Online Supplemental Materials

Equations and parameters for the Kyoto model

Table S1. Abbreviations

	Membrane excitation

	
	CFX
	dependency of ion flux on Vm (constant field equation)

	
	Cm
	membrane capacitance (pF)

	
	EK
	equilibrium potential for K+ (mV)

	
	F
	Faraday’s constant, 96.4867 C/mmol

	
	Gx
	conductance (pA/mV)

	
	IaX
	ion X component of current Ia (pA/pF)

	
	Iext
	current applied through the electrode (pA/pF)

	
	Il
	total of background current (time-independent) (pA/pF)

	
	InetX
	sum of current components carried by ion X (pA/pF)

	
	Itot
	total current of ion channels and ion exchangers (pA/pF)

	
	k 
	rate constants (/ms)

	
	KaX
	association constant for ion X (/mM)

	
	KdX
	dissociation constant for ion X (mM)

	
	LA
	large anionic compound (mM)

	
	PI
	inorganic phosphate (mM)

	
	Px
	convert factor (pA/pF/mM) for CFX

	
	p(X)
	probability of state X in a scheme of multiple state transitions

	
	R
	Gas constant, 8.3143 C mV/K/mmol

	
	SR
	sarcoplasmic reticulum

	
	T
	absolute temperature, 310 K


	
	Vi
	cell volume accessible for ion diffusion, 100 · 20 · 8 · 0.8 = 12800 m3

	
	Vm
	membrane potential (mV)

	
	Vmit 
	volume of mitochondria (m3)

	
	Vrel
	volume of SR release site (m3)

	
	Vt
	total cell volume, 100 · 20 · 8 = 16000 m3 

	
	Vup
	volume of SR uptake site (m3)

	
	Xi
	intracellular amount of substance X (amol)

	
	Xo
	extracellular amount of substance X (amol)

	
	[Xtot]
	total concentration of X (mM)

	
	[X]i
	intracellular concentration of substance X (mM)

	
	[X]o
	extracellular concentration of substance X (mM)

	
	yn
	probability for two states transition (
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	zX
	valence of ion X


Table S2. Cell volume

	
	Vi (m3)
	Vrel (m3)
	Vup (m3)
	Cm (pF)

	Ventricular cell
	(100 · 20 · 8) · 0.8
	0.02 · Vi
	0.05 ·Vi
	211.2


Table S3. Ca2+-binding proteins 
	
	Kd (kb/kf)

(mM)
	kf

(/mM/ms)
	kb

(/ms)
	Total concentration

(mM)

	TroponinC
	7.70 · 10-4
	39
	0.03
	70 · 10-3

	Cytosolic Ca2+ buffer

‘Calmodulin’
	2.38 · 10-3
	100
	0.238
	50 · 10-3

	Calsequestrin
	8.00 · 10-1
	
	
	10


Table S4. Calculation of the membrane potential and internal ion concentrations

	Membrane potential

	
	dVm / dt = – (Itot + Iext)
                                               

	
	Itot=INa + ICaL + ICaT + IK1 + IKr + IKs + Ito + Il + INaK + INaCa + IPMCA 

	
	Il=IbNSC + ICab + IKp1 + Il(Ca) + IKATP + IClb + IVRCC + ICFTR                                   

	Water flux

	
	[Total ions]i = [Na+]i + [K+]i + [Cl-]i + [Ca2+]i + [LA]i

	
	[Total ions]o = [Na+]o + [K+]o + [Cl-]o + [Ca2+]o + [LA]o

	
	Jwater = 0.0029 · ([Total ions]i - [Total ions]o) : water flux across the cell membrane (m3/ms)

	
	dVi / dt = Jwater

	Internal ion concentrations

	
	[X]i = Xi / Vi

	
	[X]o = Xo / Vo

	
	dNai / dt = - Cm · InetNa / zNa / F + JNKCC1

	
	dKi / dt = - Cm · (InetK + Iext) / zK / F + JNKCC1

	
	dCli / dt = Cm · InetCl / zCl / F +2 · JNKCC1

	
	dCai / dt = - Cm · (InetCa – ISRRyR + ISRU – ISRL) / zCa / F + (Q3 + Q5 – Q1)·[TroponinC] · Vi
free Ca2+ is calculated with instantaneous equilibrium for Ca2+ binding to cytosolic Ca2+ buffer

	
	InetNa = INaNa + ICaLNa + ItoNa + IKsNa + IbNSCNa + Il(Ca)Na 

+ 3 · INaK + 3 · INaCa 

	
	InetK = IK1 + IKr + IKATP + INaK + ICaLK + ItoK + IKsK + IbNSCK 

+ Il(Ca)K + IKpl - 2 · INaK

	
	InetCl = IClb + IVRCC + ICFTR  

	
	InetCa = ICaLCa + ICaT + ICab  - 2 · INaCa + IPMCA

	dependency of ion flux on Vm (constant field equation)
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Table S5. Cytoplasmic energy balance
	Creatine kinase   

	
	
[image: image3.wmf]i

i

total

k

k

i

total

i

creatine

ATP

ADP

atine

phosphocre

b

f

+

¾

¾

¬

¾

®

¾

+

,

,



	
	kf = 16.05 (/mM2/ms), kb = 9.67 · 10-6 (/mM/ms)

	
	d[ATP_CK] = kf ·[ADPtotal]i ·[phosphocreatine]i·[proton]i - kb ·[ATPtotal]i ·[creatine]i

	Adenylate kinase

	
	
[image: image4.wmf]i

i

,

Mg

b

k

f

k

i

,

Mg

i

,

free

AMP

ATP

ADP

ADP

+

¾

¾

¬

¾

®

¾

+



	
	kf = 0.783 (/mM/ms), kb = 0.683 (/mM/ms)

	
	d[ATP_AK] = kf ·[ADPfree]i ·[ADPMg]i - kb ·[ATPMg]i ·[AMP]i

	Total concentration of adenine, creatine and phosphate

	
	[Atotal]i = [ATPtotal]i + [ADPtotal]i + [AMP]i + [cAMPtotal]i = 7.0 

	
	[Ctotal]i = [phosphocreatine]i + [creatine]i = 25 

	
	[Ptotal]i = [phosphocreatine]i + [PItotal]i + 3 ·[ATPtotal]i + 2 ·[ADPtotal]i + [AMP]i +[cAMPtotal]i + (3 ·[ATPtotal]mit + 2 ·[ADPtotal]mit + [PItotal]mit ) · Rmc
= 46.0 

