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Supplementary Figures 
 

 
 
 
Supplementary Figure 1 Schematic of the presented computational-experimental approach to 
identify in vivo relevance of putative allosteric interactions based on dynamic metabolite data. 
 

 
 



 
 
 
Supplementary Figure 2 Time profiles of intracellular metabolite concentrations during a switch from 
pyruvate to glucose and back to pyruvate (shown in green); and a switch from pyruvate to fructose 
and back to pyruvate (shown in red). A control sample without substrate switching is shown as a 
black cross at 70 seconds. Error bars indicate the results from two experiments and dashed lines are 
smoothed splines. 

 
 



 
 
Supplementary Figure 3 Concentrations of adenylates and guanylates during the glucose switch 
when determined using acidic acetonitrile extraction. 
 
 
  

 
 



 
 
Supplementary Figure 4 Most of the PP flux  (80-87 %) is used for anabolism and does not return to 
glycolysis. (a) In case no carbon returns to glycolysis via the PP pathway, 100% of fructose-6-
phosphate remains labeled at position 1 and 50% of dihydroxyacetonephosphate is labeled at 
position 1. (b) Carbon that returns to glycolysis via catabolic PP pathway produces 100% of unlabeled 
fructose-6-phosphate and dihydroxyacetonephosphate. (c) Measured fraction of unlabeled fructose-
6-phosphate, unlabeled dihydroxyacetonephosphate and dihydroxyacetonephosphate labelled with 
1 13C isotope (M+1) during a switch from unlabeled pyruvate to 1-13C labeled glucose. 
  

 
 



 
 
Supplementary Figure 5 Simulation results and experimental data of the glucose switch (left) and the 
fructose switch (right). Model without allosteric regulation (best parameter set out of 10.000 random 
parameter sets). Best model with a single interaction (best out of 1000 random parameter sets). Best 
model with pairwise interactions (best out of 500 random parameter sets). 

 
 



 
 
Supplementary Figure 6 Capability to describe the glucose and the fructose switch for 3600 models 
with pairwise combinations of allosteric interactions in the rows with interactions in the columns. For 
each model the best out of 500 parameter sets is used to calculate the AIC. The color on the heat 
map shows the information content relative to the base model (ΔAIC). Green to black color indicates 
higher information content than the base model and a model with relevant allosteric interactions. 
Grey indicates there was no successful simulation of the particular model. Shown are activating (+) 
and inhibiting (-) allosteric interactions of 5 metabolites (G6P/F6P (1), FBP/DHAP (2), 6PG(3), PEP(4), 
PYR(5)) with nine enzymes catalyzing reactions in glycolysis/gluconeogenesis. 
 

 
 

  

 
 



 
 

 
 
 
Supplementary Figure 7 In vitro enzymatic assays with His-tag purified type I FBPase encoded by the 
fbp gene. (a) Dependence of FBPase activity on fructose-1,6-bisphosphate concentration. (b) 
Dependence of FBPase activity on pyruvate concentration at 2 mM fructose-1,6-bisphosphate. (c) 
AMP inhibition of FBPase activity without (black dots) and with 5 mM pyruvate (red triangles). (d) 
FBPase activity in presence of PEP, citrate and pyruvate. (e) Fructose-1,6-bisphosphate 
concentrations were determined by LC-MS/MS in assays that were quenched after 4 minutes with 
methanol (-20°C). Assays in (c), (d) and (e) were performed with 0.05 mM fructose-1,6-P.  

 
 



 
 
 
Supplementary Figure 8 In vitro enzymatic assays with His-tag purified phosphofructokinase encoded 
by the pfkA gene. (a) Dependence of phosphofructokinase activity on fructose-6-phosphate 
concentration. (b) Inhibition of phosphofructokinase by PEP at 0.4 mM F6P and 1.5 mM F6P.  

 
 



Supplementary Tables 
 
Supplementary Table 2 Kinetic parameters of reactions in the glycolytic model. vmax of irreversible 
reactions are estimable parameters and no value is given. 

