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Fig. S1. Scheme of metabolic regulation of E. coli central carbon metabolism. Enzymes 

participating in the pathway are shown by blue font, metabolites by black. Red dotted lines 

correspond to the inhibition, blue to the activation. 
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Fig. S2. Scheme of predicted steady-state flux distribution in E. coli strain with knock out by the 

gene coding PykA aerobically grown in continuous culture and limiting concentration of carbon 

source. Under respective rate equation number there are a comparison between steady state 

values of fluxes and fluxomic data published by different authors [31,37,38]. Dimension of 

fluxes is mM/min. 
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Fig. S3. Scheme of predicted steady-state flux distribution in E. coli strain with knock out by the 

gene coding PykA aerobically grown in continuous culture and limiting concentration of carbon 

source. Under respective rate equation number there is predicted by the model 2 steady sate 

fluxes. Dimension of fluxes is mM/min. 

 



 Technical description of the kinetic model 

ODE system, conservation laws, explicit functions, rate equations for recycling 

reaction and outputs 

The kinetic model of E. coli CCM is determined using the following ODE system: 

60165421
6 VVVVVVdt
PdG −−−++= ;  

423
_ VVVdt
indGlc −−= ;  

6125237628275
6 VVVVVVVVdt
PdF −−−−−++= ; 

2827876 VVVVVdt
dFbP −−−+= ; 

631050252298 VVVVVVVdt
dGAP −−++++= ; 

6298 VVVdt
dDAP −−= ; 

1110 VVdt
dBPG −= ; 

641211
3 VVVdt

dPGA −−= ; 

1312
2 VVdt

dPGA −= ; 

6529151421313013 VVVVVVVVVdt
dPEP −−−−−−++= ; 

663431503332151421 VVVVVVVVVVdt
dPyr −−−++++++= ; 

181716
6 VVVdt
PdGl −−= ;  

49191817 VVVVdt
dPGn −−+= ; 

70212019
5 VVVVdt
PdRu −−−= ; 

682421
5 VVVdt
PdR −+= ; 

2220
5 VVdt
PdX −= ; 

672623
4 VVVdt
PdE −+= ; 

692624
7 VVVdt
PdS −−−= ; 

242322 VVVdt
dTkt −−−= ; 

242322
2 VVVdt

dTktc ++= ; 

2625 VVdt
dTal −−= ; 

2625
3 VVdt

dTalc += ; 

5049 VVdt
dKDPG −= ; 

713530444329 VVVVVVdt
dOAA −−−++= ; 

444333324642 VVVVVVdt
dMal −−−−+= ; 



3635 VVdt
dCit −= ; 

3736 VVdt
dAco −= ; 

453836 VVVdt
diCit −−= ; 

723938 VVVdt
dKG −−= ; 

454140 VVVdt
dSuc +−= ; 

4241 VVdt
dFum −= ; 

4645 VVdt
dGlx −= ; 

4748 VVdt
dICD −= ; 

4847
_ VVdt
PdICD −= ; 

7559 VVdt
dAce −= ; 

734039 VVVdt
dSucCoA −−= ; 

3439747359464035 VVVVVVVVdt
dCoA −−+++++= ; 

3439747359464035 VVVVVVVVdt
dCoA −−+++++= ; 

7459463534 VVVVVdt
dAcCoA −−−−= ; 

434154 VVVdt
dQ −−= ; 

2
54 41 43

dQH V V Vdt = − + + ; 

535238321916 VVVVVVdt
dNADPH −−+++= ; 

535238321916 VVVVVVdt
dNADP ++−−−−= ; 

53514439343310 VVVVVVVdt
dNADH +−++++= ; 

53514439343310 VVVVVVVdt
dNAD −+−−−−−= ; 

575547307645615144011 VVVVVVVVVVVVdt
dATP −−−−−−−++++= ; 

5547307645615144011 *2 VVVVVVVVVVVdt
dADP ++++++−−−−−= ; 

583155 VVVdt
dAMP ++−= ; 

5857 VVdt
dcAMP −= ; 

We used simplified equations for the recycling and output reactions. These rate equations were 

derived using reversible or first-order mass action laws.  

Recycling rate equations: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

NADHeq
NADHrec K

NADNADHkV
_

_51 *
                                                                  



⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

NADPHeq
NADPHrec K

NADPNADPHkV
_

_52 *
                                                                

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

pnteq
pntrec K

NADPNADHNADPHNADkV
_

_53
***

                                                                 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

2_
2_54 *

QHeq
Qrec K

QQHkV
                                                                                         

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

adkeq
adkrec K

ADPADPAMPATPkV
_

_55
***

                                                                  
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

ATPsyntheq
ATPsynthrec K

ATPPhosphADPkV
_

_56 **
                                                                   

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

cyaAeq
cyaArec K

cAMPATPkV
_

_57 *
                                                                                

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

cyaAeq
cyaArec K

AMPcAMPkV
_

_58 *
                                                                                

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= +

ATPsyntheq
ATPsynthrec K

CoAAceAcCoAkV
_

_59
**

                                                                  
 

Output reactions: 

PGkV PGout 6*6_60 = ; PFkV PFout 6*6_61 = ; DAPkV DAPout *_62 = ; 
GAPkV GAPout *_63 = ; 

3*3_64 PGAkV PGAout=
; PEPkV PEPout *_65 = ; 

PyrkV Pyrout *_66 = ; PEkV PEout 4*4_67 = ; PRkV PRout 5*5_68 = ; 
PSkV PSout 7*7_69 = ;

PRukV PRuout 5*5_70 = ; OAAkV OAAout *_71 = ;
KGkV KGout *_72 =

SucCoAkV SucCoAout *_73 = ; AcCoAkV AcCoAout *_74 = ;
AcekV Aceout *_75 = ; 

 

Conservation laws: 

cAMPAMPADPATPATPtot +++=  ;  
PICDICDICDtot _+= ; 

2QHQQtot += ;                                                     
SucCoAAcCoACoACoAtot ++= ;                         

3TalcTalTaltot += ;                                           
3TktcTktTkttot +=  ;                                              
NADHNADNADtot += ;                                 
NADPHNADPNAPDtot += ;                        

 

The following explicit functions were used to estimate the concentrations of magnesium 
complexes taking part as substrates in particular enzyme reactions:     



( );
*

_ MgK
MgATPATPMg

ATPMgd +=
  ( );

*
_

_
MgK

MgKATP
ATPMgd

ATPMgd
f +=

        

( )_

* ;
d ADPMg

ADP MgADPMg
K Mg

=
+

 
( )

_

_

* ;d ADPMg
f

d ADPMg

K MgADP
K Mg

=
+

          

( );
*

_ MgK
MgFbPFbPMg

FbPMgd +=
 ( );

*
_

_
MgK

MgKFbP
FbPMgd

FbPMgd
f +=

              

where ATPMg, ADPMg and FbPMg: concentration of magnesium complexes;  ATPf, ADPf and 
FbPf: concentrations of free metabolites, Mg: concentration of free magnesium ions; Кd_ATPMg, 
Кd_ADPMg and Кd_FbPMg: respective dissociation constants. 

 



 
Values of the model parameters 

Table 1S. Values of the parameters, which have been estimated against different in vivo 

experimental data on fluxomics, metabolomics and enzyme specific activity [S1,S4]. Model 

parameters, which appear in the rate equations of particular enzymes, are given in the section 

“Kinetic models of the particular enzymes” of this supplementary material. 

Parameter Value Parameter Value 

Krec _NADH 
Keq_NADH 

Krec_NADPH 
Keq_NADPH 

Krec_Pnt 
Keq_Pnt 

Krec_QH2 
Keq_QH2 
Krec_adk 
Keq_adk 

Krec_ATPsynth 
Keq_ ATPsynth 

Krec_cyaA 
Keq_cyaA 
Krec_cpdA 
Keq_cpdA 

Krec_AcCoA 
Keq_AcCoA 

 
Kout_G6P 
Kout_F6P 
Kout_DAP 
Kout_GAP 
Kout_PGA3 
Kout_PEP 
Kout_Pyr 
Kout_E4P 
Kout_S7P 
Kout_R5P 
Kout_Ru5P 
Kout_OAA 
Kout_KG 

Kout_SucCoA 
Kout_AcCoA 
Kout_Ace 

70 min-1 
12.6 

400 min-1 
12.3 

50 min-1 
1.08 

500 min-1 
15 
3.4 

1.13 
1.5 min-1 

2500 
1.4 min-1 
0.0001 

1000 min-1 
0.0001 
0 min-1 

2.5 
 

0.0313 min-1 
0.131 min-1 

0.4 min-1 
0 min-1 

0.3 min-1 
0.317 min-1 
0.74 min-1 
1.47 min-1 

0 min-1 
1.13 min-1 

0 min-1 
1.984 min-1 
3.57 min-1 

0 min-1 
5 min-1 
0 min-1 

Vm_PTS 
Vm_Pgi 

Vmr_PfkA 
Vmr_PfkB 
Vm_FbA 
Vm_Tpi 
Vm_Gdh 
Vm_Pgk 
Vm_Pgm 
Vm_Eno 

Vmr_PykA 
Vmr_PykF 
Vm_Zwf 
Vm_Pgl 
Vm_Gnd 
Vm_Rpe 
Vm_Rpi 
Vm_Edd 
Vm_Eda 

Vmr_Fbpase 
Vm_GlpX 
Vmr_Ppc 
Vm_PckA 
Vm_PpsA 
Vmr_MaeA 
Vmr_MaeB 
Vm_Pdh 
Vm_GltA 
Vm_Acn1 
Vm_Acn2 
Vm_Icd 
Vm_Akg 
Vm_Stc 
Vm_Sdh 
Vm_Fum 
Vm_Mqo 
Vm_Mdh 
Vm_AceA 
Vm_AceB 
Vm_AceK 

22 mM/min 
57 mM/min 
25 mM/min 
25 mM/min 

437 mM/min 
510 mM/min 
50 mM/min 

111 mM/min 
309 mM/min 
23 mM/min 
10 mM/min 
24 mM/min 
26 mM/min 

750 mM/min 
8.5 mM/min 
90 mM/min 
90 mM/min 
5 mM/min 
5 mM/min 
5 mM/min 
0 mM/min 
4 mM/min 

15 mM/min 
4 mM/min 

100 mM/min 
100 mM/min 
20 mM/min 

486 mM/min 
500 mM/min 
500 mM/min 
30 mM/min 

10.6 mM/min 
50 mM/min 
45 mM/min 

37.2 mM/min 
50 mM/min 
99 mM/min 
8 mM/min 

12 mM/min 
2.5 mM/min 

 

 

 



Table 2S. Values of the model parameters, which have been taken from the different literature 
sources. The initial concentrations of model variables have been taken from the literature [1S]. 

