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Mathematical model. 



A computational model corresponding to the kinetic schemes in Fig.1 and Tables 1 and 2 in the 

main text consists of 13 ordinary differential equations (ODE) and 4 moiety conservation 

equations. The model was implemented in DBSolve Optimum software available at website 

http://insysbio.ru.  

Additionally, the model is presented in SBML format by separate file: Markevich_Final Reverse 

Scheme SDHA-B.xml as Supporting information. It should point out that expressions for         

d(O2.–)/dt and d(H2O2)/dt after recover the model from SBML format have to take into account the 

ratio Wimb/Wmx where Wimb and Wmx the fractional volume ratio of the inner membrane and 

matrix, respectively, to the total mitochondrial volume. See below The system of ODE. 

The system of ODE. The system of ODE that was analyzed computationally in the present study 

can be written as follows: 

d([3Fe-4S])/dt  = 2 * (-V1 + V2) + V20; 

d([4Fe-4S])/dt  = 2 * (-V2 + V3); 

d([2Fe-2S])/dt  = - 2 * V3 + V5 + V6 + V9 + V11 + V13 + V15; 

d(O2.–)/dt  = Wimb/Wmx * (V18 + V19 + V20) - V21*2; 

d(H2O2)/dt  = Wimb/Wmx * V17 + V21 - V22; 

d(FAD)/dt  = - V4 + V8 - V9 + V17 + V19; 

d(FAD_fum)/dt  = V4 - V5;                                                            (1)                            

d(FADH∙_fum)/dt  = V5 - V6 + V10; 

d(FADH2_fum)/dt  = V6 - V7 + V12;         

d(FAD_suc)/dt  = V7 - V8 - V13; 



d(FADH∙_suc)/dt  = V13 - V14 - V15; 

d(FADH∙)/dt  = V9 - V10 - V11 + V14 + V18 - V19; 

d(FADH2)/dt  = V11 - V12 + V16 - V17 - V18; 

Where, the left-hand sides of the equations contain time derivatives of the concentration of 

various redox centers in the oxidized or reduced states, and the right-hand sides of the equations 

represent the rates Vi (i=1, 22)  of change of these variables due to electron transfer or in the 

process of binding/dissociation with the corresponding centers of SDH. The expressions for rates 

Vi in SDH are presented in Table 1, and all the parameters are in Table 2 in the main text. Here, 

the fractional volume ratio of matrix, Vmx (Wmx=Vmx/Vmit) and inner membrane, Vimb 

(Wimb=Vimb/Vmit) to the total mitochondrial volume Vmit equal approximately 0.24 and 

0.652, respectively. 

Conserved moieties (in µM).The model took into account the laws of conservation of the total 

concentration in the membrane of both SDH and the pools of different redox centers.  

The total concentration of FAD centers at different states in SDH is:  

Pool[1] =  FAD + FAD_suc + FAD_fum + FADH∙ + FADH∙_suc +FADH∙_fum +FADH2 + 

FADH2_suc + FADH2_fum; 

The total concentration of [2Fe–2S] clusters at different oxidized and reduced states in SDH:  

Pool[2]  = [2Fe–2S]– + [2Fe–2S]; 

The total concentration of [4Fe–4S] clusters at different oxidized and reduced states in SDH: 

Pool[3]  = [4Fe–4S]– + [4Fe–4S]; 

The total concentration of [3Fe–4S] clusters at different oxidized and reduced states in SDH: 



Pool[4]  = [3Fe–4S]– + [3Fe–4S]; 

The concentration of pools of different redox centers in SDH is taken to be equal to the 

total concentration of SDH. It is taken that Pool[1] = Pool[2] = Pool[3] = Pool[4] = 235 µM.  

Expressions for dependent variables. The expressions for the concentration of all 4 dependent 

variables used in ODE are easily calculated from the pools of different variables and are 

presented below. 

FADH2_suc=-(FAD+FAD_suc+FAD_fum + FADH∙ + FADH∙_suc +FADH∙_fum +FADH2 + 

FADH2_fum)+Pool[1]; 

[2Fe–2S]– =  - [2Fe–2S] + Pool[2]; 

[4Fe–4S]– =  - [4Fe–4S] + Pool[3]; 

[3Fe–4S]– =  - [3Fe–4S] + Pool[4]; 

Explicit functions. Expressions for some important functions used in computations are presented 

below. 

