
Text S1 Detailed numerical calculation method 

 

Effect of the proportion of simple and complex DSB on the distributions 

 

 An IR dose of 1 Gy produced 20–40 DSBs per cell, and the distribution of DSB generation followed a Poisson 

distribution [1]. DSBs generated by IR irradiation were classified into simple DSB (sDSB) and complex DSB 

(cDSB), with the condition that the incidences of sDSB and cDSB were 60-80% and 20-40%, respectively [2]. We 

calculated the distribution of each DSB with various proportions to investigate the effect of the proportions on 

distribution. Initially, the number of total DSB was sampled from Poisson distribution with mean value of 

35*IR-dose (Gy), then, total DSB was divided into sDSB and cDSB. The proportion of sDSB was fixed to 70%, 

uniform random variables between 60% and 80% (mean value is 70%), or normal random variables whose mean 

value is 70%. The calculated distributions of each DSB at IR-dose of 0.3, 2.5 and 6.0 Gy were shown in Figure 

S1-S3. The distributions of each DSBs in fixed, uniform and normal proportions were not much different (Figure 

S1-S3). Therefore, we selected fixed proportion in the proposed model in order to reduce calculation costs. 

 

 

Direct Hybrid Method 

 

 Our proposed model describes the generation of IR-induced DSBs, the DSB repair system, and the p53 

signaling network as the nuclear reactions (Figure 2), and the apoptosis induction pathway as the cytoplasmic 

reactions (Figure 3). We simulate the nuclear and cytoplasmic reactions as stochastic and deterministic processes 

(hybrid simulation), respectively. In the proposed model, nuclear species were described by the number of 

molecules (N), whereas the cytoplasmic species were described by concentration (nM). Therefore, the hybrid 

simulation required the translation of the species that translocate from the nucleus to the cytoplasm (p21_mRNA, 

Bax_mRNA, Bcl2_mRNA and PIDD_mRNA in our proposed model) with using the following equation: 
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where, C and N represented concentration (nM) and number of molecules (N) of chemical species in interest, 

respectively. Moreover, NA and Vc represented the Avogadro constant and the cytoplasmic volume (pL), respectively. 

Ciliberto et al. estimate that the volume of a cell is 2.09 pL and that the ratio of volume of cytoplasm to that of 

nucleus is equal to 15 in their model [3]. Accordingly, we assumed that cytoplasmic volume (Vc) is 1.96 pL. The 

hybrid simulation of the proposed model was executed employing the “Direct Hybrid Method” proposed by Alfonsi 

et al. [4], and the procedures were as follows. 

 



 

Step1. Set t=0. Generation of DSBs. Total DSB was randomly sampled from a Poisson distribution that had a 

mean of 35×IR-dose (Gy). The total DSB was then partitioned and set as follows: simple DSB=0.7*Total 

DSB and complex DSB=0.3*Total DSB. Set the initial conditions of other species (Table S2 and S4). 

Step2. Generate the random variable =Exp(1); Denote by Exp(1) the exponential random variable of parameter 

1. 

Step3. Increase time from t=t to t=t+t. 

Step4. Solve the system of ordinary differential equations described in Table S5 (cytoplasmic reactions). Convert 

concentrations to number of molecules (p21_mRNA, Bax_mRNA, Bcl2_mRNA and PIDD_mRNA 

according to Eq.1). 

Step5. Calculate propensities of each nuclear reaction (aj) described in Table S3. Solve the cumulative propensities 

(G) as follows. 
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where, n is the number of nuclear reactions and X(t) represents the chemical species included in the 

proposed model. 

Step6. If G was less than a random variable , go to step 9. If not, go to step 7. 

Step7. Determine the reaction to be fired by “Gillespie direct method” [5]. Update the number of all molecules in 

nucleus according to the fired reaction. 

Step8. Set G = 0. Generate the random variable  =Exp(1). 

Step9. Convert the number of molecules to concentrations (p21_mRNA, Bax_mRNA, Bcl2_mRNA and 

PIDD_mRNA according to Eq. 1). Loop to Step 3. 

 

 

Model parameters 

 

 Initial conditions and kinetic parameters in the proposed model were shown in Tables S1, S2, S4. In 

mammalian cells, typical translation rate was four amino acids per second [6]. Based on this biological findings, we 

assumed synthetic rates of several species in the proposed model (Table S1). Half-lives of Bcl-2 and p21 mRNA 

were measured by Kren et al. [7]. We calculated degradation rates of Bcl-2 and p21 mRNA from the experimental 

data, and degradation rates of other mRNA were estimated in this research (Table S1). Other parameters were set to 

our estimated or conventional model’s values [8-10]. Initial conditions in intrinsic apoptosis pathway model (part of 

ODE in the proposed model) were based on the conventional models [9,10] (Table S4). Initial conditions of other 

species were our estimated values (Table S2). 
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