Parameter Value (mM) Literature source 

Glc_out 
Mg2+ 

Phosph 
HCO3- 
ATPtot 
NADtot 

NADPtot 
Qtot 
СоАtot 
ICDtot 
Taltot 
Tkttot 
Кd_ATPMg 
Кd_ADPMg 
Кd_FbPMg 
рН 

0.0647 
1 
5 

10 
4.48 
1.57 
1.1 
1 

0.5 
0.043 
0.006 
0.007 

0.0588 
0.9 
10 
7.5 

taken form [1S]; 
taken form [2S]; 
taken form [3S]; 
taken form [3S]; 
taken form [1S]; 
taken form [1S]; 
taken form [1S]; 
taken form [1S]; 
taken form [1S]; 
taken form [4S]; 
taken form [5S]; 
taken form [6S]; 
taken form [7S]; 
taken form [7S]; 
taken form [7S]; 
taken form [3S]; 

 
 



 
Kinetic models of the particular enzymes 

 
We used a standard approach for the development of kinetic models of particular enzymes. This 

approach can be subdivided into 5 steps. 

1. Investigation of the catalytic and regulatory enzyme properties. 

2. Development of the catalytic cycle scheme by considering the metabolic regulation. 

3. Derivation of a rate equation by taking into account appropriate level of its detail. In the 

case of reversible enzymes we used rate equation, wherein Vmax in forward direction is 

considered only. Vmax in reverse direction, which is commonly hard to estimate from the 

published experimetal data, is not included in the rate equations. Instead, each rate 

equation includes Keq, which is implemented on the basis of Haldane relationships. Keq is 

treated as independent parameter which value is identified on the basis of available 

experimental data. . The dependence of the enzyme rate on pH was taken into account by 

using the standard method described in the main text of this manuscript. All respective 

equations ZpH (eq. 6 in the main text) and QpH (eq. 7 in the main text) are almost the same 

for most enzymes. 

4. Verification of the model parameters. Depending on the available information parameter 

values can be obtained in the following ways: taken from literature sources or databases 

(EnzDB, BRENDA, EMP, WIT, etc.); calculated from values of other parameters; 

estimated from different experimental data about enzyme kinetics (measured in vitro); 

and assumed from general knowledge or model assumptions (free parameters). All 

literature sources that have been used during verification of the particular enzyme models 

are given in the tables of parameter values. 

5. Model testing, analysis of behavior, and generation of predictions. 

Simplified PTS rate equation 

We have used simplified rate equations for the description of phosphotransferase system 

(PTS) functioning on the basis of the data published in [8S].  

_
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_ _ _ _ _ _

* _ *
* * * _ _ *

m PTS

m Glc out m PEP m Glc out m PEP

V Glc out PEP
V

K K K PEP K Glc out Glc out PEP
=

+ + +
            

_
2

_ _ _ _ _ _

* _ *
* * * _ _ *

m PTS

m Glc in m PEP m Glc in m PEP

V Glc in PEP
V

K K K PEP K Glc in Glc out PEP
=

+ + +
                   



Values of the model parameters have been taken form literature and equal to 5 µM 

(Km_Glc_out, Km_Glc_in) and  0.3 mM (Km_PEP) [9S]. All maximal rats of the reactions (Vm) are given 

in Table 1S of this supplementary material. 

 

Models of glycolysis enzymes 
Glycolysis consists of 10 reactions catalysed by 15 enzymes. There are more number of 

enzymes than reactions because of presence of isoforms, which duplicate 4 of enzymes. Most 

probably, that these enzymes are analogs of each other, because there are significant differences 

in their mechanisms of catalytic cycle and regulation. Nevertheless, we could develop separate 

kinetic models only for the isoenzymes of phosphofructokinase (PfkA and PfkB) and 

pyruvatekinase (PykA and PykF). This is because of lack of quantitative experimental 

information about the properties of other isoforms (such as FbaA and FbaB; PgmA, PgmB and 

PgmI). Therefore we used generic rate equations for Fba and Pgm reactions. Similarly, 

simplified descriptions using the first level of detailing were developed for enzymes such as Glk, 

Pgi, Fba, Gap, Pgk, Pgm and Eno. Kinetic models of PfkA, PfkB, PykA and PykF, which show 

allosteric properties, were developed using the third level of detailing. Therefore, we finally 

developed 11 kinetic models for glycolysis enzymes. The brief descriptions of these enzymes are 

presented below. Detailed descriptions of PfkA (V6) and PfkB (V7) were published earlier 

[10S,11S] and they are not given in this supplementary material.  

 

Glucokinase (Glk). 

The reaction catalysed by Glk does not play a main role in the overall flux of inflowing 

glucose phosphorylation. However, we considered this enzyme for the model, because it 

increases at particular metabolic conditions [12S]. We have used simplified Random Bi Bi rate 

equation for the Glk reaction.  
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Parameter values and sources for verification are shown in table 3S. 

Table 3S. Values of the Glk parameters. 



Parameter Value Literature source 

Keq_Glk 
рК_Glk 

pHm_Glk 
Km_Glc_in 
Km_ ATP 
Km_ ADP 
Km_G6P 

20 
10 

7.85 
3.76 mM 
0.78 mM 
100 mM 
100 mM 

Taken from [13S]; 
Free parameter; 

Estimated from [14S]; 
Taken from [14S]; 
Taken from [14S]; 

Free parameter; 
Free parameter; 

	
  
Phosphoglucose	
  isomerase	
  (Pgi).	
  

This enzyme catalyses reversible isomerization of G6P to F6P, therefore we described 

Pgi by reversible Michaelis-Menten equation with addition of PEP inhibition, which was 

observed recently [15S]. 
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Parameter values and sources for verification are shown in table 4S. 

Table 4S. Values of the Pgi parameters. 

Parameter Value Literature source 

Keq_Pgi 
рК_Pgi 

pHm_Pgi 
Km_G6P 
Km_ F6P 
Kef_PEP 

0.4 
10 

8.43 
0.28 mM 

0.147 mM 
0.26 mM 

Taken form [13S]; 
Estimated from [16S]; 
Estimated from [16S]; 

Taken form [17S]; 
Taken form [17S]; 
Taken form [15S]; 

 

Fructose-1,6-bisphosphate aldolase (Fba). 

This enzyme catalyses reaction of FbP cleavage with formation of GAP and DAP. As it 

was noted before we didn’t provide separate rate equations for aldolase isoforms and used single 

rate equation. We described Fba by Ordered Uni Bi rate equation in accordance with Cleland’s 

classification with additional inhibition by PEP, which was observed recently [15S].  
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Parameter values and sources for verification are shown in table 5S. 



Table 5S. Values of the Fba parameters. 

Parameter Value Literature source 

Keq_Fba 
рК_Fba 

pHm_Fba 
Km_GAP 
Km_ FbP 
Km_ DAP 
Kef_PEP 

0.19 
14.6 

10.92 
0.13 mM 
0.12 mM 
0.13 mM 
1.85 mM 

Taken from [18S]; 
Estimated from [19S]; 
Estimated from [19S]; 

Taken from [20S]; 
Taken from [19S]; 
Taken from [19S]; 
Taken from [15S]; 

 

Triose-phosphate isomerase (Tpi) 

Tpi catalyses reaction of reversible isomerization, therefore this enzyme is described by 

reversible Michaelis-Menten equation.  
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Parameter values and sources for verification are shown in table 6S. 

Table 6S. Values of the Tpi parameters. 

Parameter Value Literature source 

Keq_Tpi 
рК_Tpi 

pHm_Tpi 
Km_GAP 
Km_ DAP 

0.04 
10 

8.43  
0.28 mM 

0.147 mM 

Taken from [13S]; 
Estimated from [21S]; 
Estimated from [21S]; 

Taken from [22S]; 
Taken from [22S]; 

 

Glyceraldehyde-3-phosphate dehydrogenase (Gdh) 

There is only one active form of Gdh in E. coli cells. We described Gdh by Random Bi 

Ter rate equation in accordance with Cleland’s classification [23S].  
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Parameter values and sources for verification are shown in table 7S. 



Table 7S. Values of the Gdh parameters. 