Reaction  Parameter Value 

Transport Reactions 

PTSg 𝑣𝑚𝑎𝑥,𝑃𝑇𝑆𝑔  0 – 1.85 mM s-1 

 𝐾𝑃𝑇𝑆𝑔,𝑔𝑙𝑢𝑐𝑜𝑠𝑒 0.22 mM [72] 

PTSf 𝑣𝑚𝑎𝑥,𝑃𝑇𝑆𝑓  0  - 1.85 mM s-1 

 𝐾𝑃𝑇𝑆𝑓,𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 0.054 mM [73] 

PYRup 𝑣𝑚𝑎𝑥,𝑃𝑌𝑅𝑢𝑝  3.15 mM s-1 

Irreversible Reactions   

PFK 𝑣𝑚𝑎𝑥,𝑃𝐹𝐾  - 

 𝐾𝑃𝐹𝐾,𝐹6𝑃 (0.1-10) . 0.16 mM [40] 

FBPase 𝑣𝑚𝑎𝑥,𝐹𝐵𝑃𝑎𝑠𝑒  - 

 𝐾𝐹𝐵𝑃𝑎𝑠𝑒,𝐹𝐵𝑃 (0.1-10) . 0.015 mM [51] 

G6Pdh 𝑣𝑚𝑎𝑥,𝐺6𝑃𝑑ℎ  - 

 𝐾𝐺6𝑃𝑑ℎ,𝐺6𝑃 (0.1-10) . 0.07 mM [59] 

GND 𝑣𝑚𝑎𝑥,𝐺𝑁𝐷  - 

 𝐾𝐺𝑁𝐷,6𝑃𝐺 (0.1-10) . 0.1 mM [62] 

PYK 𝑣𝑚𝑎𝑥,𝑃𝑌𝐾  - 

 𝐾𝑃𝑌𝐾,𝑃𝐸𝑃 (0.1-10) . 0.31 mM [75] 

PPS 𝑣𝑚𝑎𝑥,𝑃𝑃𝑆  - 

 𝐾𝑃𝑃𝑆,𝑃𝑌𝑅 (0.1-10) . 0.083 mM[76] 

PDH 𝑣𝑚𝑎𝑥,𝑃𝐷𝐻  - 

 𝐾𝑃𝐷𝐻,𝑃𝑌𝑅 (0.1-10) . 0.515 mM[77] 

PPC 𝑣𝑚𝑎𝑥,𝑃𝑃𝐶  - 

 𝐾𝑃𝑃𝐶,𝑃𝐸𝑃 (0.1-10) . 0.19 mM [78] 

 
 
 

 
 



Supplementary Table 3 Allosteric interactions in glycolysis and gluconeogenesis that are reported in 
literature. 18 interactions are covered with the kinetic model analysis (bold letters). 
 

# Enzyme Effector Akt./ 
Inhib. Reference 

1 PTSg G6P  (-) 33 

2  PEP (+) 34 

3  PYR  (-) 34 

4  Oxalate (+) 35 

  AKG (-) 36 

5 PFK I F6P   (+) 43, 47, 48 

6  PEP  (-) 37, 38, 39, 43, 44 

7  ATP (-) 37, 40, 41 

8  GDP  (+) 40, 42, 44 

9  ADP (+) 44 

10  Citrate  (-) 37, 38, 39 

11  F1P (-) 37 

12 PFK II FBP  (-) 45 

13  ATP  (-) 46 

14 FBPase I PEP (+) 50, 53 

15  PEP  (-) 49 

16  FBP  (-) 49, 51, 52 

17  G6P  (-) 55 

18  AMP  (-) 51, 53, 49,55, 56 

19  F2,6BP  (-) 51, 52, 54 

20  Citrate  (+) 53 

21 FBPase II PEP  (+) 57 

22  FBP  (-) 57 

23  ADP  (-) 57 

24  ATP (-) 58 

25 G6Pdh NADPH  (-) 59, 60 

26 GND FBP  (-) 61, 62, 

27  ATP  (-) 62 

28  NADPH (-) 61  

29 pykF FBP  (+) 63, 64, 27 

30 
 

PEP  (+) 64 
 
  

 
 



Supplementary Table 3 continued Allosteric interactions in glycolysis and gluconeogenesis that are 
reported in literature. 18 interactions are covered with the kinetic model analysis (bold letters). 
     

