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The source code of the computer model is available at http://www.eheartsim.com.

Abbreviations
Table S1. Abbreviations in model equations
	
	membrane potential (mV)

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

	
	total current of ion ‘x’ channels and exchangers at space ‘a’ (pA/pF)

	
	current applied through a patch electrode (pA/pF)

	
	reversal potential of current ‘x’ (mV) determined from the tangential line of the Ix - V curve

	
	whole cell membrane capacitance (pF)

	
	conductance of current ‘x’ (pA /pF/mV)

	
	rate constants (ms-1 or mM-1ms-1)

	
	converting factor of GHKX from mM/ms to pA/mM/pF

	
	turnover rate of transporter ‘x’ (ms-1)

	
	total volume of space ‘a’ (fL)

	
	total concentration of substance ‘X’ at space ‘a’ (mM)

	
	concentration of free substance ‘X’ at space ‘a’ (mM)

	
	concentration of ‘X’ at space ‘a’ (mM)

	
	total flux of ion ‘X’ (attomol/ms)

	
	rate of change of ‘X’ concentration at space ‘a’ (mM/ms)



Model Parameters
Table S2. Physical constants
	R
	8.3143
	C･mV/mmol/K

	T
	310.15
	K

	F
	96.4867
	C/mmol


Table S3. Ion concentrations
	[K+]o
	5.4
	mM

	[Na+]o
	145
	mM

	[Ca2+]o
	1.8
	mM



GHK equation
The magnitudes of ion channel currents are described either 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/pF mM-1, because of unknown total number of channels within a cell and single channel conductance. Then, the amplitude of current (I) for an ion X is given by,

Where GHKX is, 


Nernst equation

Table S4. Volume composition of cytosol in comparison with HuVEC model (Asakura et al., 2014, Himeno et al., 2015)
	
	hiPSC-CM
	HuVEC model

	Input capacitance
	32 pF
	192.46 pF

	Cell volume (Vcell)
	2510 fL
	37920 fL

	Bulk space (Vblk)
	65% of Vcell  fL
	68% of Vcell  fL

	Intermediate zone (Viz)
	3.5% of Vcell  fL
	3.5% of Vcell  fL

	Junctional space (Vjnc)
	0.8% of Vcell  fL
	0.8% of Vcell  fL

	Total SR space (VSR)
	1.1% of Vcell = 27.61 fL
	6% of Vcell  fL

	Volume of SR releasing site (VSRrl)
	10% of VSR  fL
	20% of VSR  fL

	Volume of SR releasing site (VSRup)
	90% of VSR  fL
	80% of VSR  fL



Ca2+ buffer
The detailed set of buffer species used in the GPB model (2010) (Grandi et al., 2010) was adopted after several simplifications as described in our previous paper (Asakura et al., 2014). In short, we deleted the myosin, Na+ and Mg2+ buffers, and fixed [Mg2+]. The low affinity binding of Ca2+ to troponin (TnCl) was replaced by a contraction model (Negroni and Lascano, 2008) and the amount of the high affinity site (TnCh) was adjusted.
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Ca2+ transfer from SR uptake site to release site



Ion channels and transporters
L-type Ca2+ current (ICaL, LCC)
According to the scheme of (Shirokov et al., 1993) and (Ferreira et al., 1997), the same 4-state model was used for both LCCs in CaRU (ICaL_ jnc) and for LCCs located in blk (ICaL_blk) and iz (ICaL_ iz). The description of both Vm-dependent gate and [Ca2+]-dependent gates in HuVEC model was used in the hiPSC-CM model after minor modification as in Kohjitani et al., (2022) model. The rate constants for the Vm-gate ( and ) and Ca2+-gate ( and ) of LCC are given by Eqs. S35, S36 and Eqs. S37, S38, respectively. Both activation () and deactivation () rates of the Vm-gate were described as a function of two exponential terms and adjusted to hiPSC-CM data.

[ATP] was fixed to 6 mM.

Fraction of ICaL

Converting factors


The rate constants for the Vm-gate, 
  


The rate constant () for the Ca2+-inactivation.

The values of TL (= 147.51) and KL (=0.00396 mM) were determined by referring to the experimental measurements of steady-state inactivation. The rate of removing Ca2+ inactivation () used in HuVEC model was used.


The ultraslow gate was described by the 2-state model. The rate constants for the ultraslow gate, the forward rate (Kslowf) and the backward rate (Kslowb) were indicated below.




The composition of whole cell ICaL.


The sustained inward current (Ist)
In the spontaneous SA node cells, a sustained inward current was activated on depolarization to more negative potential range (Vm =~ -60 mV) than the usual threshold of the L-type Ca2+ current.  The characteristics of the current was roughly similar to ICaL, except that Ist was resistant to the removal of Ca2+ from the external solution and it was suggested that Ist is most probably carried by Na+ (Guo et al., 1995, Mitsuiye et al., 1999).  Recently, Toyoda et al. (2017) suggested that this current is generated by Cav.1.3, which is the major subtype expressed in the SA node cells. In the present study, we calculated Ist in the iPSC_CMs for convenience of comparing the role of Ist between the iPSC_CMs and the matured SA node cells. If appropriate, the sum of (Ist and the conventional ICaL) was calculated.  
                                                                                
                     
                             
                                                                                                             

                                                         

                                            

                                                         

                                                       

                             

                                                     

                                                           

[bookmark: upto]T-type Ca2+ current (ICaT)
ICaT is assumed in the blk space.