Parameter Value Literature source 

Keq_Gdh 
рК_Gdh 

pHm_Gdh 
Km_GAP 
Km_ NAD 

Km_ Phosph 
Km_BPG 

Km_ NADH 

20 
14.6 

10.92 
0.89 mM 

0.045 mM 
0.53 mM 
0.2 mM 

0.012 mM 

Taken from [13S]; 
Estimated from [24S]; 
Estimated from [24S]; 

Taken from [25S]; 
Taken from [25S]; 
Taken from [25S]; 
Taken from [26S]; 
Taken from [26S]; 

 

Phosphoglycerate kinase (Pgk). 

The first step of substrate phosphorylation is catalysed by Pgk. This enzyme functions by 

Random Bi Bi mechanism and does not have metabolic regulations. Therefore, we described Pgk 

by simplified Random Bi Bi rate equation derived using quasi steady-state method. However, its 

activity like for many other kinases depends on the presence of magnesium ions in the system, 

because the complex of ADP with Mg2+ becomes an actual substrate for this enzyme. We used 

explicit functions to take into account this enzyme’s peculiarity. Therefore, in the model, 

ATPMg2- and ADPMg2- are explicit functions depending on ADP and Mg free concentrations 

(see the first part of this supplementary material). That is a general approach for considering the 

dependence of enzyme activity on magnesium ions, which we used for all enzymes, which have 

such peculiarity. 
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Parameter values and sources for verification are shown in table 8S. 

Table 8S. Values of the Pgk parameters. 

Parameter Value Literature source 

Keq_Pgk 
рК_Pgk 

pHm_Pgk 
Km_BPG 
Km_ ADP 
Km_PGA3 
Km_ ATP 

100 
10 

7.49  
0.18 mM 
0.2 mM 

1.28 mM 
0.48 mM 

Taken from [13S]; 
Estimated from [21S]; 
Estimated from [21S]; 

Taken from [22S]; 
Taken from [22S]; 
Taken from [22S]; 
Taken from [22S]; 

 



Phosphoglycerate mutase  (Pgm) 

Pgm catalyses reaction of reversible isomerization, therefore this enzyme is described by 

reversible Michaelis-Menten equation. 
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Parameter values and sources for verification are shown in table 9S. 

Table 9S. Values of the Pgm parameters. 

Parameter Value Literature source 

Keq_Pgm 
рК_Pgm 

pHm_Pgm 
Km_PGA3 
Km_ PGA2 

0.1 
7.79 
7.28  

1.1 mM 
1.47 mM 

Taken from [13S]; 
Free parameter; 

Taken from [27S]; 
Taken from [27S]; 
Taken from [27S]; 

 

Enolase (Eno) 

Eno catalyses reaction of reversible dehydration, therefore this enzyme is described by 

reversible Michaelis-Menten equation as well. 
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Parameter values and sources for verification are shown in table 10S. 

Table 10S. Values of the Eno parameters. 

Parameter Value Literature source 

Keq_Eno 
рК_Eno 

pHm_Eno 
Km_PGA2 
Km_PEP 

3 
10 
8.3 

0.1 mM 
0.1 mM 

Taken from [13S]; 
Free parameter; 

Taken from [28S]; 
Taken from [28S]; 
Taken from [28S]; 

 

Pyruvatekinase-1 (PykF) 

As mentioned before, there are 2 active pyruvatekinase isoforms in E. coli cells, PykF 

and PykA [29S-31S]. PykF has been considered the main pyruvatekinase, although the specific 



activities of isoforms show that both enzymes have important roles during growth on the basic 

carbon substrates [30S]. The main biochemical PykF peculiarities are as follows: 

1. PykF has an oligomeric structure (main form of the enzyme is a tetramer) [30S]. 

2. Dependence of PykF initial velocity on PEP concentration has a pronounced sigmoid 

shape [30S,32S,33S]. 

3. PykF can use both ADP and GDP as phosphate acceptor [30S]. 

4. PykF activity is strongly dependent on the concentration of magnesium ions, thereby 

showing that the true substrate of this reaction is a complex of ADP with Mg2+ [30S]. 

5. PykF has a complicated profile of metabolic regulation. Thus, FbB activates and SucCoA 

inhibits it [30S, 34S]. 

6. FbP has a regulatory binding site, which is structurally separated from the catalytic centre 

[35S]. 

7. Different FbP analogs can activate PykF as well [36S]. 

8. ADP inhibits enzyme activity at high substrate concentration [30S]. 

9. The dependence of maximal PykF activity on pН has an asymmetric shape [33S]. 

 The main property of the enzymes is their allosteric character. Therefore, we are able to 

use the MWS approach for the correct description of the PykF peculiarities. Development of 

PykF model was based on generalisation of MWS approach, as proposed by Popova and Sel’kov 

[37S-40S]. The technical issues and a detailed description of the model development process can 

be found in our previous articles [10S,11S]. 

The rate equation of PykF monomer (f) at R-state can be represented in the following 

way: 
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The rate equation of PykF monomer at T-state (f’) has the analogous form but different 

parameter values. The Q function of PykF can be represented as follows: 
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where Ео, total enzyme concentration. 

The complete PykF rate equation (V15) can be obtained by substituting these equations in 

equation 4 in the main text of the manuscript. The final equation includes 31 parameters. The 

values and sensitivity ranges of the model parameters are given in table 11S.  

Table 11S. Values of the PykF parameters. 

Parameter Value (mM) Range of sensitivity 

(mM) 

Literature source 

Kmr_ADPMg 
Kmr_GDPMg 

Kmr_PEP 
Kir_PEP 
Kir_ADP 
Kir_GDP 
Kefr_FbP 

Kefr_SucCoA 
Kdr_Pyr 
Kdr_ATP 

Kdr_ADP_Pyr 
 

Kmt_ADPMg 
Kmt_GDPMg 

Kmt_PEP 
Kit_PEP 
Kit_ADP 
Kit_GDP 
Keft_FbP 

Kefr_SucCoA 
Kdt_Pyr 
Kdt_ATP 

Kdt_ADP_Pyr 
 

Lo 
1 

ω 1 
n 1 

 
Kh_1 
Kh_2 

0.029 
0.01 

3.48e-02 
1.02 
330 

4e-03  
0.049 
500 
100 
250 
100 

 
7.32e-06 

0.011 
1.92 
50 

0.075 
 3.7e-05 

700 
5.37e-04 

100 
5.89 
100 

 
104 

104  

4 
 

2e-05   
8.96e-05 

0.004 – 0.06 
0.004 – 0.012 

6.21e-03 – 6.02e-02 
0.3 – 1.6 

50 – ND 2 
1.3e-03 – 7.1e-03 

0.042 – 0.055 
40 – ND 

ND  
100 – 1000 

ND 
 

1e-06 – 2.3e-05 
0.005 – 0.014 

0.6 – 2.56 
4.64 – 95 

0.029 – 0.2 
1.19e-05 – 5.27e-05 

100 – ND 
1.19e-04 – 9.8e-04 

ND 
0.2 – 25 

ND 
 

2e+03 – 4e+04 
ND  

ND 
 

1e-05 – 3e-05 
5.7e-5 – 9.9e-5 

Estimated from [30S,34S]; 
Estimated from [30S]; 

Estimated from [30S,34S]; 
Estimated from [30S,34S]; 
Estimated from [30S,34S]; 

Estimated from [30S]; 
Estimated from [30S,34S]; 

Estimated from [34S]; 
Free parameter; 

Estimated from [34S]; 
Free parameter; 

 
Estimated from [30S,34S]; 

Estimated from [30S]; 
Estimated from [30S,34S]; 
Estimated from [30S,34S]; 
Estimated from [30S,34S]; 

Estimated from [30S]; 
Estimated from [30S,34S]; 

Estimated from [34S]; 
Free parameter; 

Estimated from [30S]; 
Free parameter; 

 
Estimated from [30S,34S]; 
Estimated from [30S,34S]; 

Free parameter [30S]; 
 

Estimated from [33S]; 
Estimated from [33S]; 

1 - parameters L0, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 

 

Pyruvatekinase-2 (PykA).  

This isoform of pyruvatekinase was studied lesser than the first one. Only 2 studies have 

characterised the biochemical properties of this enzyme [31S,32S]. The main differences of 



PykA from PykF are the metabolic regulatory profile (PykA is activated by AMP and the main 

intermediates of PMP) and strong specificity to ADP as the phosphate acceptor [31S,32S]. Other 

PykA peculiarities are the same as those for PykF. Because of these facts, we were able to use 

generalisation of the MWS approach to describe correctly the PykF peculiarities [37S-40S].  

The rate equation of PykF monomer (f) at R-state can be represented by the following 

way: 
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K K K Pyr K ATPMg ATPMg Pyr

− −

−

−

− −

− −

= + +

⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

+ + +

+ + +

                                                              

The rate equation of PykF monomer at T-state (f’) has the analogous form but different 

parameter values. The Q function of PykF can be represented as follows: 

_ _ 6 _ 6 _ 7

_ 5 _ 5 _ 5

1 ;
6 6 71

5 5 5

n

r
o

t
efr AMP efr F P efr G P efr S P

efr X P efr R P efr Ru P

EQ L
F P G P S PAMP E

K K K K
X P R P Ru P

K K K

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟= ∗ ∗
⎜ ⎟⎛ ⎞+ + + + +
⎜ ⎟⎜ ⎟
⎜ ⎟⎜ ⎟
+ + +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

              

             

_ _
* *

;
_ _

ir PEP omr ADPMg
r

K K E
E

Denom PykA r
−

=            _ _
* *

;
_ _

it PEP omt ADPMg
t

K K E
E

Denom PykA t
−

=                 

where Ео, total enzyme concentration. 