	
	[ATPfree]i = [ATPtotal]i / (1 + [Mgfree]i / KdATPi), KdATPi = 0.024 (mM), [Mgfree]i = 4.0

	
	[ATPMg]i = [ATPtotal]i – [ATPfree]i 

	
	[ADPfree]i = [ADPtotal]i / (1 + [Mgfree]i / KdADPi) , KdADPi = 0.347 

	
	[ADPMg]i = [ADPtotal]i – [ADPfree]i 

	
	d[ATPNaK] = Cm · 
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	d[ATPSERCA] = Cm · 
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	d[ATPPMCA] = Cm · 
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	d[ATPContraction] = 14 · (2 · p(TCa*) +Q4+Q5)

	
	d[ATPtotal]i = vEX + d[ATP_CK] + d[ATP_AK] - (d[ATPINaK]  + d[ATPCaPump] + d[ATPContraction])

	
	d[ADPtotal]i = - vEX - d[ATP_CK] -2 · d[ATP_CK] + (d[ATPINaK] + d[ATPCaPump] + d[ATPContraction]) - d[cAMPtotal]i

	
	d[phosphocreatine]i = - d[ATP_CK]


Table S6. 1-adrenergic signaling network
	Activation of -adrenergic receptor 
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	Abbreviations

	
	[L]
	isoproterenol (ligand) (mM)

	
	[Ltot]
	total isoproterenol (total ligand) (mM)

	
	R]
	free1-adrenergic receptor (mM)

	
	Rtot]
	total1-adrenergic receptor, 0.0000132 (mM) 

	
	[LR]
	1-adrenergic receptor bound with ligand (mM)

	
	[LRG]
	1-adrenergic receptor bound with ligand and Gs (mM)

	
	[RG]
	1-adrenergic receptor bound with Gs (mM)

	
	[G]
	andsubunit of Gs (mM)

	
	[Gtot]
	total Gs, 0.00383 (mM)

	
	[G]
	 and ( subunit of Gs (mM)

	
	[Ract]
	active 1-adrenergic receptor (mM)

	
	ARK
	1-adrenergic receptor kinase

	
	[RS301]
	1-adrenergic receptor phosphorylated at S301 by PKA (mM)

	
	[RS464]
	1-adrenergic receptor phosphorylated at S464 by ARK (mM)

	
	PKA
	catalytic subunit of protein kinase A

	
	[PKAtot]
	total protein kinase A (dimer), 0.001 (mM) 

	
	[AC]
	adenylate cyclase (mM)

	
	[ACtot]
	total adenylate cyclase, 0.0000497 (mM)

	
	[GGTP]
	GTP-bound  subunit of Gs (mM)

	
	[GGTPtot]
	total GTP-bound  subunit of Gs (mM)

	
	[GGDP]
	GDP-bound  subunit of Gs (mM)

	
	[cAMPtot]
	total cAMP (mM)

	
	[GGTP_AC]
	adenylate cyclase-bound GsGTP (mM)

	
	[PDE]
	phosphodiesterase, 0.000039 (mM)

	
	[RC]
	regulatory subunit-bound PKA (mM)

	
	[ARC]
	complex of cAMP, PKA and regulatory subunit (mM)

	
	[A2RC]
	complex of 2 cAMP, PKA and regulatory subunit (mM)

	
	[A2R]
	complex of 2 cAMP and regulatory subunit (mM)

	
	[PKI]
	protein kinase inhibitor (mM)

	
	[PKItot]
	total protein kinase inhibitor, 0.00018 (mM)

	
	[PKA_PKI]
	PKA inhibited by PKI (mM)

	
	1-adrenergic receptor

	
	[Ltot] = [L] + [LR] + [LRG]

	
	[Gtot] = [G] + [RG] + [LRG] + [G]

	
	[R] = [Ract] - [LR] - [LRG] - [RG]

	
	[LR] = [L] · [R] / 0.001

	
	[LRG] = [G] · [LR] / 0.000062

	
	[RG] = [G] · [R] /0.033

	
	d[RS464] / dt = (0.0000011) · ([LR] + [LRG]) – 0.0000022 · [RS464])

	
	d[RS301] / dt = (0.0036 · [PKA] · [Ract] –0.0000002232 · [RS301])

	
	[Ract] = [Rtot]-([RS464] + [RS301])

	
	d[GGTPtot] / dt= (0.016 · ([RG] + [LRG]) – 0.001 · [GGTPtot]

	
	d[G] / dt = (0.016 · ([RG] + [LRG]) – 1200 · [GGDP] · [G])

	
	d[GGDP] / dt = (0.001 · [GGTPtot] – 1200 · [GGDP] · [G])

	
	cAMP synthesis

	
	[ACtot] = [AC] + [GGTP_AC]

	
	[GGTPtot] = [GGTP] + [GGTP_AC]

	
	[GGTP_AC] = [GGTP] · [AC] / 0.315

	
	d[cAMPtot] / dt =0.0035 · [AC] · [ATPtotal]i / (1.03 + [ATPtotal]i) + 91.0 · [GGTP_AC] · [ATPtotal]i / (0.315 + [ATPtotal]i) - 0.031 · [PDE] · [cAMP] / (0.0013 + [cAMP])

	
	PKA activation

	
	[cAMPtot] = [cAMP] + ([ARC] + 2 · [A2RC] + 2 · [A2R])

	
	2 · [PKAtot] = [RC] + [ARC] + [A2RC] + [PKA] + [PKA_PKI]

	
	[PKA_PKI] = [PKItot] · [PKA] / (0.001+ [PKA])

	
	[A2R] = [PKA] + [PKA_PKI]

	
	[A2RC] = [PKA] · [A2R] / 0.009

	
	[RC] = 0.008 · [ARC] / [cAMP]

	
	[ARC] = 0.008 · [A2RC] / [cAMP]


Table S7. Inward currents

	INa : Na+ current (pA/pF)