The hyperpolarization-activated current (Iha or If)
In 1976, Noma and Irisawa for the first time conducted the double-microelectrode voltage clamp in a man-made small tissue preparation (0.2~0.3 mm in diameter) of the rabbit SA node tissue. They found a very slow activation time course of inward current (Ih) on hyperpolarization from the holding potential of -40 mV. Yanagihara and Irisawa (1980) clearly separated Ih from the delayed rectifier K current by the difference in the activation range and the Ba2+-resistant nature of Iha. They measured the fully activated I-V relationship with the reversal potential is at -25 mV, suggesting little sensitivity to any particular ion species. They developed the Hodgkin-Huxley type kinetic model of Iha, and suggested that Iha plays a significant role in keeping the pacemaker cell at a low membrane potential, but only a small role in promoting the slow diastolic depolarization because of its time constant of several seconds. Yanagihara et al., (1980) published the mathematical model of the SA node cell action potential. The detailed Iha model described by Maruoka et al., (1994) was used to reflect the delay in both activation and deactivation on hyper- and de-polarizations, respectively.

                                                                                            




                                         

                                                                

                                                                    

                                                                                       

                                                             

                                                            
In the steady-state, the full model is reduced to a two-state transition model of a closed state (Ct) and an open state (Ot) to obtain the steady-state open probability (pOtSS)

                                                                                                
where, 



                                      

Sodium current (INa)
The same INa model as in our previous study (Asakura et al., 2014) was used, except for the amplitude parameters, fL and PNa. INa is composed of the two components, INaT and INaL. The scheme for the state transition is shown below.
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[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Transient component (INaT)














Late component (INaL)
The , , ,  and  are specific for INaL, and other rate constants are the same as in INaT.











Inward rectifier potassium current (IK1)
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The IK1 model developed by Yan and Ishihara (Yan and Ishihara, 2005) and Ishihara and Yan (Ishihara and Yan, 2007) was used in HuVEC model after modifying several parameters (Himeno et al., 2015).



　
Mode 1: the channel block by Mg2+ and spermine (SPM)
The SPM-block is a time-dependent process, while the Mg2+-block is instantaneous.

　　　　　                                                        













Mode 2: the channel block only by SPM
The channel is free from the Mg-block, and the SPM is instantaneous.

　　　　　　　                                           

[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Delayed rectifier K+ current, fast component (IKr)
We installed the IKr model developed by Ono and Ito (1995) (Ono and Ito, 1995), which well fitted the result of experimental IKr data of hiPSC-CMs (Ma et al., 2011)..
The current amplitude is described with an Ohmic equation.


The open probability of the channel is described with three gating parameters, y1, y2, and y3, each of which is calculated by a two-state transition scheme.









Delayed rectifier K+ current, slow component (IKs)



The Vm-dependent gate



The Ca2+-dependent gate


                                              Eq. S130
                       Eq. S131
                                              Eq. S132



Transient outward K+ current (IKto)







Ultra-rapid K+ current (IKur)
IKur model in a mouse ventricular cell model (Bondarenko et al., 2004) is used.






Time-independent currents
All these currents are from Takeuchi et al. (Takeuchi et al., 2006) as described in Asakura et al. (Asakura et al., 2014).

Background Ca2+ current (IbCa)



Background non-selective cation current (IbNSC)




Calcium-activated background cation current (Il(Ca))




Fraction of Il(Ca)



ATP-sensitive potassium current (IKATP)





Na+/K+ pump current (INaK)
The Na+/K+ pump model developed by Oka et al. (Oka et al., 2010) on the framework of Smith and Crampin (Smith and Crampin, 2004) was used after adjusting the amplitude as indicated in the main text in Eqs. 12 and 13.

Na+/Ca2+ exchange current (INCX)
The NCX model developed by Takeuchi et al. (Takeuchi et al., 2006) was used after adjusting the amplitude similarly as in INaK.

CaRU
The model of CaRU described in the HuVEC model was used. The model structure of CaRU is shown in Fig. S1. Derivation of the instantaneous [Ca2+]nd, which is sensed by both LCC and RyRs for inactivation and activation, respectively, was originally given in Hinch 2004 and modified by Himeno et al. 2015. In short, the volume of nd was assumed to be virtually zero so that the [Ca2+]nd can be given by the instantaneous equation Eq. S158,

                Eq. S161
where Ca2+ fluxes through LCC and RyR, and diffusion from nd to jnc (JL, JR and JD) were given as Eqs. S134-136.

                                                                  Eq. S162

                                                                               Eq. S163

                                                                               Eq. S164
[image: ]              [image: ]
Fig. S1 Model structure of CaRU in relation to three Ca2+ diffusion compartments (left) and direction of Ca2+diffusion (right) within the cell model. The L-type Ca2+ channel (LCC) and NCX are located on the sarcolemma, SERCA and RyRs are on the SR membrane. A single CaRU consists of a hypothetical LCC and a couplon (a cluster of RyRs) in the junctional cleft (filled with lime green), and individual CaRUs are spatially separated from its neighbors by jnc. The inset on the right shows schematic presentation of the diffusion pathway of Ca2+ from the Ca2+ sources (SR or extracellular space) to the sink (nd) and then to the cytoplasm (jnc, iz and blk). JL, JR and gD represent permeability of single LCC and RyR, and Ca2+ flux rate from nd to jnc, respectively.

Sarcoplasmic reticulum Ca2+ pump (SERCA) current (JSERCA)
The three-state model developed by Tran et al. (Tran et al., 2009) was used after several minor modifications as described in Asakura et al. (Asakura et al., 2014). The limiting amplitude of JSERCA, AmpSERCA, was modified.

Rate of change in the membrane potential and ion concentrations

Membrane potential









Ion concentrations








Contraction
The original model of Negroni and Lascano (Negroni and Lascano, 2008) was used. The magnitude of Fb is given in a unit of mN･mm-2. The binding of Ca2+ to a troponin system (TS) having 3 Ca2+ binding sites (given in µM) was included in the equation of determining the concentration of free Ca2+ in the bulk compartment.
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