31 PPS PEP  (-) 66 

32 
 

ADP (-) 65, 66 

33 
 

AMP (-) 66 

34  AKG (-) 65, 66 

35  OAA  (-) 65, 66 

36  Malate  (-) 66 

37 PPC FBP (+) 26 

38  GTP (+) 26 

39  Aspartate (-) 67, 68 

40  Malate (-) 67 

41  Fumarate (-) 67 

42  Citrate (-) 67 

43  Succinate (-) 67 

44 PDH Pyruvate (+) 24 

45  AcCoA (-) 24, 69 

46 
 

Glyoxylate (-) 69 

47 
 

Lactate  (-) 69 

48 
 

NADPH (-) 69 , 70 

  

 
 



Supplementary Table 4 Allosteric interactions which improved the AIC of models with a single 
interaction relative to the base model. Interactions reported in literature are indicated by bold 
letters. 
 

AIC Base Model  93.61 

Rank Metabolite Enzyme Act./Inhib. ∆AIC 
1 PEP PFK (-) 47 

2 G6P PFK (+) 43 

3 PEP FBPase (+) 36 

4 PYR PFK (-) 22 

5 FBP GND (+) 20 

6 F6P PDH (+) 16 

7 PYR GND (+) 15 

8 G6P PYK (+) 15 

9 6PG PPS (+) 14 

10 F6P PFK (+) 13 

11 G6P FBPase (-) 13 

12 PEP PPS (+) 12 

13 G6P PPC (-) 12 

14 FBP PPC (-) 11 

15 DHAP PPC (-) 10 

16 PEP PDH (+) 10 

17 PEP G6Pdh (-) 8 

18 F6P PPC (-) 6 

19 PYR FBPase (+) 5 

20 PYR PFK (+) 5 

21 G6P PPC (+) 5 

22 DHAP PDH (+) 4 

23 G6P PTS (-) 4 

24 FBP GND (-) 3 

25 6PG PFK (+) 3 

26 FBP PDH (-) 3 

27 PEP PPC (+) 1 

 
  

 
 



Supplementary Table 5 Rank of all 90 interactions that were tested in models with pairwise allosteric 
interactions. Ranking is based on how often the interaction appears in models with ∆AIC>0 
(frequency) and the best ∆AIC that was achieved with a model including this interaction. Interactions 
reported in literature are indicated by bold letters. 
 
 
 

Rank Metabolite Enzyme Act./Inhib. Frequency Best ∆AIC 

1 G6P PFK (+) 61 124 

2 PEP PFK (-) 77 83 

3 6PG PFK (+) 44 106 

4 PEP FBPase (+) 65 68 

5 FBP PDH (+) 22 124 

6 G6P FBPase (-) 37 87 

7 PYR FBPase (+) 45 71 

8 FBP PYK (+) 22 106 

9 FBP PPC (+) 26 99 

10 PYR PFK (-) 45 67 

11 6PG G6Pdh (+) 17 96 

12 6PG PTS (-) 32 68 

13 G6P G6Pdh (+) 27 70 

14 PEP G6Pdh (-) 19 83 

15 G6P PDH (+) 25 71 

16 FBP G6Pdh (+) 15 87 

17 PYR PPC (-) 25 68 

18 FBP PTS (-) 19 78 

19 6PG PYK (+) 23 71 

20 6PG FBPase (-) 34 51 

21 G6P PYK (+) 14 83 

22 FBP PPS (-) 15 81 

23 PYR PTS (-) 16 79 

24 PYR GND (+) 18 74 

25 G6P GND (-) 25 61 

26 6PG GND (+) 20 67 

27 PEP PTS (-) 17 70 

28 6PG PDH (+) 22 62 

29 PEP PYK (+) 25 55 

30 6PG PPC (-) 25 54 

 
 