	
	INa = INaNa + INaK 

	
	INaNa =PNa · CFNa · p(AP) · y

	
	INaK = 0.1 · PNa · CFK · p(AP) · y 

	
	PNa = 21.67

	
	Voltage-dependent gate
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	kRP, AP = 1 / (0.1027 · exp (-Vm / 8) + 0.25 · exp (-Vm / 50)) 

	
	kAP, RP = 1 / (26 · exp (Vm / 17) + 0.02 · exp (Vm / 800)) 

	
	kAP, AI = 1 / (0.8 · exp (-Vm / 400))

	
	kAI, AP = 0.0000875   

	
	kAI, RI = 1 / (1300 · exp (Vm / 20) + 0.04 · exp (Vm / 800))

	
	kRI, AI = 1 / (0.0001027 · exp (-Vm / 8) + 5 · exp (-Vm / 400))

	
	kRP, RI = 0.01 / (1 + kAI, AP · kAP, RP · kRI, AI / kAP, AI / kRP, AP / kAI, RI) 

	
	kRI, RP = 0.01 – kRP, RI 

	
	Ultra-slow gate
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	y = 1 / (9000000000 · exp(Vm / 5) + 8000 · exp (Vm / 100)) 

	
	y = 1 / (0.014 · exp(-Vm / 5) + 4000 · exp (-Vm / 100)) 

	ICaL : L-type Ca2+ current (pA/pF)

	
	ICaL = ICaLCa + ICaLK + ICaLNa 

	
	ICaLCa = PCaL · CFCa · p(openCaL) 

	
	ICaLK = 0.000365 · PCaL · CFK · p(openCaL) 

	
	ICaLNa = 0.0000185 · PCaL · CFNa · p(openCaL) 

	
	PCaL = 174.3 · fPKA

	
	p(openCaL) = p(AP) · (p(U)+p(UCa)) · y / (1 + (1.4 / [ATP])3)

	
	fPKA = 0.7745 / (1 + (0.00065 / [PKA])2) + 0.2255

	
	Voltage-dependent gate
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	Vshift = 15/ (1 + (0.00065 / [PKA])2)-0.633

	
	kRP, AP = 1 / (0.27 · exp (-(Vm + Vshift)/ 5.9) + 1.5 · exp (-(Vm + Vshift)/ 65)) 

	
	kAP, RP = 1 / (480 · exp ((Vm + Vshift)/ 7) + 2.2 · exp ((Vm + Vshift)/ 65)) 

	
	kRI, AI = 1 / (0.0018 · exp (-(Vm + Vshift)/ 7.4) + 2 · exp (-(Vm + Vshift)/ 100)) 

	
	kAI, RI = 1 / (2200000 · exp ((Vm + Vshift)/ 7.4) + 11 · exp ((Vm + Vshift)/ 100)) 

	
	kAP, AI = 0.004, kAI, AP = 0.001 

	
	kRP, RI = 0.04 / (1 + kAI, AP · kAP, RP · kRI, AI / kAP, AI / kRP, AP / kAI, RI) 

	
	kRI, RP = 0.04 – kRP, RI 

	
	Ca2+-dependent gate
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	kC, U = 0.143, kU, C = 0.35

	
	kCCa, UCa = 0.0003, kUCa, CCa = 0.35

	
	kC, CCa = 6.954 (/mM/ms), kCCa, C = 0.0042 

	
	kU, UCa = kC, CCa, kUCa, U = kCCa, C · kC, U · kUCa, CCa / kU, C / kCCa, UCa   

	
	[Ca2+]cm = [Ca2+]i – 0.3 · 0.0676 · CFCa 

	
	rate(U→UCa) = kU,UCa.([Ca2+]cm.p(AP) + [Ca2+]i.(1 - p(AP))) .p(U)

	
	rate (C→CCa) = kC,CCa.([Ca2+]cm.p(AP)) .p(U)

	
	Ultra-slow gate
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	 = 1 / (250000 · exp((Vm + Vshift)/ 9) + 58 · exp ((Vm + Vshift)/ 65)) 

	
	 = 1 / (1800 · exp(-(Vm + Vshift)/ 14) + 66 · exp (-(Vm + Vshift)/ 65)) 

	ICaT : T-type Ca2+ current (pA/pF)

	
	ICaT = PCaT · CFCa · y1 · y2

PCaT = 4.636

	
	y1 = 1 / (0.019 · exp(-Vm / 5.6) + 0.82 · exp (-Vm / 250)) 

	
	y1 = 1 / (40 · exp(Vm / 6.3) + 1.5 · exp (Vm / 10000)) 

	
	y2 = 1 / (62000 · exp(Vm / 10.1) + 30 · exp (Vm / 3000)) 

	
	y2 = 1 / (0.0006 · exp(-Vm / 6.7) + 1.2 · exp (-Vm / 25)) 


Table S8. Outward currents

	IK1 : inward rectifier K+ current (pA/pF)

	Abbreviations

	
	frac0
	Mg2+-blocked fraction

	
	fracB
	Mg2+-unblocked fraction

	
	[spm]
	spermine (M)

	
	p(spm)
	probability of being in the spermine block state

	
	p(mode1)
	open probability of mode1

	
	p(mode2)
	open probability of mode2

	
	Mg
	rate constant of Mg2+ unbinding (/ms)

	
	Mg
	rate constant of Mg2+ binding (/mM/ms)

	
	SPM
	rate constant of spermine unbinding (/ms)

	
	SPM
	rate constant of spermine binding (/M/ms)

	
	IK1 = GK1 · (Vm - EK) · (p(mode1) + p(mode2))

	
	GK1 = 2.6 · ([K+]o / 5.4)0.6 / (1 + exp(- ([K]o - 3.1) / 0.6))

	
	Mg2+ block

	
	Mg = 12.0 · exp(-0.025 ·(Vm - EK))


	
	Mg = [Mg2+]i · 28.0 · exp(0.025 ·(Vm - EK))


	
	frac0 = Mg / (Mg + Mg)


	
	fracB = Mg / (Mg + Mg)


	
	poMg2 = 3.0 · frac0 · fracB2

	
	poMg1 = 3.0 · frac02 · fracB

	
	po = frac03

	
	spermine block

	
	SPM = 0.17 · exp(-0.07 · ((Vm - EK) + 8.0 · [Mg2+]i)) / (1.0 + 0.01 · exp(0.12 · ((Vm-EK ) + 8.0 · [Mg2+]i)))