The complete PykA rate equation (V14) can be obtained by substituting these equations in 

equation 4 in the main text of the manuscript. The final equation includes 31 parameters. The 

values and sensitivity ranges of model parameters are given in table 12S.  

Table 12S. Values of the PykA parameters. 

Parameter Value (mM) Range of sensitivity 

(mM) 

Literature source 

Kmr_ADPMg 
Kmr_PEP 
Kir_PEP 

0.2 
1.1e-06 
 0.084 

0.001 – 0.09 
1.7e-07 – 8.52e-06 

0.003 – 0.97 

Estimated from [31S]; 
Estimated from [31S]; 
Estimated from [31S]; 



Kir_ADP 
Kdr_Pyr 
Kdr_ATP 

Kdr_ADP_Pyr 
 

Kmt_ADPMg 
Kmt_PEP 
Kit_PEP 
Kit_ADP 
Kdt_Pyr 
Kdt_ATP 

Kdt_ADP_Pyr 
 

Kefr_AMP 
Kefr_G6P 
Kefr_F6P 
Kefr_S7P 
Kefr_X5P 
Kefr_R5P 
Kefr_Ru5P 

 
Lo 

1 
ω 1 
n 1 

 
Kh_1 
Kh_2 

330 
100 
100 
100 

 
8.48e-02 

 0.054 
0.83 

0.314 
 100 
100 
100 

 
0.16 
0.08 

2 
0.1 

0.13 
0.001 
0.004 

 
25.3 
104  

4 
 

1.71e-06 
 2.41e-02 

50 – ND 2 
ND  
ND  
ND 

 
7.5e-03 – 2.3e-01 

0.002 – 0.47 
0.02 – 5.2 

0.0013 – 2.1 
ND 
ND  
ND 

 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

 
1.4 – 57 

ND  

ND 
 

1e-06 – 3e-06 
1.7e-05 – 2.9e-05 

Estimated from [31S]; 
Free parameter; 
Free parameter; 
Free parameter; 

 
Estimated from [31S]; 
Estimated from [31S]; 
Estimated from [31S]; 
Estimated from [31S]; 

Free parameter; 
Free parameter; 
Free parameter; 

 
Taken from [31S]; 
Taken from [31S]; 
Taken from [31S]; 
Taken from [31S]; 
Taken from [31S]; 
Taken from [31S]; 
Taken from [31S]; 

 
Estimated from [31S]; 
Estimated from [31S]; 

Taken from [31S]; 
 

Estimated from [31S]; 
Estimated from [31S]; 

1 - parameters L0, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 

 

Models of pentose-monophosphate and Entner-Doudoroff pathways enzymes 
PMP consists of 9 reactions catalysed by 10 enzymes. Rpi, Tkt and Tal are duplicated by 

isoforms. We used generic rate equations for these reactions, because of the lack of quantitative 

experimental data about enzyme properties. Additionally, Tkt and Tal show multiple activities; 

therefore, these reactions were described using the ODE subsystem considering enzyme states as 

variables. Moreover, we considered the presence of noncatalytic hydrolysis Gl6P for our model, 

because this process can have a physiological significance [41S]. The Entner-Doudoroff pathway 

consists of 2 supplementary reactions different from PMP and catalysed by two enzymes. 

Finally, for both pathways we developed 9 kinetic models of single enzymes using the first, 

second and fourth levels of detailing. 

 

Glucose-6-phosphate dehydrogenase (Zwf). 

The first step of PMP is an oxidation of G6P using NADP+, which is the main Zwf 

cofactor at physiological conditions. Other Zwf biochemical properties are product inhibition 

with NADPН and functioning by Random mechanism [42S, 42S]. We described Zwf activity by 

Random Bi Ter rate equation in accordance with Cleland’s classification.  
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6
1 *
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6 *
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d Gl P d NADPH
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NADPH
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Gl P NADPHV G P NADP K
V

K K K NADP K G P NADP G P

Gl P NADPHKH K KK H K K
Gl P NADPH

K K

+

+

⎛ ⎞−⎜ ⎟
⎝ ⎠=

⎛ ⎞+ + + +
⎜

⎛ ⎞⎜ + +⎛ ⎞+ + ⎜ ⎟⎜⎜ ⎟
+⎝ ⎠ ⎜ ⎟⎜

+⎜ ⎟⎜⎜ ⎝ ⎠⎝

⎟
⎟
⎟
⎟
⎟⎟
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_ _ 6 _
_

_ _ 6 _

* *
* *

m Pgk d Gl P m NADPH
eq Pgk r

m Pgk d G P m NADP

V K K
K

V K K
=  

Parameter values and sources for verification are shown in table 13S. 

Table 13S. Values of the Zwf parameters 

Parameter Value  Literature source 

Keq_Zwf 
Kh_1 
Kh_2 

Km_G6P 
Km_ NADP 
Kd_ G6P 
Km_Gl6P 

Km_ NADPH 
Kd_ Gl6P 

6e+10 
4.89e-04 mM 
1.6e-07 mM 
0.156 mM 

0.0274 mM 
0.192 mM 
0.122 mM 

0.0168 mM 
0.02 mM 

Taken from [44S]; 
Estimated from [42S]; 
Estimated from [42S]; 

Estimated from [42S, 43S]; 
Estimated from [42S, 43S]; 
Estimated from [42S, 43S]; 
Estimated from [42S, 43S]; 
Estimated from [42S, 43S]; 
Estimated from [42S, 43S]; 

 

6-phosphogluconolactonase (Pgl) 

Pgl catalyses reaction of reversible dehydration of Gl6P, therefore this enzyme is 

described by reversible Michaelis-Menten equation. 
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_ 6_ 2

_ 6
_1 _

_ _
_

_ _ 6

6

1 * 6

*
*

m Pgl
eq Pgl

m Gl Ph
m Gl P

h m PGn

m Pgl m Pgn
eq Pgl r

m Pgl m Gl P

PGnV Gl P K
V

KKH K Gl P PGnK H K

V K
K

V K

+

+

⎛ ⎞
⋅ −⎜ ⎟
⎝ ⎠=

⎛ ⎞⎛ ⎞
+ + + + ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

=

        

Parameter values and sources for verification are shown in table 14S. 

Table 14S. Values of the Pgl parameters 

Parameter Value (mM) Literature source 

Keq_Pgl 
Kh_1 
Kh_2 

Km_Gl6P 
Km_PGn 

42.8 
5.61e-03 
9.73e-06 

0.023 
10 

Taken from [41S]; 
Estimated from [45S]; 
Estimated from [45S]; 

Taken from [46S]; 
Taken from [46S]; 



As reaction of hydrolysis can process spontaneously, we assumed rate equation for this 

reaction described by reversible mass action law and verified against data published in [41S]. 

18 _ 6
_ _ 6

* 6hyd Gl P
eq hyd Gl P

PGnV K Gl P K
⎛ ⎞= −⎜ ⎟
⎝ ⎠

 

where Khyd_Gl6P equal to 0.01 min-1 and Keq_hyd_Gl6P to 42.8. 

 

6-phosphogluconate dehydrogenase (Gnd). 

The second NADP-dependent PMP step is catalased by Gnd. In spite of other PMP 

enzymes Gnd has several metabolic regulators, e. g. it is inhibited by FbP and ATP. 

Additionally, this enzyme has product inhibition by NADPH [47S,48S]. Analogously to Zwf we 

described Gnd activity by Random Bi Ter rate equation in accordance with Cleland’s 

classification. 
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m Gnd d HCO d Ru P d NADPH
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V K K K
K

V K K
=                            

       

Parameter values and sources for verification are shown in table 15S. 

Table	
  15S.	
  Values	
  of	
  the	
  Gnd	
  parameters	
  
Parameter Value (mM)  Literature source 

Keq_Gnd 
Kh_1 
Kh_2 

Km_PGn 
Km_ NADP 

50 
5.76e-04 

5e-07 
0.033 
0.015 

Taken form [49S]; 
Estimated from [36S]; 
Estimated from [36S]; 
Estimated from [36S]; 
Estimated from [36S]; 



Kd_ NADP 
Kef_ATP_PGn 

Kef_ATP 
Kef_FbP 

Kef_FbP_NADPH 
Kd_ NADPH 
Kd_ Ru5P 
Kd_ HCO3 

 

0.117 
0.065 
0.14 

0.013 
0.0052 
0.0034 
0.044 
100 

 

Estimated from [36S]; 
Estimated from [47S]; 
Estimated from [47S]; 

Estimated from [47S, 36S]; 
Estimated from [47S, 36S]; 
Estimated from [47S, 36S]; 
Estimated from [47S, 36S]; 

Free parameter; 
 

During the model analysis, an additional version of the Gnd equation was derived. Based 

on the model assumption, we assumed the presence of additional metabolic regulation (model 2) 

and integrated it into the rate equation.  
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V

KH PEPDen Gnd K KH
+

+

⎛ ⎞−⎜ ⎟
⎝ ⎠=

⎛ ⎞ ⎛ ⎞+ + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

The dissociation constant (Kef_PEP) was assumed equal to 5 mM, based on the maximum 

coincidence with experimental data on steady state metabolomics. 

Ribulose-phosphate 3-epimerase (Rpe). 

Rpe catalyses reaction of reversible isomerization of Ru5P, therefore this enzyme is 

described by reversible Michaelis-Menten equation. 
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Parameter values and sources for verification are shown in table 16S. 

