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Figure S1. Phosphorylation-based repression in Neurospora circadian clock. In Neurospora 
Crassa circadian clock, repressor protein (FRQ) recruits kinases that phosphorylate multiple sites 
of activator protein (WCC). This phosphorylation inactivates the activator protein. Whereas this 
phosphorylation-based repression is different from the direct repression via oligomerization, 
which appears in the Goodwin oscillator (Fig. 2B), both mechanisms can be modeled using Hill 
equations (1). Thus, the Goodwin oscillator has been used as a Neurospora circadian clock 
model (2). The Hill-coefficient represents the number of phosphorylation sites in 
phosphorylation-based repression mechanism (1). 
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Figure S2. mRNA timecourses of PS model and HT model. Parameters of PS model (Kd and 
A) and HT model (Kd and n) are selected so the two models have similar amplitudes and periods. 
Here, A=0.0659 and Kd=10

-5
 for PS model and n=11 and Kd=4×10

-2
 for HT model. 
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Figure S3. The coupled periods of two heterogeneous cells with different parameters. The 
shifts of coupled periods from the mean period are represented with color and contour. 
Regardless of the choice of parameters, the coupled periods of the PS model are similar to the 
mean period, but those of HT model are shorter than the mean period with a weak coupling 
(0.2<µ<0.4). The coupled periods of HT model are similar to the mean period only when 
coupling becomes strong (µ>0.5). Here, A0 indicates the concentration of activator in the original 
model. Rescaling factors are 1 and 1.2 for two cells as in Fig. 4A.  
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Figure S4. Coupled periods of two heterogeneous cells via Michaelis-Menten type coupling. 
When Michaelis-Menten type equations were used for coupling, results are similar to Fig. 4A-B, 
where linear coupling is used.  
 

 

 
Here, Kc=0.7 and other parameters were the same with Fig. 4A-B.  
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Figure S5. The extended HT model with low Hill coefficient. Three more intermediate steps 
(Ri1, Ri2, and Ri3) are included between RC and R of HT model (Fig. 2B), so that the model can 
oscillate with a Hill coefficient of 3 (3). When a fast cell and a slow cell of the extended model 
are coupled, the coupled frequency is greater than the mean frequency, as in the original HT 
model (Fig. 4B). Parameters are the same as Fig. 4B except that Hill-coefficient is reduced to 3. 
The extended HT model has the form    
 

 

 
 

0
0.1
0.2
0.3

0.4
0.5 0.9

1
1.1

1

Normalized frequency (ω)"

Coupling strength (μ)"

Norm. "
FFT amp. "

M!
E-box!

R! R! R!

RC! Ri1! R!Ri2! Ri3!

A ! B!

dM
dt

= 1
1+ (R /Kd )

3 −M,

dRc
dt

= M − Rc,

dRi1
dt

= Rc − Ri1,

dRi2
dt

= Ri1 − Ri2,

dRi3
dt

= Ri2 − Ri3,

dR
dt

= Ri3 − R.



	   7	  

	  
Figure S6. The coupled periods of 100 heterogeneous cells with a stronger coupling. 
Parameters are the same with Fig. 4C-D except for the coupling strengths.  
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Figure S7. The coupled periods of 100 cells with more heterogeneity. Here, the standard 
deviation of rescaling factors is 0.2, which is larger than Fig. 4C-D. Other parameters are the 
same with Fig. 4C-D. 
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Figure S8. The AIFs with different parameters. Whereas the balanced AIFs of PS models are 
well maintained over a wide range of parameters, the AIFs of HT model show significant change. 
Each parameter is perturbed from the value, near which bifurcation occurs and the model begins 
oscillation.   
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