	
	SPM = [spm] · 0.28 · exp(0.15 · ((Vm - EK) + 8.0 · [Mg2+]i)) / (1.0 + 0.01 · exp(0.13 · ((Vm-EK ) + 8.0 · [Mg2+]i)))


	
	d(p(spm))/dt = SPM · (1 – p(spm)) · po - SPM ·p(spm)

	
	p(mode1) = 0.9 · (1 – p(spm)) · (po + 2.0 / 3.0 · poMg1 + 1.0 / 3.0 · poMg2)


	
	p(mode2) = (1.0 – 0.9) / (1.0 + [spm] / (40 · exp(-(Vm-EK) / 9.1)))


	IKr : delayed rectifier K+ current, rapid component (pA/pF)

	
	IKr = GKr · (Vm - EK) · (0.6 · y1 + 0.4 · y2) · y3 

	
	GKr = 0.035 · ([K+]o / 5.4)0.2

	
	y1 = 1 / (20 · exp(-Vm / 11.5) + 5 · exp(-Vm / 300)) 

	
	y1 = 1 / (160 · exp(Vm / 28) + 200 · exp(Vm / 1000)) + 1 / (2500 · exp(Vm / 20))

	
	y2 = 1 / (200 · exp(-Vm / 13) + 20 · exp(-Vm / 300)) 

	
	y2 = 1 / (1600 · exp(Vm / 28) + 2000 · exp(Vm / 1000)) + 1 / (10000 · exp(Vm / 20)) 

	
	y3 = 1 / (10 · exp(Vm / 17) + 2.5 · exp(Vm / 300)) 

	
	y3 = 1 / (0.35 · exp(-Vm / 17) + 2 · exp(-Vm / 150)) 

	IKs : delayed rectifier K+ current, slow component (pA/pF)

	Abbreviations

	
	[KCNQ1free]
	free KCNQ1 (mM)

	
	[KCNQ1tot]
	total KCNQ1, 0.000025 (mM)

	
	[Yotfree]
	free Yotiao (mM)

	
	[Yottot]
	total Yotiao, 0.000025 (mM)

	
	[KCNQ1_Yot]
	Yotiao-bound KCNQ1 (mM)

	
	[PKA_Yot_KCNQ1]
	complex of PKA, Yotiao and KCNQ1 (mM)

	
	[KCNQ1p]
	phosphorylated KCNQ1 (mM)

	
	F_KCNQ1p
	ratio of phosphorylated fraction of KCNQ1 

	
	[PKAtot_Yot]
	total concentration of Yotiao-bound PKA, 0.00004 (mM)

	
	[PP1tot_Yot]
	total concentration of Yotiao-bound PP1, 0.000025 (mM)

	
	
	bias, 10

	
	IKs = IKsK + IKsNa 

	
	IKsK = PKsK · CFK · y12 ·(0.9 · y2 + 0.1) 

	
	IKsNa = 0.04 · PKsK · CFNa · y12 ·(0.9 · y2 + 0.1) 

	
	PKsK = 0.0575 · fPKA

	
	y1 = 1 / (85 · exp(-(Vm+Vshift) / 10.5) + 370 · exp(-(Vm+ Vshift) / 62)) 

	
	y1 = 1 / (1450 · exp((Vm+ Vshift) / 20) + 300 · exp((Vm+ Vshift) / 210)) 

	
	Ca2+-dependent gate
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	y2 = 4· [Ca2+]i, y2 = 0.000148

	
	yC2 = 0.005, yC2 = 0.03

	
	IKs phosphorylation schema
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	[KCNQ1tot] =[KCNQ1free] + [KCNQ1_Yot] + [KCNQ1p_Yot]

	
	[Yottot] =[Yotfree] + [KCNQ1_Yot] + [KCNQ1p_Yot]

	
	[KCNQ1_Yot] = [KCNQ1free] · [Yotfree] / 0.0000001

	
	[PKA_Yot_KCNQ1] = ([PKAtot_Yot) / [PKAtot]) · [PKA]

	
	[PP1_Yot_KCNQ1] = [PP1tot_Yot] 

	
	d[KCNQ1p]/dt = · 0.0004104· [PKA_Yot_KCNQ1] · [KCNQ1_Yot] / (0.003528 +  · [KCNQ1_Yot] - · 0.00001704· [PP1_Yot_KCNQ1] · [KCNQ1p] / (0.000056 +  · [KCNQ1p])

	
	F_KCNQ1p = [KCNQ1p] / [KCNQ1tot]

	
	fPKA = 0.565 / (1 + (0.4 / F_KCNQ1p)6) + 0.435

	
	Vshift = 1.35 · (F_KCNQ1p / 0.0947) – 1.35

	Ito : transient outward current (pA/pF)

	
	Ito = ItoK + ItoNa 
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	PtoK = 2.5 · 10-4

	
	y1 = 1 / (11 · exp(-Vm / 28) + 0.2 · exp(-Vm / 400)) 

	
	y1 = 1 / (4.4 · exp(Vm / 16) + 0.2 · exp(Vm / 500)) 

	
	y2 = 0.0038 · exp(-(Vm + 13.5) / 11.3) / (1 + 0.051335 · exp(-(Vm + 13.5) / 11.3)) 

	
	y2 = 0.0038 · exp((Vm + 13.5) / 11.3) / (1 + 0.067083 · exp((Vm + 13.5) / 11.3)) 


Table S9. Cl- currents

	IVRCC : Volume regulated Cl- channel current (pA/pF)
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	PVRCC = -2.0 · 10-5

	ICFTR : cystic fibrosis transmembrane conductance regulator (CFTR) Cl- channel current (pA/pF)

	
	ICFTR = PCFTR · CFCl · p(Open) 

	
	PCFTR = -4.0 · 10-3　　　　       
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	1 = 0.0756 (/mM /ms), 2 = 1.09 · 10-4 (/mM /ms), 1 = 6.5 · 10-3, 2 = 3.0 · 10-5 

	
	k1 =0.1536 · fPKA, k2 = 3.85 · 10-3, k3 = 0.1424 · fPKA

	
	fPKA = 1 / (1 + (0.00058 / [PKA])9)

	IClb : background Cl- current (pA/pF)

	
	IClb = PClb · CFCl

	
	PClb = -1.82 · 10-5


Table S10. Background currents

	IbNSC : background non-selective cation current (pA/pF)