Table 16S. Values of the Rpe parameters 

Parameter Value (mM)  Literature source 

Keq_Rpe 
Kh_1 
Kh_2 

Km_Ru5P 
Km_ X5P 

1.5 
9.47e-04 
1.02e-06 

0.872 
0.893 

Taken from [48S]; 
Estimated from [48S]; 
Estimated from [48S]; 
Estimated from [48S]; 
Estimated from [48S]; 

 

Ribose-5-phosphate isomerase (Rpi). 

Rpi catalyses reaction of reversible isomerization of Ru5P, therefore this enzyme is 

described by reversible Michaelis-Menten equation. Additionally, this enzyme has one metabolic 

effector, E4P, therefore this peculiarity was added into the model account. 
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Parameter values and sources for verification are shown in table 17S. 

Table 17S. Values of the Rpi parameters 

Parameter Value (mM)  Literature source 

Keq_Rpi 
Kh_1 
Kh_2 

Km_Ru5P 
Km_ R5P 
Kef_ E4P 

0.33 
1.65e-04 
1.05e-07 
3.53e-03 
1.23e-04 

0.67 

Taken from [48S]; 
Estimated from [51S]; 
Estimated from [51S]; 
Estimated from [52S]; 
Estimated from [52S]; 
Estimated from [50S]; 

 

Transketolase (Tkt). 

Tkt catalyses the transfer of a two-carbon ketogroup from one carbohydrate (X5P, F6P, 

S7P) to another (GAP, E4P, R5P respectively). This enzyme does not have metabolic regulation 

and other complex biochemical peculiarities, but shows nontrivial catalytic mechanism and 

multiple activities. Therefore, we described Tkt with an ODE system, where variables are not 

only substrates but also enzyme states [5S].  

The ODE system considering the Tkt multiple activities can be represented in the 

following way:  

22
_ 5dTkt X P Vdt = − ; 22

2 _dTktc GAP Vdt = ; 

23
_ 6dTkt F P Vdt = − ; 23

2 _ 4dTktc E P Vdt = ; 

24
_ 7dTkt S P Vdt = − ; 24

2 _ 5dTktc R P Vdt = ; 

_ 5 _
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_ 7 _ 5
_ 7 _ 5

_ 7

*eq S P d R P
eq S P R P

d S P

K KK K=  

Parameters values and sources for verification are shown in table 18S. 

Table 18S. Values of the Tkt parameters 

Parameter Value Literature source 

Keq_X5P 
Keq_F6P 
Keq_S7P 

Kcat_X5P_GAP 
Kcat_F6P_E4P 
Kcat_S7P_R5P 

Kh_1 
Kh_2 

Kd_X5P 
Kd_ R5P 
Kd_ E4P 
Kd_GAP 
Kd_ F6P 
Kd_ S7P 

1 
0.5 

0.33 
7872 min-1 
4143 min-1 
7872 min-1 

1.24e-04 mM 
4.5e-06 mM 
0.022 mM 
0.079 mM 
0.001 mM 
0.02 mM 
0.07 mM 
0.06 mM 

Taken from [53S]; 
Estimated from [55S]; 

Taken from [53S]; 
Taken from [53S]; 

Estimated from [55S]; 
Taken from [53S]; 

Estimated from [54S]; 
Estimated from [54S]; 
Estimated from [53S]; 
Estimated from [53S]; 
Estimated from [55S]; 
Estimated from [53S]; 
Estimated from [55S]; 
Estimated from [53S]; 

 

Transaldolase (Tal). 

Kinetic model describing Tal properties was developed using analogous to Tkt model 

assumptions. Only differences were in a number of possible enzyme activities and substrates 

(F6P and S7P as donors, E4P and GAP as acceptors respectively) and structure of transferred 

group [6S].  

The ODE system considering the Tal multiple activities can be represented in the 

following way:  

25
_ 6 ;dTal F P Vdt = −  

25
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26
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_ 6 _
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_ 7 _ 6
_ 7 _ 4
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*eq S P d F P
eq S P E P

d E P

K KK K=  

Parameter values and sources for verification are shown in table 19S. 

Table 19S. Values of the Tal parameters 



Parameter Value Literature source 

Keq_F6P 
Keq_S7P 

Kcat_F6P_GAP 
Kcat_S7P_E4P 

Kh_1 
Kh_2 

Kd_ E4P 
Kd_GAP 
Kd_ F6P 
Kd_ S7P 

0.11 
26.6 

4200 min-1 
2100 min-1 

4.43e-04 mM 
1.9e-07 mM 
0.025 mM 
0.014 mM 
0.333 mM 
0.107 mM 

Taken from [6S]; 
Estimated from [6S]; 

Taken from [6S]; 
Estimated from [6S]; 

Estimated from [56S]; 
Estimated from [56S]; 
Estimated from [57S]; 
Estimated from [57S]; 
Estimated from [57S]; 
Estimated from [57S]; 

 

6-phosphogluconate dehydratase (Edd). 

Edd catalyses reaction of reversible dehydration of Gl6P. This enzyme does not have 

metabolic effectors, therefore this enzyme is described by reversible Michaelis-Menten equation.  
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Parameter values and sources for verification are shown in table 20S. 

Table 20S. Values of the Edd parameters 

Parameter Value Literature source 

Keq_Edd 
рК_Edd 

pHm_Edd 
Km_PGn 

Km_KDPG 

1000 
10 
6.4 

0.6 mM 
1 mM 

Taken from [58S]; 
Free parameter; 

Taken from [58S]; 
Taken from [58S]; 

Free parameter; 
 

KDPG-aldolase (Eda). 

Eda is described by simplified Ordered Uni Bi equation in accordance with Cleland’s 

classification: 
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Parameter values and sources for verification are shown in table 21S. 



Table 21S. Values of the Eda parameters 

Parameter Value Literature source 

Keq_Eda 
рК_Eda 

pHm_Eda 
Km_GAP 
Km_ Pyr 

Km_ KDPG 

0.5 
10 
7.5 

1 mM 
10 mM 

0.35 mM 

Taken from [59S]; 
Free parameter; 

Taken from [59S]; 
Free parameter; 
Free parameter; 

Taken from [59S]; 
 

 

Kinetic models of gluconeogenesis enzymes 
Most of the gluconeogenesis enzymes are the same as those for glycolysis. Different 

enzymes were observed only for those reactions involving the irreversible glycolysis steps (e.g. 

phosphofructokinase and pyruvate kinase reactions). Finally, we developed 7 kinetic models for 

such enzymes: 4 using the third level of detailing, one with the second, and 2 with the first.  

 

Fructosebisphosphatase-1 (Fbpase). 

Fbpase is the main fructosebisphosphatase in E. coli cells. The activity of this 

gluconeogenesis enzyme was observed at growth on glucose as well [60S], where Fbp forms 

futile cycle together with Pfk enzymes. The other Fbpase biochemical peculiarities are as 

follows: 

1. Fbpase has an oligomeric structure (main form of the enzyme is a tetramer) [61S-63S]; 

2. Enzyme activity has strong dependence on the concentration of magnesium ions. However, it 

is not completely clear which forms act as true substrates. Most probably, the free form of 

FbP and magnesium ions take these parts, whereas complex of FbP with magnesium plays 

the role of the competitive inhibitor [64S-67S]; 

3. AMP also competitively inhibits Fbpase by binding to the magnesium ions site [61S-64S]. 

4. Fbpase has allosteric regulation as well. PEP increase activity of this enzyme [61S-63S]. 

Most enzymes have an allosteric character. Because of this fact, we are able to use 

generalisation of the MWS approach for the correct description of Fbpase peculiarities. 

Development of Fbpase model was based on the generalisation of the MWS approach proposed 

by Popova and Sel’kov [37S-40S].  Our previous studies showed the technical issues and the 

model development process [10S,11S].  

The rate equation of Fbpase monomer (f) at R-state can be represented in the following 

way: 
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The rate equation of Fbp monomer at T-state (f’) has the analogous form but different 

parameter values. The Q function of Fbp can be represented as follows: 
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where Ео – total enzyme concentration. 

The complete Fbp rate equation (V27) can be obtained by substituting these equations in 

equation 4 in the main text of the manuscript. The final equation includes 31 parameters. The 

values and sensitivity ranges of the model parameters are given in table 22S.  

Table 22S. Values of the Fbp parameters. 