31 PYR PPS (+) 18 64 

32 6PG G6Pdh (-) 16 67 

33 G6P PTS (-) 22 54 

34 G6P PPC (+) 18 58 

35 G6P PPS (-) 11 69 

36 FBP PYK (-) 10 70 

37 6PG PYK (-) 26 44 

38 PEP PDH (+) 19 55 

39 6PG PPS (-) 14 63 

40 FBP PPC (-) 14 62 

41 FBP FBPase (+) 6 75 

42 6PG PPS (+) 8 71 

43 PYR PYK (+) 19 53 

44 PEP GND (+) 19 52 

45 PYR PDH (+) 18 51 

46 PYR G6Pdh (-) 16 54 

47 PEP PPC (+) 21 45 

48 FBP GND (+) 24 38 

49 G6P GND (+) 9 62 

50 PYR PYK (-) 16 49 

51 PYR PPC (+) 19 44 

52 PYR PPS (-) 20 42 

53 6PG FBPase (+) 12 55 

54 G6P PYK (-) 9 58 

55 G6P FBPase (+) 3 67 

56 PEP FBPase (-) 4 66 

57 6PG PFK (-) 13 51 

58 6PG PPC (+) 17 45 

59 PYR PDH (-) 16 46 

60 PEP PPC (-) 15 48 

61 PEP PPS (-) 19 39 

62 G6P PPC (-) 21 36 

63 PEP PYK (-) 13 47 

64 G6P PDH (-) 11 48 

65 PYR GND (-) 7 54 

 
 



66 PEP PTS (+) 9 51 

67 6PG PDH (-) 20 32 

68 PEP GND (-) 8 51 

69 6PG PTS (+) 13 42 

70 FBP GND (-) 8 50 

71 PEP PDH (-) 8 49 

72 PYR FBPase (-) 6 51 

73 PYR PTS (+) 9 44 

74 6PG GND (-) 14 36 

75 PEP PPS (+) 12 39 

76 G6P PTS (+) 9 43 

77 FBP G6Pdh (-) 5 49 

78 FBP PPS (+) 10 40 

79 FBP PDH (-) 13 34 

80 PEP G6Pdh (+) 7 31 

81 G6P G6Pdh (-) 2 39 

82 PYR G6Pdh (+) 3 35 

83 G6P PFK (-) 6 30 

84 FBP FBPase (-) 7 28 

85 PYR PFK (+) 9 17 

86 G6P PPS (+) 7 19 

87 FBP PFK (+) 6 17 

88 PEP PFK (+) 5 17 

89 FBP PFK (-) 6 11 

90 FBP PTS (+) 6 4 

 
  

 
 



Supplementary Methods 
 
In vitro enzymatic assays  
 
Enzymes and metabolites 
Strains bearing his-tagged phosphofructokinase and FBPase were obtained from the ASKA library82 
and lysed by french press. The his-tagged enzymes were purified using nickel-sepharose gravity flow 
columns (GE Healthcare), and the elution buffer was replaced by the respective assay buffer (100 
mM Tris-HCl for phosphofructokinase and 50 mM HEPES for FBPase) using filter columns with 10 kD 
cutoff (Millipore). Fructose-6-phosphate, fructose-1,6-bisphosphate, PEP, ATP, ADP, AMP, pyruvate 
and citrate were purchased from Sigma and dissolved at different concentrations in 100 mM Tris-HCl 
(pH 8). 
 
Spectrophotometric phosphofructokinase assay 
To determine PFK activity a coupled spectrophotometric assay was used with a solution containing 1 
µg phosphofructokinase, 1.3 U aldolase, 16.3 U triosephosphate isomerase, 1.6 U α-
glycerophosphate dehydrogenase, 100 mM Tris-HCl (pH 8), 10 mM MgCl2, 0.2 mM NADH, 4 mM ATP 
and 0.4 mM ADP in a final volume of 1 mL at room temperature. Substrates and effectors were 
added in 100 µL aliquots to the assay before initiation. Assays were enzyme-initiated by addition of 
100 µL of a 20 times concentrated enzyme stock solution The rate of NADH consumption was 
measured by monitoring absorbance at 340 nm in a cuvette.  
 