	
	IbNSC = IbNSC Na + IbNSC K 

	
	IbNSC Na = PbNSC · CFNa

	
	IbNSC K = 0.4 · PbNSC · CFK

	
	PbNSC = 5.69 · 10-4 

	IKpl : voltage-dependent K+ current (plateau current) (pA/pF)

	
	IKpl = PKpl · CFK · (Vm + 3) / (1-exp (-(Vm + 3) / 13))  

	
	PKpl = 8.333 · 10-7 · ([K+]o / 5.4)0.16 

	Il(Ca) : Ca2+-activated background cation current (pA/pF)

	
	Il(Ca) = Il(Ca)Na + Il(Ca)K 

	
	Il(Ca)Na = Pl(Ca) · CFNa · p(open) 
Il(Ca)K = Pl(Ca) · CFK · p(open) 

	
	P l(Ca) = 7.5 · 10-3 
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	IKATP : ATP-sensitive K+ current (pA/pF)

	
	IKATP = 0.417 · [K+]o0.24 · (Vm - EK) · p(open)
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	ICab : background Ca2+ current (pA/pF)

	
	ICab = PCab· CFCa

	
	PCab = 3.03 · 10-4


Table S11. Transporters

	INaCa : Na+/Ca2+ exchange current (pA/pF)
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	KdNao = 87.5, KdCao = 1.38, KdNai = 20.75, KdCai = 0.0184 

	
	p(E1Na) = 1 / (1 + (KdNai / [Na+]i)3 · (1 + [Ca2+]i / KdCai)) 

	
	p(E2Na) = 1 / (1 + (KdNao / [Na+]o)3 · (1 + [Ca2+]o / KdCao)) 

	
	p(E1Ca) = 1 / (1 + (KdCai / [Ca2+]i · (1 + ([Na+]i / KdNai)3))) 

	
	p(E2Ca) = 1 / (1 + (KdCao / [Ca2+]o · (1 + ([Na+]o / KdNao)3))) 

	
	k1 = exp (0.32 · F · Vm / R / T), k2 = exp ((0.32-1) · F · Vm / R / T), k3 = 1, k4 = 1 

	
	fCa = [Ca2+]i / ([Ca2+]i +0.004)     

	
	1 = p(E1Na) · (fCa ·  +(1 – fCa) · ) 


	
	1 = fCa ·  + (1 – fCa) · (5.0 · 10-7)

	
	2 = fCa · (3.0 · 10-5) + (1 – fCa) · 

	
	2 = fCa ·  + (1 – fCa) · (1.0 · 10-4) 

	
	d(p(E1total))/dt = p(E2total) · (k2 · p(E2Na) + k4 · p(E2Ca) ) + p(I1) · 1 + p(I2) · 2 – p(E1total) · (k1 · p(E1Na)+ k3 · p(E1Ca) + 1 + 2)

	
	d(p(I1))/dt = p(E1total) · 1 – p(I1) · 1

	
	d(p(I2))/dt = p(E1total) · 2 – p(I2) · 2

	
	p(E2total) = 1 – (p(E1total) + p(I1) + p(I2))

	
	INaCa = 110 · (k1 · p(E1Na) · p(E1total) – k2 · p(E2Na) · p(E2total))

	INaK : Na+/K+ pump current (pA/pF)
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	KdNao = 69.8, KdKo = 0.258, KdKi = 32.88 

	
	KdNai = 1.4175 / (1+ ([PKA] / 0.0005)5)+2.6325

	
	k1 = 0.37 · (1 / (1 + 0.094 / [ATP]i)), k2 = 0.04, k3 = 0.01, k4 = 0.165

	
	p(E1Na) = 1 / (1 + (KdNai / [Na+]i)1.06 · (1 + ([K+]i / KdKi)1.12)) 

	
	p(E1K) = 1 / (1 + (KdKi / [K+]i)1.12 · (1 + ([Na+]i / KdNai)1.06)) 

	
	p(E2Na) = 1 / (1 + (KdNao / [Na+]eff)1.06 · (1 + ([K+]o / KdKo)1.12)) 

	
	p(E2K) = 1 / (1 + (KdKo / [K+]o)1.12 · (1 + ([Na+]eff / KdNao)1.06)) 

	
	[Na+]eff = [Na+]o · exp (-0.82 · F · Vm / R / T) 

	
	In the reduced two-state model

	
	INaK = 10.8 · (k1 · p(E1Na) · y - k2 · p(E2Na) · (1 – y)) · (1 / (1 + [ouabain] / 0.0006))

	
	y = k2 · p(E2Na) + k4 · p(E2K)

	
	y = k1 · p(E1Na) + k3 · p(E1K)

	IPMCA : plasma membrane Ca2+-ATPase (PMCA) current (pA/pF)

	
	
[image: image24.wmf]y

E

Ca

E

k

k

k

k

y

E

Ca

E

i

d

o

d

Ca

K

Ca

K

1

1

4

3

2

1

2

2

1

¾

¾

®

¬

­¯

­¯

­¯

-

¾

¾

®

¬

a

b



	
	KdCao = 2 



	
	KdCai =0.0018 / (1 + ([CaCaM] / 0.00005))        [CaCaM] : Ca2+-bound calmodulin (mM)
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	p(E1Ca) = 1 / (1 + (KdCai / [Ca2+]i)3)  

	
	p(E1) = 1 – p(E1Ca)


	
	p(E2Ca) = 1 / (1 + (KdCao / [Ca2+]o)3)  

	
	p(E2) = 1 – p(E2Ca)


	
	In the reduced two-state model

	
	IPMCA= PPMCA · (k1 · p(E1Ca) · y – k2 · p(E2Ca) · (1 - y)) : (pA)

	
	PPMCA =0.0055 · (1.5 / (1 + (0.0005 / [PKA])4 )+ 1) · (7.5 / (1 + (0.00005 / [CaCaM]))+1)

	
	 = k2 · p(E2Ca) + k4 · p(E2) 

	
	 = k1 · p(E1Ca) + k3 · p(E1)

	JNKCC1 : ion flux via Na+/K+/2Cl- cotransporter 1 (x amol/ms), x = 1 for Na+ and K+, x = 2 for Cl- : amol = 10-18 mol
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	KaNa = 0.08445, KaK = 1.16 · 10-3, KaCl = 0.05735 

	
	kfFull = 3.065, kbFull = 1.456, kfEmpty = 37.767, kbEmpty = 79.522
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	p(E1NaClKCl) = KaNa · [Na]o ·KaCl · [Cl]o ·KaK · [K]o ·KaCl · [Cl]o · p(E1)
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	p(E2NaClKCl) = KaCl · [Cl]i ·KaK · [K]i ·KaCl · [Cl]i ·KaNa · [Na]i · p(E2)