Parameter Value (mM) Range of sensitivity 

(mM) 

Literature source 

Kmr_Mg 
Kmr_FbP 
Kir_F6P 

Kir_ FbPMg 
Kir_ FbPMg_Mg 

Kir_AMP 
Kir_AMP_FbP 

Kefr_PEP 
Kir_F6P 

Kir_Phosph 

0.039 
8.42e-03 

1.12 
0.76 

0.356 
1.22e-03 
0.0256 

0.45 
9.72 
15.8 

0.031 – 0.046 
6.21e-03 – 1.02e-02 

0.88 – 1.37 
0.55 – 0.93 
0.17 – 0.57 

8.6e-04 – 1.69e-03 
0.0163 – 0.0389 

0.28 – 0.69 
0.45 – 22.2 
0.875 – 46 

Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 

Estimated from [61S]; 
Estimated from [65S]; 
Estimated from [65S]; 



Kir_F6P_Mg 
Kir_F6P_Phosph 
Kir_Phosph_Mg 

Kir_F6P_Phosph_Mg 
 

Kmt_Mg 
Kmt_FbP 
Kit_F6P 

Kit_ FbPMg 
Kit_ FbPMg_Mg 

Kit_AMP 
Kit_AMP_FbP 

Keft_PEP 
Kit_F6P 

Kit_Phosph 
Kit_F6P_Mg 

Kit_F6P_Phosph 
Kit_Phosph_Mg 

Kit_F6P_Phosph_Mg 
 

Lo 
1 

ω 1 
n 1 

 
Kh_1 
Kh_2 

0.385 
6.6 

0.856 
48.4 

 
55 

1e-05 
6.89e-03 
6.42e-03 

100 
2.55e-04 

690 
550 

0.304 
3.21 
315 
915 
539 
16.5 

 
8.15e-04 

104  

4 
 

7.51e-06 
2.65e-05 

0.024 – 6.78  
0.67 – 48  

0.031 – 16.5 
2.31 - 158 

 
44 – 67 

ND – 5e-05 
2.71e-03 – 9.47e-03 
4.99e-03 – 8.63e-02 

24 – 230 
1.09e-04 – 5.63e-04 

330 – 850 
86 – ND 

0.01 – 5.7 
0.1 – 15.5 
45 – 812 

450 - 1680 
127 - 980 
0.25 - 78 

 
4.09e-04 – 9.72e-04 

ND 2 
ND 

 
5.34e-06 – 9.12e-06 

1.7e-05 – 3.7e-05 

Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 

 
Estimated from [65S]; 

Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 

Estimated from [61S]; 
Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 
Estimated from [65S]; 

 
Estimated from [64S-67S]; 
Estimated from [64S-67S]; 

Taken from [68S]; 
 

Estimated from [65S]; 
Estimated from [65S]; 

1 – parameters L0, Wr, Wt, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 

 

Fructosebisphosphatase-2 (GlpX). 

Unfortunately, there is a lack of quantitative information about GlpX properties [63S]. 

Therefore, despite the evidences about allosteric properties we have to use the simplified 

approach (the level of detailing) for the derivation of its rate equation. 
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Parameter values and sources for verification are shown in table 23S. 

Table 23S. Values of the GlpX parameters. 

Parameter Value Literature source 

Keq_GlpX 
рК_GlpX 

pHm_GlpX 
Km_ FbP 

Km_Phosph 

104 
14.6 

10.92 
0.025 mM 

10 mM 

Taken from [69S]; 
Estimated from [65S]; 
Estimated from [65S]; 

Taken from [69S]; 
Free parameter; 



Km_ F6P 10 mM Free parameter; 
 

Phosphoenolpyruvate synthetase (РpsA) 

PEP can be produced directly by using a single reaction with Pyr and ATP as substrates 

in E. coli cells. PpsA is an enzyme responsible for the catalysis of this reaction and has the 

following biochemical peculiarities: 

1. РpsA acts by Ping Pong Uni Bi Bi Uni mechanism in correspondence to Cleland’s 

classification [70S,71S] 

2. True РpsA substrate is АТРMg2-, the free form of АТР takes part as competitive 

inhibitor [71S] 

3. Presence of magnesium ions in the catalytic site significantly increases the rate of the 

second reaction step [71S] 

4. There is essential product inhibition by АМР and РЕР [70S]. 

5. РpsA is also inhibited by ADP and TCA cycle intermediates, such as KG and ОАА. 

Most probably, this inhibition has competitive character [70S]. 

6. The enzyme has different рН-optimums for forward and reverse reactions [72S]. 

A rate equation taking into account all the noted enzyme peculiarities can be expressed in 

the following way: 
2
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Parameter values and sources for verification are shown in table 24S. 

Table 24S. Values of the PpsA parameters. 

Parameter Value Literature source 

Kh_S_1 
Kh_S _2 
Kh_P_1 
Kh_P _2 
WPpsA 
Km_Pyr 

Km_ ATPMg 
Kd_Pyr 

Kd_ ATPMg 
Kef_ADP 
Kef_ATP 
Kef_KG 
Kef_OAA 
Km_PEP 
Km_ AMP 

Km_ Phosph 
Kd_Mg 
Kd_PEP 
Kd_ AMP 

Kd_ Phosph 

6.95e-07 
1.43e-04 

1.43 
1.54e-08 

10 
0.229 

0.0549 
2740 
0.1 

0.0283 
6.28e-04 

0.274 
0.796 
20.7 

3.84e-04 
422 
36.9 
95.7 
1480 
1730 

Estimated from [72S]; 
Estimated from [72S]; 
Estimated from [72S]; 
Estimated from [72S]; 

Taken from[72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [70S, 72S]; 
Estimated from [70S, 72S]; 
Estimated from [70S, 72S]; 
Estimated from [70S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [71S, 72S]; 
Estimated from [70S, 72S];  
Estimated from [71S, 72S]; 
Estimated from [70S, 72S]; 

 

 Phosphoenolpyruvate carboxykinase (PckA). 

This enzyme catalyses ADP-dependent carboxylation of PEP with formation of OAA. 

We described PckA activity by simplified Random Bi Ter rate equation in accordance with 

Cleland’s classification. 
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Parameter values and sources for verification are shown in table 25S. 

Table 25S. Values of the PckA parameters. 

Parameter Value Literature source 

Keq_PckA 
рК_PckA 

pHm_PckA 
Km_OAA 

Km_ ATPMg 
Km_ HCO3 
Km_ADPMg 
Km_ PEP 

1.88 
10 
8 

0.67 mM 
0.06 mM 
13 mM 

0.05 mM 
0.07 mM 

Taken from [13S]; 
Estimated from [73S]; 
Estimated from [73S]; 

Taken from [74S]; 
Taken from [74S]; 
Taken from [74S]; 
Taken from [74S]; 
Taken from [74S]; 

 

Phosphoenolpyruvate carboxylase (Pрс). 

Just like РскА, Ppc catalyses PEP carboxylation with formation of OAA, although this 

reaction is not coupled with ADP phosphorylation. Because of this reaction the equilibrium is 

shifted to the OAA formation. Ppc reveals a number of allosteric properties, for example, 

sigmoid dependences of enzyme activity on substrate concentration, oligomeric structure, 

presence of regulatory sites for the enzymes effectors [75S-77S]. Therefore, we used the MWC 

approach for the derivation of Ppc rate equation [37S-40S].   

The rate equation of Ppc monomer (f) at R-state can be represented in the following way: 
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The rate equation of Ppc monomer at T-state (f’) has the analogous form but different 

parameter values.  



Based on the available information about Ppc regulation, we assumed that at the enzyme 

molecule, there are 2 regulatory sites—the activating site, wherein FbP and АсСоА bind, and the 

inhibiting site, wherein Mal, Suc, Cit, and Fum bind [77S]. Additionally, there are a number of 

contradictory data about the possible cooperative effects between some of these effectors. 

Nevertheless, these data are not sufficient for the model complication. Therefore, we did not 

consider this possible peculiarity; the final Q function for Ppc can be represented as follows: 
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where Ео, total enzyme concentration. 

The complete Ppc rate equation (V29) can be obtained by by substituting these equations 

in equation 4 in the main text of the manuscript. The final equation includes 23 parameters. The 

values and sensitivity ranges of the model parameters are given in table 26S.  

Table 26S. Values of the Ppc parameters. 

Parameter Value (mM) Range of sensitivity (mM) Literature source 

Kmr_HCO3 
Kmr_PEP 
Kdr_PEP 

Kdr_Phosph 
Kdr_OAA 

Kdr_Phosph_OAA 
 

Kmt_HCO3 
Kmt_PEP 
Kdt_PEP 

Kdt_Phosph 
Kdt_OAA 

Kdt_Phosph_OAA 
 

Kefr_FbP 
Kefr_AcCoA 
Kefr_Mal 
Kefr_Suc 
Kefr_Fum 
Kefr_Cit 

 

0.002 
3.2 

 655 
100 
100 
100 

 
0.0022 

5.12 
0.0122 

100 
100 
100 

 
10 

0.14 
0.23 
23 

2.75 
34.4 

 

ND – 0.29 
1.08 – 5.57 
245 – 870 

ND 2 
ND  
ND  

 
ND – 0.31 
2.98 – 7.47 

0.0013 – 0.2 
0.0013 – 2.1 

ND 
ND  

 
ND 
ND 
ND 
ND 
ND 
ND 

 

Estimated from [75S-77S]; 
Estimated from [75S-77S]; 
Estimated from [75S-77S]; 

Free parameter; 
Free parameter; 
Free parameter; 

 
Estimated from [75S-77S]; 
Estimated from [75S-77S]; 
Estimated from [75S-77S]; 

Free parameter; 
Free parameter; 
Free parameter; 

 
Taken from [76S]; 
Taken from [76S]; 
Taken from [77S]; 
Taken from [77S]; 
Taken from [77S]; 
Taken from [77S]; 

 



Lo 
1 

ω 1 
n 1 

 
Kh_1 
Kh_2 

6.37e-06 
104  

4 
 

1.71e-06 
 6.1e-05 

1.4e-06 – 9.57e-06 
ND  

ND 
 

1.01e-06 – 2.43e-06 
5.7e-05 –6.9e-05 

Estimated from [75S-77S]; 
Estimated from [31S]; 

Taken from [31S]; 
 

Estimated from [75S]; 
Estimated from [75S]; 

1 - parameters L0, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 

 

NAD-dependent malic enzyme (MaeA). 