FBPase assay 
To determine FBPase activity a coupled spectrophotometric assay was used with a solution 
containing 2 µg FBPase, 7 units phosphoglucose isomerase, 3.5 units glucose-6-phosphate 
dehydrogenase, 50 mM HEPES (pH 7.5), 10 mM MgCl2 and 0.5 mM NADP in a final volume of 200 uL 
at room temperature. Substrates and effectors were added in 10 µL aliquots to the assay before 
initiation. Assays were enzyme-initiated by addition of 10 µL of a 40 µg/mL enzyme solution. The rate 
of NADPH production was measured by monitoring absorbance at 340 nm in a 96-well plate. The 40 
µg/mL enzyme solution was freshly prepared from a 4 mg/mL stock before measuring a 96-well plate 
in order to prevent activity loss due to dilution as described previously53. 
 
 
Network-embedded thermodynamic analysis  
 
The anNET tool for MATLAB79 was employed to estimate feasible ranges of Gibbs energy of reaction 

by network-embedded thermodynamic analysis20. The network consisted of 15 reactions and the 
direction of each reaction was constrained for each time point according to the available substrate as 
listed in Supplementary Table 6. 
 
  

 
 



Supplementary Table 6 Reaction network for network-embedded thermodynamic analysis. 
Metabolites in bold were constrained to measured concentrations. Constraints of directions is 
indicated for each reaction by the arrows. 
 

Name Reaction Direction on 
pyruvate 

Direction 
on glucose 

Direction on 
fructose 

PPC          co2 + pep <==>  h + oaa + pi                                                                                        --> --> --> 
PDH coa + nad + pyr <==> accoa + co2 + nadh --> --> --> 
ENO 2pg(a)  <==> h2o + pep <-- --> <-- 
FBA fdp <==> dhap + g3p <-- --> --> 
GAPD g3p + nad + pi <==> 13dpg + h + nadh <-- --> --> 
PGM 3pg(a) <==> 2pg(a) <-- --> --> 
PFK atp + f6p <==>  adp + fdp + h       <==>         -->       <==> 
FBP fdp + h2o <==>  f6p + pi                                                                                               --> <==> --> 
PGI g6p <==> f6p <-- --> <-- 
PGK 3pg(a)  + atp <==> 13dpg  + adp <-- --> --> 
PYK adp + h + pep <==>  atp + pyr <==> --> --> 
PPS atp + h2o + pyr <==>  amp + (2) h + pep + pi                                                                           --> <==> <==> 
TPI dhap <==> g3p <-- --> --> 
G6Pdh g6p + nadp <==> 6pgl + h + nadph --> --> --> 
GND 6pg + nadp <==> co2 + nadph + ru5p --> --> --> 

 

(a)   The total concentration of 2PG + 3PG was constrained to measured values. 
 
 
Measured metabolites were limited to 10% of the experimentally determined concentration. 
Minimal and maximal concentration limits of non-measured metabolites were set to 1 μM and 10 
mM respectively. The maximal concentration limit for CO2 was set to the saturation concentration of 
1.4 mM in water at 298.15 K and 1 atm. The maximal concentration limit for inorganic phosphate (pi) 
was set to 20 mM80.  The intracellular conditions were considered with a cytoplasmic pH of 7.2 and 
an ionic strength of 0.15 M. Thermodynamic data was provided with the anNET software. 
 
 
Kinetic model of glycolysis and gluconeogenesis 
 
The stoichiometry of the model is shown in Figure 1a in the main text and abbreviations are detailed 
in the caption of Figure 1 in the main text. 
 
The transport reactions of hexoses (PTSg, PTSf) and the irreversible reactions (PFK, FBPase, PYK, PPC, 
PPS, PDH, G6Pdh and GND) are described by Michaelis-Menten kinetics: 

 
𝑣 = 𝑣𝑚𝑎𝑥  ∙  

𝑐𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑐𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝐾𝑚

 

 
Since we assume that reversible reactions are near equilibrium the law of mass action describes the 
kinetics for the forward (+) and backward (-) direction: 
 

𝑣+ = 𝑘+ ∙ 𝑐𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  
𝑣− = 𝑘− ∙ 𝑐𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

 
The detailed equations are given below. 

