + k41)

x4 = k23 - k34 - (k14 + k12) + k14 - k21 - (k34 + k32)

a3 = Nai
~ K3ni + Nai
%.e—g%fv'?
k12 = -8t
di
_Nai Nai on-v
Kini ) Nai\ o
T Koni ( K3ni) ez RTONF
k14 = .
di
-Qn-V

k41 = eZ-RTONF

. Cagyp —Qciv. Nai Nai Nai Nai
di=1+—- <1+eRTONF+ )+ A1+ .<1+ )

Kci

Kceni K1ni K2ni K3ni
134 = Nao
" K3no + Nao
Qco-V
IC;L eRTCgNF
k21 = 2£0
do
M -Nao N Qn-v
Kino ) ao \ setor
K2no ( +K3no) e2RTONF
k23
do
Qn-v

k32 = e2RTONF

do =1+ Cao (1 N RQTCgI-VI;) 4 Nao 14 Nao (1 4 Nao>
°= Kco € K1lno K?2no K3no

Ca’* release flux (Jrel) from SR via RyRs

Jret =ks-0- (Cajsr - Casub)

MaxSR — MinSR

1+ (ECSOSR)HSR
Cajsr

kCaSR = MaxSR —

koCa

koSRCa = CaSR

kiSRCa = kiCa - kCaSR

dR
dtime

= kim - Rl — kiSRCa - Cagyy, * R — (koSRCa - Cagyp? - R — kom - 0)



do
— = koSRCa - Cagyp? - R — kom - 0 — (kiSRCa - Cagyy, - O — kim - I)

dtime

Ttime — KiSRCa - Casyp - 0 — kim - I — (kom - I — koSRCa - Cagy,” - RI)
dRI ) ' '

diime kom -1 — koSRCa - Cagyp” - RI — (kim - RI — kiSRCa - Cagyp, - R)

Intracellular Ca®* fluxes

Jaifr - Ca®* diffusion flux from submembrane space to myoplasm

Jer: Ca®* transfer flux from the network to junctional SR

Jup:  Ca®" uptake by the SR

Cagyp — Cai
Jaiff =———
Ldifcq

_ Cansy — Cajsr
Jo=—""—"—

Ca’* buffering

feui ¢ Fractional occupancy of calmodulin by Ca®* in myoplasm
fems ¢ Fractional occupancy of calmodulin by Ca®* in subspace
feo: Fractional occupancy of calsequestrin by ca®

frc + Fractional occupancy of the troponin-Ca?" site by Ca®*
fruc: Fractional occupancy of the troponin-Mg?* site by Ca*

Fram: Fractional occupancy of the troponin-Mg** site by Mg?*

dfCMi

dtime 1M



dfCMs 5
dtime M
5fCMs = kfem - Casyp - (1 — fCMs) — kbcy - fCMs

dfco

dtime

5fCQ = kaQ : Cajsr -(1-fCQ)— kbCQ - fCQ

= &fcq

dfTc
dtime ~ IT¢
SfTC = kaC -Cai - (1 —fTC) - kaC . fTC

dfTMC
dtime ~ JTMC
8erme = kfrmc - Cai - (1 — (fFTMC + fTMM)) — kbryc - fTMC

dfTMM

dtime = JTMM

Sermm = kfrum - Mgi - (1 — (fTMC + fTMM)) — kbryy - fTMM

Dynamics of Ca®* concentrations in cell compartments

dCai ]diff Vsun _]up *Vasr dfBAPTA
dtime < v, - (CMtot “Orcmi + TCrot * Sprc + TMCior - 5fTMc) T T diime
dcasub _ Jret Vjsr _ (IsiCa + Icar — 2+ Inaca +] Y CMor - & ) _ deAPTAsub
dtime Veub 2-F Ve Caais tot " ©fCMs dtime
dCans, _ _]tr ) V}'sr
dtime PV,
dCajsr

dtime = Jtr — (]rel + CQtot * 6fCQ)

Dynamics of intracellular Na* concentration

dNai _ _INa + IfNa + Iging + 3- Inak + 3- INaca
dtime Vi +Vgup) - F




RATE MODULATION EXPERIMENTS

Cesium 5 mM

10.6015
Voltage-dependent reduction of the If conductance (gr,, and gr,): ———orv
226" 25
5

lvabradine 3 uM

Reduction of 66% of the I conductance (gf,, and gg,).

Acetylcholine 10 nM

If : shift of yw and z,by -5 mV;
Ica,L : reduction of the maximal conductance of 3%;

SRCa”" uptake: decrease of Py, by 7%.
Ikach activation

Isoprenaline 1uM

If : shift of yo and 7, by 7.5 mV;
INak: increase of Iyqg  of 20%;

Ica,L : increase of the maximal conductance of 23%, shift of dL. and 7,4, by -8 mV; reduction of
31% of the inverse of the slope factor of dLa;

Iks: increase of gk, 0f 20%,; shift of noo and 7, by -14 mV;
SRCa”* uptake: increase of Py, by 25%.

BAPTA 10 mM

faapra . cOncentration of BAPTA bound to Ca®*;

kbgapra = 119.38 s: Ca®* dissociation constant for BAPTA;
kfgapra = 940000 mMs™: Ca®* association constant for BAPTA;
BAPTA.=10 mM: total BAPTA concentration;

dfpapra
dtime

= kfpapra - Cai - (or Cagyp) - (BAPTA — fpapra) — kbpapra * feapra

Nai was held to 7.5 mM during the simulation of this experiment
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Figure S1. 1kg current. A: time constant of Ikg activation (t), our formulation (thick line) and that
from ML model (thin line); also shown are experimental data from Heath & Terrar (1996) on
guinea-pig ventricular cells (open circles). B: Simulation of AP-clamp, reproducing the results of
AP-clamp experiments of Lei et al. (2002) in C (redrawn with permission).
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Figure S2. Voltage-dependence of Na+/K+ pump current (Ingk). Our voltage-dependent
component of Inak (thick line) is compared with that in ML model (thin line).
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Figure S3. ACh-dependent curves used to reconstruct ACh effect in the SAN model: IK,ACh
curve (*) fitted on DiFrancesco et al. (1989) data (open circles); negative shift of If kinetics (#)
based on Zaza et al. (1996) (open squares), Renaudon et al. (1997) (filled squares), DiFrancesco &
Tromba (1988) (open triangles) and Dokos et al. (1996) (filled circles) experimental data; inhibition
of ICaL current (##) and block of Ca2+ uptake (**) were formulated as in Maltsev and Lakatta
(2010).
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Figure S4. Simulated voltage clamp experiment. The plot shows superimposed records of the
total membrane current in response to 1 s voltage clamp pulses from a holding potential of -40 mV
and test potentials ranging from -75mV to 25mV (in 5 mV increments). Activation of Iz upon
hyperpolarizing steps and activation of both I, and Ik, upon depolarizing steps can be observed.
Our results agree with the experimental results of DiFrancesco et al. (1986), Denyer & Brown
(1990) and van Ginneken and Giles (1991).
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Figure S5. Isolated Ca?* SR oscillator. Intracellular Ca?* dynamics when all membrane currents
are set to 0, at different Py, values. For Py, =12, 20 mMs™ we observe damping oscillations, while
there are steady oscillations for Py,=40 mMs™. As expected, the patterns are exactly the same as in
figure 5C of Maltsev and Lakatta (2009).
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