Malic enzymes catalyse the irreversible decarboxylation of Mal with the formation of 

Pyr. Overall, the catalytic properties of MaeA and MaeB quite similar and have allosteric 

character. The differences between the 2 malic enzymes are the cofactors and the metabolic 

effectors [78S]. For example, MaeA uses NAD as a cofactor and is activated by Asp and 

inhibited by АТР, СоА and АсСоА [79S-81S]. Moreover, MaeA activity is dependent on the 

concentration of magnesium ions.  

The rate equation of MaeA monomer (f) at R-state can be represented in the following 

way: 
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The rate equation of MaeA monomer at T-state (f’) has the analogous form but different 

parameter values. Based on the analogous assumptions as those for the Ppc model we proposed 

following Q function for MaeA: 
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_ _* *
;

_ _
dr NAD mr Mal o

r

K K E
E

Denom MaeA r
=        _ _* *

;
_ _

dt NAD mt Mal o
t

K K E
E

Denom MaeA t
=                  

where Ео, total enzyme concentration. 

The complete MaeA rate equation (V33) can be obtained by by substituting these 

equations in equation 4 in the main text of the manuscript. The final equation includes 21 

parameters. The values and sensitivity ranges of the model parameters are given in table 27S.  



Table 27S. Values of the MaeA parameters. 

Parameter Value (mM) Range of sensitivity 

(mM) 

Literature source 

Kmr_MAl 
Kmr_NAD 
Kdr_NAD 
Kdr_Mg 
Kefr_Asp 
Kefr_ATP 

Kefr_AcCoA 
Kefr_CoA 
Kmt_Mal 
Kmt_NAD 
Kdt_NAD 
Kdt_Mg 
Keft_Asp 
Keft_ATP 

Keft_AcCoA 
Keft_CoA 

 
Lo 

1 
ω 1 
n 1 

 
Kh_1 
Kh_2 

0.532 
0.033 
 0.6 

0.123 
0.362 

89 
7.43 
1.5 

0.093 
0.108 

0.0837 
0.93 

0.583 
0.26 

0.197 
0.268 

 
19.9 
104  

4 
 

8.5e-07 
 2.82e-03 

0.011 – 1.09 
0.001 – 0.15 
0.22 – 1.67 

0.086 – 0.165 
0.189 – 0.481 

35 - ND  

0.57 - ND 
0.2 – 8.1 

0.007 – 0.31 
0.023 – 0.298 

0.00013 – 0.57 
0.076 – 1.11 
0.341 – 0.75 
0.195 – 0.33 

0.125 – 0.229 
0.201 – 0.334 

 
7.87 – 34.7 

ND  

ND 
 

5.09e-07 – 1.92e-06 
8.7e-04 –5.9e-03 

Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 

 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 

Taken from [79S]; 
 

Estimated from [81S]; 
Estimated from [81S]; 

1 – parameters L0, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 

 

NADP-dependent malic enzyme (MaeB). 

MaeB uses NADP as a cofactor and it is inhibited by АТР, АсСоА, cАМР and ОАА 

[82S,83S]. In addition, product inhibition by NADP (and respective to this peculiarity inhibition 

by NAD) has been observed for МаеВ as well [83S]. 

The rate equation of MaeB monomer (f) at R-state can be represented in the following 

way: 
2

_
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1 * _ _
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** * * ;*
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⎛ ⎞ ⎛ ⎞= + + + + +⎜ ⎟ ⎜ ⎟
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The rate equation of MaeB monomer at T-state (f’) has the analogous form but different 

parameter values. Based on the analogous assumptions as those for the Ppc model we proposed 

following Q function for MaeB: 

;
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_ _* *
;

_ _
dr NADP mr Mal o

r

K K E
E

Denom MaeB r
=          _ _* *

;
_ _

dt NADP mt Mal o
t

K K E
E

Denom MaeB t
=          

where Ео, total enzyme concentration. 

The complete MaeB rate equation (V32) can be obtained by by substituting these 

equations in equation 4 in the main text of the manuscript. The final equation includes 23 

parameters. The values and sensitivity ranges of the model parameters are given in table 28S.  

Table 28S. Values of the MaeB parameters. 

Parameter Value (mM) Range of sensitivity 

(mM) 

Literature source 

Kmr_Mal 
Kmr_NADP 
Kdr_NADP 
Kdr_Mg 

Kdr_NADPH 
Kefr_NADH 
Kefr_OAA 
Kefr_cAMP 
Kefr_AcCoA 

 
Kmt_Mal 

Kmt_NADP 
Kdt_NADP 
Kdt_Mg 

Kdt_NADPH 
Keft_NADH 
Keft_OAA 
Keft_cAMP 
Keft_AcCoA 

 
Lo 

1 
ω 1 
n 1 

 
Kh_1 
Kh_2 

3.71 
0.0221 
 0.0189 

8.22e-04 
0.011 

0.0165 
7.06 
0.49 

0.0635 
 

3.28 
0.0219 
0.022 
0.124 
0.043 
0.015 

1.25e-03 
1.57e-03 
2.19e-04 

 
0.134 
104  

6 
 

3.43e-07 
 3.66e-05 

3.11 – 4.29 
0.0134 – 0.305 
0.0012 – 0.415 

1.19e-04 –3.3e-04 
0.009 – 0.18 

0.002 – 0.0269 

5.51 – 9.49 
0.21 – 0.72 

0.0491 – 0.0782 
 

2.76 – 3.75 
0.013 – 0.302 

0.0025 – 0.049 
0.023 – 0.21 

0.017 – 0.077 
0.0019 – 0.255 

7.5e-04 –1.98e-03 
9.65e-04 –2.38e-03 
1.19e-04 –3.3e-04 

 
0.047 – 0.225 

ND  

ND 
 

1.68e-07 – 5.93e-06 
1.81e-05 –5.99e-05 

Estimated from [82S,83S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 

Estimated from [84S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 

 
Estimated from [82S,83S]; 
Estimated from [79S,80S]; 
Estimated from [79S,80S]; 

Estimated from [84S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 

 
Estimated from [82S,83S]; 
Estimated from [82S,83S]; 

Taken from [82S]; 
 

Estimated from [85S]; 
Estimated from [85S]; 

1 – parameters L0, ω, n are dimensionless. 
2 – range of sensitivity wasn’t estimated. 



 

Kinetic models of TCA cycle and glyoxylate bypass enzymes. 
The TCA cycle and glyoxylate bypass totally consist of 13 reactions catalysed by 17 

enzymes. As for the other CCM pathways, the number of enzymes is higher than the number of 

reactions because of the presence of isoforms. As for glycolysis, since these enzymes are analogs 

of each other, the isoforms can have essential differences in their catalytic or regulatory 

mechanisms. However, we did not develop separate rate equations for the TCA cycle enzymes, 

because of the lack of quantitative experimental information about particular isoforms. 

Moreover, genetic regulation respective to genes coding these enzymes does not allow 

simultaneous expression of isoforms. Therefore, production of the particular isoform is related to 

the specified culture phase or oxygen concentration [86S-88S], and the possibility of reaction 

duplication by isoform is minimised at a particular metabolic state.  

 

Other kinetic models were mainly developed using the second level of detailing, although 

2 enzymes were described by simplified equations (Mqo and АсеВ). Part of the TCA cycle 

enzymes, such as CS (V35), ICD (V38) and AceK (V47, V48) were described in detail in the 

previous articles [88S,89S].  

 

Pyruvate dehydrogenase complex (Pdh). 

Pdh is a multiprotein complex with a complex catalytic mechanism. Nevertheless, 

available experimental data show that the kinetic properties of this reaction can be successfully 

described by Ping Pong Ter Bi mechanism in accordance with the Cleland classification [23S]. 

The rate equation for this enzyme can be expressed in the following way:  

_
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The values of parameters and sources of verification are shown in table 29S. 



Table 29S. Values of the Pdh parameters. 

Parameter Value Literature source 

рК_Pdh 
pHm_Pdh 
Km_ Pyr 
Km_ NAD 
Km_ CoA 

Km_ AcCoA 
Km_NADH 

10 
6.8 

0.26 mM 
0.01 mM 

0.005 mM 
0.005  mM 
0.01 mM 

Free parameter; 
Estimated from [91S]; 

Taken from [91S]; 
Estimated from [90S]; 
Estimated from [90S]; 
Estimated from [90S]; 

Free parameter; 
 

Aconitase (AcnB)  

This enzyme is coded by the acnB gene and it catalyses isocitrate formation from citrate 

through aconitate. There are 3 isoforms of aconitases in E. coli. The 2 main enzymes are 

aconitase А (acnA) and В (acnB), and the minor one is aconitase С (acnC) [92S]. AcnA 

expression is induced by Fe ions and other events related to oxidative stress during stationary 

phase of growth. AcnB is the main enzyme at the exponential phase of culture growth. We 

considered only AcnB isoform for the model. Both steps of the reaction were described as one 

substrate-one product reactions catalysed by the same enzyme. Rate equations were included into 

the model as follows: 

_ 1
35 _ 1

_
_ _

(1 )

eq Acn
m Acn

m Cit
m Aco m iCit

Cit Aco K
V V Aco iCitK Cit

K K

−
=

+ + +

; _ 2 _ 2
36 _ 2

_
_ _

( )

(1 )

eq Acn eq Acn
m Acn

m iCit
m Aco m Cit

K Aco iCit K
V V Aco CitK iCit

K K

−
=

+ + +

 

Parameter values and sources for verification are shown in table 30S. 

Table 30S. Values of the AcnB parameters. 