	
	In the reduced two-state model

	
	JNKCC1 = 0.0359 · (kfFull ·p(E1NaClKCl) · y – kbFull ·p(E2NaClKCl) · (1 – y)) 

	
	y = kfFull · p(E1NaClKCl) + kbEmpty · p(E1) 

	
	y = kbFull · p(E2ClKClNa) + kfEmpty · p(E2)

	ISRU : sarcoplasmic reticulum Ca2+ pump (SERCA) current (pA/pF)
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	KdCaSR = 3 

KdCai = - 0.000393 · F_PLBphos + 0.000685  
F_PLBphos : ratio of phosphorylated fraction of phospholamban
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	p(E1Ca) = 1 / (1 + (KdCai / [Ca2+]i)2)

	
	p(E1) = 1 – p(E2Ca)                

	
	p(E2Ca) = 1 / (1 + (KdCaSR / [Ca2+]up)2) 

	
	p(E2) = 1 – p(E1Ca) 

	
	In the reduced two-state model

	
	ISRU = 19.0 · (k1 · p(E1Ca) · y – k2 · p(E2Ca) · (1 – y))

	
	 = k2 · p(E2Ca) + k4 · p(E2) ,  = k1 · p(E1Ca) + k3 · p(E1) : (ms-1)


Table S12. Regulatory unit
	PLB : phospholamban

	Abbreviations

	
	[Inhib1ptot]
	total phosphorylated inhibitor-1 of PP1 (mM)

	
	[PP1_Inhib1p]
	phosphorylated inhibitor-1 bound PP1 (mM)

	
	[Inhib1p]
	phosphorylated inhibitor-1 of PP1 (mM)

	
	[PP1]
	protein phosphatase 1 (mM)

	
	[PLBtot]
	total phospholamban, 0.106 (mM)

	
	[PLB]
	phospholamban (mM)

	
	[PLBp]
	phosphorylated phospholamban (mM)

	
	[Inhib1]
	inhibitor-1 of PP1 (mM)

	
	[Inhib1ptot] = [PP1_Inhib1p] + [Inhib1p] 

	
	[PP1] = 0.00089 - [PP1_Inhib1p]         

	
	[PP1_Inhib1p] = [Inhib1p] · [PP1] / 0.000001

	
	[PLB] = [PLBtot] – [PLBp]

	
	d[PLBp] / dt = 0.0324· [PKA] · [PLB] / (0.021 + [PLB]) – 0.0085· [PP1] · [PLBp] / (0.007 + [PLBp])

	
	[Inhib1] = 0.0003 – [Inhib1ptot]

	
	d[Inhib1p] / dt = 0.06· [PKA] · [Inhib1] / ( 0.001 + [Inhib1]) – 0.000014· [Inhib1ptot] / (0.001 + [Inhib1ptot])
F_PLBphos = [PLBp] / [PLBtot]


Table S13. RyR and SR Ca2+ kinetics

	ISRRyR : Ca2+ release through RyR channel in SR (pA/pF)
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	CICRfactor = -150 · 0.0676 · CFCa · p(openCaL)

	
	k1= 0.15 / (1 + (0.001 / [Ca]i)3.15) + CICRfactor / (1 + exp((0.15 - CICRfactor) / 0.01))

	
	k2 = 0.08 / (1 + 0.36 / [Ca2+]rel) 

	
	k3 = 0.000377 · [Ca2+]rel2, k4 = 0.000849

	
	ISRRyR = 200 · ([Ca2+]rel - [Ca2+]i) · p(openRyR)  

	ISRT : Ca2+ transfer from SR uptake site to release site (pA/pF)

	
	ISRT = 5 · ([Ca2+]up - [Ca2+]rel) 

	ISRL : Ca2+ leak from SR (pA/pF)

	
	ISRL = 0.3 · ([Ca2+]up - [Ca2+]i) 

	Ca2+ concentrations in SR

	
	d[Ca2+]rel / dt = Cm · (ISRT - IRyR) / zCa / F / Vrel

	
	d[Ca2+]up / dt = Cm · (ISRU - ISRT - ISRL) / zCa / F / Vup 


Table S14. Contraction
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	Abbreviations

	
	ExternalForce
	external force ( = ForceCB + ForceEcomp, mN/mm2)

	
	ForceEcomp
	elastic component of force (mN/mm2)

	
	ForceCB
	cross-bridge force (mN/mm2)

	
	h
	cross-bridge elongation (m)

	
	hSML
	half sarcomere length (hSML = X + h, m)

	
	T
	fraction of contraction unit with free troponin C

	
	TCa
	fraction of contraction unit with troponin C bound to Ca2+

	
	TCa*
	fraction of contraction unit with troponin C bound to Ca2+ and attached cross bridge (force generator)

	
	T*
	fraction of contraction unit with attached cross bridge and with free troponin C (force generator)

	
	X
	length composed of half of the thick filament and the free portion of the thin filament, m)

	
	1 = 39 · bias1 (mM/ms), 1 = 0.03 · bias2

	
	
[image: image33.wmf][

]

÷

÷

ø

ö

ç

ç

è

æ

+

+

×

×

=

46

.

0

54

.

0

0039

.

0

2

i

i

d

i

d

PI

PI

K

PI

K

a



	
	
[image: image34.wmf][

]

3

2

1

1

0039

.