VO2∙– = V18 + V19 + V20; the total rate of O2∙– production by the subcomplex SDHA/SDHB of SDH 

in µM/s. 

VH2O2 = V17 * Wimb/Wmx + V21; the total rate of H2O2 production by the subcomplex 

SDHA/SDHB of SDH in µM/s expressed as WHOLE MITO Rates (Wimb=Vimb/Vmit, where 

Vimb and Vmit are volumes of the inner membrane and whole mitochondria, respectively) and 

Wimb=0.24. 

It should be pointed that the stationary rate VH2O2 = V22, as follows from the system of ODE (1). 

Dimension of local and whole mitochondrial concentration and rates. This paragraph is described 

in detail in our previous work [1]. Experimental data on intramembrane protein concentrations 

presented in Table 2 are usually presented in nmole/mg mitochondrial protein, whereas we use 

concentration units (μM) in our computational model. Moreover, we use in the model local 

concentrations of proteins in different compartments of mitochondria, normalized by the relative 

volume fractions of these compartments. Therefore, matrix superoxide O2.- and H2O2 



concentrations were normalized by the matrix water volume (VMX) and concentrations of all 

intramembrane proteins of the SDHA/SDHB subunits of SDH were normalized by the inner 

membrane volume (VIMB). First, we normalized the concentration of all proteins by the total 

mitochondrial volume, VMIT; then, total mitochondrial concentrations were translated into local 

concentrations using the water space fraction of matrix (WMX=VMX/VMIT) and IMS 

(WIMS=VIMS/VMIT), and the fractional volume ratio of inner membrane (WIMB=VIMB/VMIT) to the 

total mitochondrial volume. In order to calculate WMX, WIMS and the total mitochondrial water 

space fraction, WMITW=VMITW/VMIT, where VMITW is the total mitochondrial water volume, we 

used the following experimental data. The mitochondrial water weight fraction, mw/mmit, where 

mw and mmit is the mass of mitochondrial water and mitochondria, respectively, equals to 0.664 

g/g wet weight for a total mitochondrial density, ρmit, (ρmit =mmit / VMIT) of 1.09 g/ml [2]. Because 

mw = ρw ∙ VMITW and mmit = ρmit ∙ VMIT, where the water densities, ρw, and ρmit are 1 and 1.09 g/ml, 

respectively, we can calculate the total mitochondrial water space fraction, WMITW. Since mw/mmit 

= ρw ∙ VMITW / ρmit ∙ VMIT = WMITW ∙ 1 g/ml / 1.09 g/ml =0.664 g/g, so the total mitochondrial water 

space fraction, WMITW, is 0.664 ∙ 1.09=0.724.  

Taking into account that WIMS ≈ 1/14 ≈ 0.07 of the total mitochondrial water space for the 

orthodox configuration [3], the matrix water space fraction WMX = WMITW - WIMS = 0.652. These 

values of WIMS and WMX are in agreement with those used in [4]. The value of WIMB was calculated 

as follows: The volume and inner membrane surface area of an average rat liver mitochondrion 

are 0.27 μm3 and 6.47 μm2, respectively [5]. Assuming an average inner membrane thickness of 

about 0.01 μm, VIMB=6.47 μm2 ∙ 0.01 μm = 0.0647 μm3 and the inner membrane space fraction 

(WIMB=VIMB/VMIT) of a mitochondrion is approximately 0.24.  

The mitochondrial protein weight fraction Wwprot is about 0.25 g/g wet weight [2], i.e., 1 

mg mitochondrial protein corresponds to 4 mg mitochondrial wet weight and occupies 4mg/1090 

mg/ml = 3.67∙μl. Therefore, a mitochondrial content of any metabolite of 1 nmol/mg mitochondrial 

protein, when normalized to total mitochondrial volume, is equal to a concentration of 10-9 mole/ 

3.67∙10-6 l = 273 μM, i.e. 1 μM = 3.67 pmol/mg mitochondrial protein. 

In order to present computer simulated rates of respiration and ROS production, which 

occur only in the inner membrane, in units of whole mitochondrial rates we multiplied all the rates 

of intramembrane processes by WIMB = 0.24. 

In addition, in order to compare computer simulated rates of respiration and ROS 

production presented in the current paper in μM/s with experimentally observed rates expressed in 

pmol/min/mg protein the computer simulated rates can be multiplied by a factor of 3.67*60 = 220, 

i.e. 1 μM/s = 220 pmol/min/ mg mitochondrial protein. 
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