 
 



 
Kinetic rate equations – irreversible reactions: 
Reaction 1 
glucose specific phosphotransferase system (PTSg) 
 

𝑣𝑃𝑇𝑆𝑔 = 𝑣𝑚𝑎𝑥,𝑃𝑇𝑆𝑔 
𝑐𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑐𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐾𝑃𝑇𝑆,𝐺𝑙𝑢𝑐𝑜𝑠𝑒
 

 
Reaction 2 
phosphofructokinase (PFK) 
 

𝑣𝑃𝐹𝐾 = 𝑣𝑚𝑎𝑥,𝑃𝐹𝐾 
𝑐𝐹6𝑃

𝑐𝐹6𝑃 + 𝐾𝑃𝐹𝐾,𝐹6𝑃
 

 
Reaction 3 
fructose-1,6-bisphosphatase (FBPase) 
 

𝑣𝐹𝐵𝑃𝑎𝑠𝑒 = 𝑣𝑚𝑎𝑥,𝐹𝐵𝑃𝑎𝑠𝑒 
𝑐𝐹𝐵𝑃

𝑐𝐹𝐵𝑃 + 𝐾𝐹𝐵𝑃𝑎𝑠𝑒,𝐹𝐵𝑃
 

 
Reaction 4 
fructose specific phosphotransferase system (PTSf), 
 

𝑣𝑃𝑇𝑆𝑓 = 𝑣𝑚𝑎𝑥,𝑃𝑇𝑆𝑓 
𝑐𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑐𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒 + 𝐾𝑃𝑇𝑆𝑓,𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒
 

 
Reaction 5 
glucose-6-phosphatedehydrogenase (G6Pdh) 
 

𝑣𝐺6𝑃𝑑ℎ = 𝑣𝑚𝑎𝑥,𝐺6𝑃𝑑ℎ 
𝑐𝐺6𝑃

𝑐𝐺6𝑃 + 𝐾𝐺6𝑃𝑑ℎ,𝐺6𝑃
 

 
 
Reaction 6 
6-phosphogluconate dehydrogenase (GND) 
 

𝑣𝐺𝑁𝐷 = 𝑣𝐺𝑁𝐷 
𝑐6𝑃𝐺

𝑐6𝑃𝐺 + 𝐾𝐺𝑁𝐷,6𝑃𝐺
 

 
Reaction 7 
pyruvate kinase (PYK) 
 

𝑣𝑃𝑌𝐾 = 𝑣𝑚𝑎𝑥,𝑃𝑌𝐾 
𝑐𝑃𝐸𝑃

𝑐𝑃𝐸𝑃 + 𝐾𝑃𝑌𝐾,𝑃𝐸𝑃
 

 
Reaction 8 
phosphoenolpyruvate synthetase (PPS) 
 
𝑣𝑃𝑃𝑆 = 𝑣𝑚𝑎𝑥,𝑃𝑃𝑆 

𝑐𝑃𝑌𝑅
𝑐𝑃𝑌𝑅 + 𝐾𝑃𝑃𝑆,𝑃𝑌𝑅

 

 
 
 

 
 



Reaction 9 
Since there is no information about pyruvate transport in E. coli, we assume active transport and 
saturation of the transporter at a pyruvate concentration of 5 g L-1  that was used in the experiment. 
The maximum rate of the transporter corresponds to the measured uptake rate of 3.15 mM sec-1. 
 
𝑣𝑃𝑌𝑅𝑢𝑝 = 𝑣𝑚𝑎𝑥,𝑃𝑌𝑅𝑢𝑝        if        𝑐𝑃𝑦𝑟,𝑒𝑥𝑡𝑒𝑟𝑛 ≠ 0           
𝑣𝑃𝑌𝑅𝑢𝑝 = 0                          if        𝑐𝑃𝑦𝑟,𝑒𝑥𝑡𝑒𝑟𝑛 = 0    
 
 
Reaction 10 
pyruvate dehydrogenase (PDH) 
 