0

÷

÷

ø

ö

ç

ç

è

æ

+

×

=

i

total

i

d

ATP

ATP

K

b



	
	3 = 0.03 · bias2, 3 = 1560 · bias1 (mM/ms)
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	bias1 = 0.8, bias2 = 2.0

	
	KdPIi = 1.83, KdATPi = 0.1

	
	dX / dt = -B · (h - hc), B = 1.2, hc = 0.005 (m) 
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	Q1 = 1 · Cai · p(T) - 1· p(TCa) 

	
	Q2 = 2 · p(TCa) · effectiveTCa - 2· p(TCa*) 

	
	Q3 = 3 ·p(TCa*) - 3· Cai · p(T*) 

	
	Q4 = 4 ·p(T*) + 5· cbFactor · p(T*) 

	
	Q5 = 5 · cbFactor · p(TCa*) 

	
	if dX/dt > 0 then 

cbFactor = (dX / dt)2 / 50
else

 cbFactor = (dX / dt)2
end

	
	dp(TCa) = Q1 – Q2 

	
	dp(TCa*) = Q2 – Q3 – Q5 

	
	dp(T*)= Q3 – Q4 

	
	p(T) = 1 - p(TCa) - p(TCa*) - p(T*) 

	
	dATP = 14 · [TroponinC ]· (2 · p(TCa*) + Q4 + Q5)

	
	ForceCB = 3060000 · [TroponinC] · (p(TCa*) + p(T*)) · (hSML - X)

	
	ForceEcomp = 140000 · (0.97 - hSML)5 + 200 · (0.97 - hSML) 


Table S15. Mitochondria
	Abbreviations

	
	[a2+]
	reduced cytochorome a3 (a2+) (mM)

	
	[a3+]
	cytochrome a3 (a3+) (mM)

	
	A3/2
	ratio of oxidized a3+ to a2+

	
	Amp
	amplifying factor

	
	[Atotal]i
	total concentration of intracellular adenine (mM)

	
	[Ctotal]
	total concentration of creatine (mM)

	
	[Ptotal]
	total concentration of phosphate (mM)

	
	d[ATP_AK]
	ATP production rate by adenylate kinase (mM/ms)

	
	d[ATPSERCA] 
	rate of ATP consumption by SERCA (mM/ms)

	
	d[ATPPMCA] 
	rate of ATP consumption by PMCA (mM/ms)

	
	d[ATP_CK]
	ATP production rate by creatine kinase (mM/ms)

	
	d[ATPContraction] 
	rate of ATP consumption by contraction (mM/ms)

	
	d[ATPNaK] 
	rate of ATP consumption by Na+/K+ pump (mM/ms)

	
	d[ATPtotal]i
	rate of cytoplasmic ATP change (mM/ms)

	
	d[ATPtotal]mit
	rate of mitochondria total ATP production (mM/ms)

	
	d[ADPtotal]i
	rate of cytoplasmic ADP change (mM/ms)

	
	d[c2+]mit
	rate of reduced cytochorome c2+ (c2+) production (mM/ms)

	
	d[H]mit
	rate of mitochondria H+ change (mM/ms)

	
	d[NADH]mit
	rate of NADH production (mM/ms)

	
	d[phosphocreatine]i
	rate of cytoplasmic phosphocreatine change (mM/ms)

	
	d[PItotal]mit
	rate of mitochondria total PI production (mM/ms)

	
	d[UQH2]mit
	rate of reduced ubiquinone (UQH2) production (mM/ms)

	
	GC1
	thermodynamic span of complex I (mV)

	
	GC3
	thermodynamic span of complex III (mV)

	
	GSN
	thermodynamic span of ATP synthase (mV)

	
	Ema
	cytochrome a3 redox potential (mV)

	
	Emc
	cytochrome c redox potential (mV)

	
	EmN
	NAD redox potential (mV)

	
	EmU
	ubiquinone redox potential (mV)

	
	rbuffer,mit
	buffering capacity for H+ in mitochondria

	
	Rmc
	ratio of mitochondria volume to cell volume, 0.23

	
	vDH
	rate of substrate dehydrogenation in mitochondria (mM/ms)

	
	vC1
	rate of Complex I (mM/ms)

	
	vC3
	rate of Complex III (mM/ms)

	
	vC4
	rate of Complex IV (mM/ms)

	
	vSN
	rate of ATP synthase (mM/ms)

	
	vEX
	rate of ATP/ADP exchanger (mM/ms)

	
	vPI
	rate of phosphate carrier (mM/ms)

	
	vLK
	rate of proton leak (mM/ms)
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	vC1 = Amp · 0.0000039825 · GC1

	
	vC3 = Amp · 0.0000022735 · GC3
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	vPI = Amp · 1.1570167 · ([PI]ji ·[H]i - [PI]jmit ·[H]mit) 
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	vLK = Amp · 0.0000000416667 · (e0.038 · P – 1)

	
	Amp = 5

	Differential equations

	
	d[NADH]mit = (vDH – vC1) / Rmc / 5

	
	d[UQH2]mit = (vC1 – vC3) / Rmc 

	
	d[c2+]mit = (vC3 – 2 · vC4) · 2 / Rmc   

	
	d[H]mit = - (2 · (2 + 2 · u) · vC4 + (4 - 2 · u) · vC3 + 4 · vC1 – 2.5 · vSN – u · vEX 

– (1 - u) · vPI – vLK) / Rmc / rbuffer, mit

	
	d[ATPtotal]mit = (vSN– vEX) / Rmc 

	
	d[PItotal]mit = (vPI– vSN) / Rmc             

	Calculations

	
	[c3+] = [ct] – [c2+], [ct]= 0.27 

	
	[UQ] = [Ut] – [UQH2], [Ut] = 1.35 

	
	[NAD] = [Nt] – [NADH], [Nt] = 2.97 

	
	[ADPtotal]mit = [Atotal]mit – [ATPtotal]mit, [Atotal]mit = 16.26 

	
	[ATPfree]mit = [ATPtotal]mit / (1 + [Mgfree]mit) / 0.017), [Mgfree]mit = 0.38 

	
	[ATPMg]mit = [ATPtotal]mit – [ATPfree]mit 

	
	[ADPfree]mit = [ADPtotal]mit / (1 + [Mgfree]mit) / 0.282) 

	
	[ADPMg]mit = [ADPtotal]mit - [ADPfree]mit 
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	pH = Zett · (pHmit - pHi), pHi = 7.0

	
	p = 1 / (1 – u) · pH 

	
	= - (p - pH) (mV) 

	
	mit= 0.65 · (mV), i = -0.35 · (mV)

	
	Zett = 2.303 · 1000 · R · T / F 

	
	u =  / p (= 0.861) 

	
	rbuffer, mit = 0.022 / c0, mit, 
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	GSN = 2.5 · p - Gp 

	
	Gp = 31.9 · 1000 / F + Zett · log(1000 · [ATPtotal]mit / [ADPtotal]mit / [PItotal]mit) 