Parameter Value Literature source 

_m CitK  11.2mM Estimated from [92S] 

_m AcoK  0.02mM Estimated from [92S] 

_m iCitK  0.01mM Free parameter 

_ 1eq AcnK  0.032 Estimated from [93S] 

_ 2eq AcnK  2.615 Estimated from [93S] 

 

Alpha-Ketoglutarate Dehydrogenase (Akg) 

The rate equation for this enzyme was derived from the irreversible Ping Pong 

mechanism with cooperative interaction between 2 catalytic sites since Akg shows alpha-

ketoglutarate (KG) inhibition at concentration higher than 0.08 mM [94S]. A detailed description 



of the AKG model development can be found in our previous article [89S]. According to 

available experimental data [95S] only the maximal rate depends on pH. The rate equation was 

included into the model as follows: 
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where 0.08_ AkgV  is the maximal rate with 0.08 mM of alpha-ketoglutarate. 

Parameter values and sources for verification are shown in table 31S. 

Table 31S. Values of the Akg parameters. 

Parameter Value Literature source 

_m KGK  0.02 mM Estimated from [94S]; 

_m CoAK  0.076 mM Estimated from [94S]; 

_m NADK  0.098 mM Estimated from [94S]; 

2_KGK  0.25mM Estimated from [94S]; 

0.08_ AkgV  21.2mM/min Estimated	
  from	
  [94S]; 

1_ Akgk  1e5 1/min Estimated	
  from	
  [94S] 

2 _ Akgk  1e7 1/min  Estimated	
  from	
  [94S] 

3_ Akgk  1e6 1/min  Estimated from [94S] 

4 _ Akgk  5e4 1/min Estimated from [94S] 

1_KGK  0.05mM Estimated from [94S] 

_d CoAK  0.07mM Estimated from [94S] 

_d NADK  0.08mM Estimated from [94S] 

_1hK  
2.3e-5 mM  Estimated from [95S] 

_2hK  1.5e-7 mM  Estimated from [95S] 

 

Succinate Dehydrogenase (Sdh)  

Sdh is a multiprotein complex which catalyses succinate oxidation to fumarate with 

coenzyme Q reducing. The rate equation was taken according to Random Bi Bi mechanism:
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This enzyme is characterised by the complicated character of maximal enzyme activity 

dependence on pH. In the present case, we assumed that a part of the rate equation parameters 

should be depended on pH for correct taking into account this enzyme peculiarity. 
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Here K1 and K2 are the dissociation constants for protons from the free enzyme form and 

from the enzyme complexes with succinate or coenzyme Q; K3 and K4 are the dissociation 

constants for protons from the enzyme complexes with fumarate or reduced coenzyme Q. 

Assumption of different affinity of protons with different enzyme forms and the introduction of 4 

dissociation constants for protons were made on the basis of corresponding experimental data 

[96S], wherein initial velocities dependences on pH differed for forward and reverse reactions.  

Parameter values and sources for verification are shown in table 32S. 

Table 32S. Values of the SDH parameters. 

Parameter Value Literature source 

   
   

Keq_Sdh 2250 Calculated from [101] 

Km_Q 0.002 mM Estimated from [96S] 
 Km_QH2 0.0045 mM Estimated from [96S] 
 Kef_Fum 0.2 mM Estimated from [97S] 
 Kd_Suc 0.01 mM Estimated from [97S] 
 Km_Suc 0.28 mM Estimated from [99S] 
 Km_Fum 0.45 mM Estimated from [100S] 

Kh_1 1e-4 mM mM Estimated from [96S] 
Kh_2 5e-7 mM Estimated from [96S] 
Kh_3 8.5e-4 mM Estimated from [96S] 
Kh_4 1e-6 mM Estimated from [96S] 

 

Fumarase (FumA)  
Fum catalyses reaction of reversible hydration, therefore this enzyme is described by 

reversible Michaelis-Menten equation. 
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pH dependence of the enzyme activity was taken into account by the following changes 

in the rate equation:  
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Parameter values and sources for verification are shown in table 33S. 

Table 33S. Values of the Fum parameters. 

Parameter Value Literature source 

kf_Fum 1.86e5 1/min Estimated from [102S]; 
kr_Fum 4.02e04 1/min Estimated from [102S]; 

_m FumK  0.6 mM Estimated from [102S]; 

_m MalK  0.7 mM Estimated from [102S]; 

_1hK  0.0316 mM  Estimated from [102S]; 

_ 2hK  5e-7 mM  Estimated from [102S]; 

_ 3hK  1.26e-4 mM Estimated from [102S]; 

_ 4hK  3.98e-8 mM  Estimated from [102S]; 

_eq FumK  5.4 Estimated from [102S]; 

 

Malate dehydrogenase (Mdh) 

This enzyme is coded by mdh gene and catalyses the reaction of malate oxidation. Rate 

equation was derived based on Ordered Bi Bi mechanism in accordance to Cleland’s 

classification [103S]: 
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 Parameter values and sources for verification are shown in table 34S. 

Table 34S. Values of the Mdh parameters. 

Parameter Value Literature source 

_eq MdhK  1e5 Estimated from [104S]; 

_i OAAK  3mM Estimated from [104S]; 

_m NADHK  0.003mM Estimated from [104S]; 

_m OAAK  0.001mM Estimated from [104S]; 

_m MalK  0.86mM Estimated from [104S]; 

_m NADK  0.64mM Estimated from [104S]; 

 

Malate dehydrogenase (Mqo) 

This enzyme is coded by mqo gene and as well as Mdh catalyses the reaction of malate 

oxidation, but transfers electrons directly to the quinine pool of the respiratory chain without 

help of other cofactors. Unfortunately, there is a lack of quantitative experimental data for a 

detailed description of Mqo functioning. Therefore, we used the first level of detailing for the 

rate equation of this enzyme. 
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Parameter values and sources for verification are shown in table 35S. 

Table 35S. Values of the Mqo parameters. 

Parameter Value Literature source 

Keq_Mqo 
Km_Mal 
Km_ Q 

9 
0.435 mM 

0.0414 mM 

Taken from [105S]; 
Taken from [105S]; 
Taken from [105S]; 



Km_OAA 
Km_ QH2 

10 mM 
10 mM 

Free parameter; 
Free parameter; 

 

Isocitrate lyase (AceA)  

AceA is encoded by aceA gene, and it catalyses the reaction of glyoxylate and succinate 

formation from isocitrate. The rate equation was derived according to the Random Uni Bi 

mechanism with E-iCit-Suc dead complex and with inhibitors, namely, 3-phosphoglycerate 

(competitive to iCit) and phosphoenolpyruvate (non-competitive to iCit and Glx, competitive to 

Suc) [103S].  

_ _ _
_
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_ _ _ _ _
_ _ _

_ _
_ _

_

*

1 * 1

* * * 1

m AceA m Glx d Suc
eq AceA

m iCit m Glx d Suc m Glx d Suc
d PG d PEP eip PEP

m iCit m Glx
iCit m iCit m Suc
eis egp PEP

Glx SucV K K iCit K
V

PG PEP PEPK K K iCit K KK K K

Suc iCit K K PEPGlx K KK K

⎛ ⎞−⎜ ⎟
⎝ ⎠=

⎛ ⎞ ⎛ ⎞
+ + + + +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

⎛ ⎞
+ + + +⎜ ⎟

⎝ ⎠
_ _

_

* *

* *

m iCit m Glx

m iCit

Suc K K

Glx Suc K

+

+

 	
  

Parameter values and sources for verification are shown in table 36S. 

Table 36S. Values of the AceA parameters. 

Parameter Value Literature source 

kf_AceA 1675 1/min Estimated from [103S]; 

_m iCitK  0.063mM Estimated from [103S]; 

_m GlxK  0.13mM Estimated from [103S]; 

_m SucK  0.59mM Estimated from [103S]; 

_d PGK  0.8mM Estimated from [103S]; 

_d SucK  0.53mM Taken from [103S]; 

kr_AceA 208 1/min Taken from [103S]; 

_eis iCitK  0.04mM Taken from [103S]; 

_eip PEPK  1.14mM Taken from [103S]; 

_egp PEPK  0.2mM Taken from [103S]; 

_d PEPK  1.05mM Taken from [103S]; 

_
r
m AceAV  0.993 mM/min Estimated from [103S]; 

_eq AceAK  8.8 mM Estimated from [103S]; 

 

Malate synthase (AceB)  



AceB is coded by aceB gene and catalyses the reaction of glyoxylate and acetyl-

Coenzyme A bond with malate formation [106S]. Rate equation was derived according to 

Random Bi Bi mechanism. 

_
_
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_ _
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** *
;

* * * *

** * *

m AceB
eq AceB

m Glx m AcCoA m AcCoA m Glx

m Glx m AcCoA
m Mal m CoA m Mal m CoA

Mal CoAV Glx AcCoA K
V

K K K Glx K AcCoA Glx AcCoA

Mal CoA Mal CoAK K K K K K

⎛ ⎞
−⎜ ⎟

⎝ ⎠=
+ + + +

⎛ ⎞+ + +⎜ ⎟
⎝ ⎠

 

 

Parameter values and sources for verification are shown in table 37S. 

Table 37S. Values of the AceB parameters. 

Parameter Value Literature source 

Keq_aceB 
Km_Glx 

Km_ AcCoA 
Km_Mal 
Km_ CoA 

2.31e+05 
0.021 mM 
0.009 mM 

10 mM 
10 mM 

Calculated [101S] 
Taken from [107S]; 
Taken from [107S]; 

Free parameter; 
Free parameter; 
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