𝑣𝑃𝐷𝐻 = 𝑣𝑚𝑎𝑥,𝑃𝐷𝐻 

𝑐𝑃𝑌𝑅
𝑐𝑃𝑌𝑅 + 𝐾𝑃𝐷𝐻,𝑃𝑌𝑅

 

 
Reaction 11 
phosphoenolpyruvate carboxylase (PPC) 
 
𝑣𝑃𝑃𝐶 = 𝑣𝑚𝑎𝑥,𝑃𝑃𝐶

𝑐𝑃𝐸𝑃
𝑐𝑃𝐸𝑃 + 𝐾𝑃𝑃𝐶,𝑃𝐸𝑃

 

 
 
 
 
Kinetic Rate Equations – Reversible Reactions 
 
Reaction 12/13 
phosphoglucoseisomerase (PGI) 
 
𝑣𝑃𝐺𝐼+ = 𝑘𝑃𝐺𝐼+ ∙ 𝑐𝐺6𝑃 
 
𝑣𝑃𝐺𝐼− = 𝑘𝑃𝐺𝐼− ∙ 𝑐𝐹6𝑃 
 
 
 
Reaction 14/15 
fructose-1,6-bisphosphate aldolase (ALD).  
Instead of GAP and DHAP this reaction produces 2 molecules DHAP, since we assume that GAP and 
DHAP are in equilibrium by triose phosphate isomerase. 
 
𝑣𝐴𝐿𝐷+ = 𝑘𝐴𝐿𝐷+ ∙ 𝑐𝐹𝐵𝑃 
 
𝑣𝐴𝐿𝐷− = 𝑘𝐴𝐿𝐷−  ∙ 𝑐𝐷𝐻𝐴𝑃  ∙ 𝑐𝐷𝐻𝐴𝑃 
 
Reaction 16/17 
glyceraldehyde-3-phosphate dehydrogenase (GAPdh), phosphoglucokinase (PGK), 
phosphoglucomutase (PGM) and enolase (ENO) are in equilibrium and lumped into one reaction. 
NAD and NADH concentrations are external inputs of the kinetic model. Time profiles of NAD result 
from cubic smoothing splines of NAD measurements. NADH profiles result from the equilibrium 
constraint between DHAP and PEP: 
 

(𝑐𝐷𝐻𝐴𝑃 ∙ 𝑐𝑁𝐴𝐷)/(𝑐𝑃𝐸𝑃 ∙ 𝑐𝑁𝐴𝐷𝐻) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 

 
 



Since the constant ATP to ADP ratio (Supplementary Figure 3) is not affecting dynamics they are not 
considered here.  
 
𝑣16/17
+ = 𝑘16/17

+ ∙ 𝑐𝐷𝐻𝐴𝑃 ∙ 𝑐𝑁𝐴𝐷 
 
𝑣16/17
− = 𝑘16/17

−  ∙ 𝑐𝑃𝐸𝑃  ∙ 𝑐𝑁𝐴𝐷𝐻 
 
 
Kinetic Rate Equations  – Allosteric Interactions 
 
An allosteric interaction between an enzyme catalyzing reaction i and an effector metabolite j is 
included as a power law term affecting the maximum reaction rate. 
 

𝑣𝑚𝑎𝑥,𝑖
∗ = 𝑣𝑚𝑎𝑥,𝑖 ∙��𝑐𝑗 𝑐𝑗,0� �

𝛼𝑖,𝑗

𝑗

 

 
In the base model without interactions all exponents αi,j are zero and therefore the power law terms 
equal one. With this model we can easily test ensembles of structurally different models by setting 
the according exponent to real-valued numbers. 
 
  

 
 



Mass balances 
The reaction kinetics are included in a system of 18 ordinary differential equations that result from 
mass balances of metabolite concentrations for the seven metabolites, given the stoichiometry 
shown in Figure 1a of the main text. Further mass balances describe dynamics of metabolites labeled 
with 3 13C isotopes (M+3) and 6 13C isotopes (M+6) in case of switches to 13C labeled substrates.  
 