	
	GC1 = EmU  - EmN  - p x 4 / 2  

	
	GC3 = Emc  - EmU  - p x (4 – 2u) / 2 

	
	EmN = EmN0 + Zett / 2 · log ([NAD]/ [NADH]), EmN0 = -320 (mV) 

	
	EmU = EmU0 + Zett / 2 · log ([UQ] / [UQH2]), EmU0 = 85 (mV) 

	
	Emc = Emc0 + Zett · log ([c3+] / [c2+]), Emc0 = 250 (mV) 

	
	Ema = Emc  + p x (2 + 2u) / 2 
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	[a2+] = [at] / (1 + A3/2), [a3+] = [at] – [a2+], [at] = 0.135 


Table S16. Steady state variables

	
	End diastolic values during 2.5 Hz stimulation

	Vm (mV)
	-86.47

	[Na+]i (mM)
	6.04

	[K+]i (mM)
	138.59

	[Ca2+]i (nM)
	72.40

	[Cl-]i (mM)
	51.08

	[LA]i (mM)
	102.49

	INa (pA/pF)
	-0.107

	ICaL (pA/pF)
	-1.10 · 10-4

	ICaT (pA/pF)
	-7.24 · 10-4

	IK1 (pA/pF)
	0.121

	IKr (pA/pF)
	4.96 · 10-4

	IKs (pA/pF)
	-6.31 · 10-3

	Ito (pA/pF)
	-5.00 · 10-12

	IbNSC (pA/pF)
	-0.270

	IKpl (pA/pF)
	1.65 · 10-8

	Il(Ca) (pA/pF)
	-7.81 · 10-4

	IKATP (pA/pF)
	2.20 · 10-5

	ICab (pA/pF)
	-3.54 · 10-3

	IClb (pA/pF)
	-2.80 · 10-3

	ICFTR (pA/pF)
	-1.39 · 10-3

	IVRCC (pA/pF)
	-1.56 · 10-2

	INaK (pA/pF)
	0.330

	INaCa (pA/pF)
	-5.74 · 10-2

	IPMCA (pA/pF)
	1.34 · 10-2

	ISRU (pA/pF)
	-0.219

	ISRRyR (pA/pF)
	3.13 · 10-2

	ISRT (pA/pF)
	0.310

	ISRL (pA/pF)
	0.496

	JNKCC1 (amol/ms)
	3.39 · 10-3

	[ATPmg]i (mM)
	6.70

	[ADPmg]i (mM)
	2.30 · 10-2

	[AMP ]i (mM)
	5.24 · 10-5

	[PI]i (mM)
	2.06

	[creatine]i (mM)
	12.8

	[phosphocreatine]i (mM)
	12.2

	Vt (m3)
	18513

	[PKA] (mM)
	1.36 · 10-4

	[cAMPtot] (mM)
	6.8 · 10-4


The extracellular ion concentrations are as follows; 141 Na+, 5.4 K+, 1.8 Ca2+, 140 Cl-, 10 LA (in mM).
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Fig. S1. Simulated relationships among isoproterenol, cAMP and PKA (A, B and C), and simulated time courses of cAMP and PKA activations with 1 M isoproterenol (D and E). 
The curves represent simulation results. Concentrations of cAMP and PKA in A-C were obtained as peak value at each isoproterenol concentration in simulations. Open circles are experimental data using guinea-pig ventricular cells by Kameyama et al. (1985). The time course of cAMP in D is in agreement with experimental data by Lindemann et al. (1985, guinea-pig ventricles) and also data by Schumann et al. (1975, Rabbit papillary muscle), in which it peaked at 40 sec and declined to 59% of the peak 2 min after the isoproterenol application. 
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Fig. S2. Simulation of -adrenergic action on ICaL(A and B), phospholamban (PLB) (C) and SERCA (D). 
A. Simulated current-voltage relationships of ICaL with (a gray curve) and without (a black curve) 1 M isoproterenol. Membrane potential (Vm) was changed from the holding potential of -55mV under the voltage clamp condition and the peak amplitude of ICaL were plotted. The isoproterenol-induced negative shift of peak voltage by -10 mV is consistent with experimental data using guinea-pig ventricular cells (Ai et al. 1998). B. Simulated relationship between isoproterenol and amplitude of ICaL. Open circles are experimental data (mean ± SD) replotted from Kameyama et al. (1985) and a curve is model simulation. C. Simulated relationship between isoproterenol and phosphorylation ratio of PLB. Open circles are experimental data replotted from Vittone et al. (1998), and a curve is peak phosphorylation ratio of the PLB model during the application of each isoproterenol concentration. D. Dependence of SERCA activity expressed as relative amplitude of SERCA current (ISRU) on [Ca2+]i with (gray symbols and curve) and without (black symbols and curve) 1 M isoproterenol. Symbols are experimental data replotted from Tada and Toyofuku (1998) and curves are simulation data from the SERCA model. 
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Fig. S3. Simulation of -adrenergic action on plasma membrane Ca2+-ATPase (PMCA), Na+/K+ pump current (INaK), slowly activating component of delayed rectifier K+ current (IKs) and the cystic fibrosis transmembrane conductance regulator (CFTR) Cl– channel (ICFTR). 
A. Simulated dependence of PMCA on [Ca2+]i. The activity of PMCA is expressed as current (IPMCA) and normalized to the maximum amplitude. Gray and black lines in A, B and C represent simulation results obtained with and without 1 μM isoproterenol, respectively. The half maximum concentration of Ca2+ is about 80 nM without -adrenergic stimulation, which value is close to the reported value (64 nM, Dixon and Haynes, 1989). 1 μM isoproterenol augments Vmax by 2.4 times without changing the Ca2+ affinity, which change is consistent with experimental data (2.4 times increase in Vmax; Dixon and Haynes, 1989). B. Intracellular Na+ dependence of INaK. The amplitude was normalized to the maximum value. We formulated the PKA dependent increase of the Na+ affinity by 35% based on the experimental data (Despa et al., 2005). C. Simulated voltage (Vm) dependence of IKs conductance. 1 μM isoproterenol augments the amplitude of IKs by 2.3-fold and shifts the current-voltage relation by ~-9mV, which is in agreement with the experimental report using the guinea-pig ventricular myocyte (Walsh and Kass, 1991). D. Simulated isoproterenol dependence of ICFTR. Open circles are experimental data by Tareen et al. (1991), and a line is model simulation. 
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