Metabolites labeled with 6 13C isotopes (M+6). XC6 is the molar concentration of M+6 labeled 
metabolite X and m6(X) is the fraction of M+6 labeled metabolite: 
 
𝑑𝐺6𝑃𝐶6

𝑑𝑡
=  𝑚6(𝑔𝑙𝑢𝑐𝑜𝑠𝑒) 𝑣𝑃𝑇𝑆𝑔 +𝑚6(𝐹6𝑃) 𝑣𝑃𝐺𝐼− − 𝑚6(𝐺6𝑃)  𝑣𝐺6𝑃𝑑ℎ − 𝑚6(𝐺6𝑃)  𝑣𝑃𝐺𝐼+  

 
𝑑𝐹6𝑃𝐶6

𝑑𝑡
=  𝑚6(𝐺6𝑃) 𝑣𝑃𝐺𝐼+ + 𝑚6(𝐹𝐵𝑃) 𝑣𝐹𝐵𝑃𝑎𝑠𝑒 − 𝑚6(𝐹6𝑃)  𝑣𝑃𝐺𝐼− − 𝑚6(𝐹6𝑃) 𝑣𝑃𝐹𝐾 

 
𝑑𝐹𝐵𝑃𝐶6

𝑑𝑡
= 𝑚6(𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒) 𝑣𝑃𝑇𝑆𝑓 + 𝑚6(𝐹6𝑃) 𝑣𝑃𝐹𝐾  +𝑚3(𝐷𝐻𝐴𝑃) 𝑚3(𝐷𝐻𝐴𝑃) 𝑣𝐴𝐿𝐷−

− 𝑚6(𝐹𝐵𝑃) 𝑣𝐹𝐵𝑃𝑎𝑠𝑒 − 𝑚6(𝐹𝐵𝑃) 𝑣𝐴𝐿𝐷+  
 
𝑑6𝑃𝐺𝐶6

𝑑𝑡
=  𝑚6(𝐺6𝑃) 𝑣𝐺6𝑃𝑑ℎ+ − 𝑚6(6𝑃𝐺) 𝑣𝐺𝑁𝐷 

 
Metabolites labeled with 3 13C isotopes (M+3). XC3 is the molar concentration of M+3 labeled 
metabolite X and m3(X) is the fraction of M+3 labeled metabolite: 
 
𝑑𝐺6𝑃𝐶3

𝑑𝑡
= 2 (𝑚3(𝐹6𝑃) 𝑣𝑃𝐺𝐼− −𝑚3(𝐺6𝑃) 𝑣𝐺6𝑃𝑑ℎ − 𝑚3(𝐺6𝑃) 𝑣𝑃𝐺𝐼+ ) 

 
𝑑𝐹6𝑃𝐶3

𝑑𝑡
= 2 ( 𝑚3(𝐺6𝑃) 𝑣𝑃𝐺𝐼+ + 𝑚3(𝐹𝐵𝑃) 𝑣𝐹𝐵𝑃𝑎𝑠𝑒 − 𝑚3(𝐹6𝑃)  𝑣𝑃𝐺𝐼− − 𝑚3(𝐹6𝑃) 𝑣𝑃𝐹𝐾 ) 

 
𝑑𝐹𝐵𝑃𝐶3

𝑑𝑡
= 2 𝑚3(𝐹6𝑃) 𝑣𝑃𝐹𝐾  + 2 �1 −𝑚3(𝐷𝐻𝐴𝑃)�  𝑚3(𝐷𝐻𝐴𝑃)  𝑣𝐴𝐿𝐷− − 2 𝑚3(𝐹𝐵𝑃) 𝑣𝐹𝐵𝑃𝑎𝑠𝑒

− 2  𝑚3(𝐹𝐵𝑃) 𝑣𝐴𝐿𝐷+  
 
𝑑6𝑃𝐺𝐶3

𝑑𝑡
= 2 𝑚3(𝐺6𝑃) 𝑣𝐺6𝑃𝑑ℎ − 2 𝑚3(6𝑃𝐺) 𝑣𝐺𝑁𝐷 

 
𝑑𝐷𝐻𝐴𝑃𝐶3

𝑑𝑡
= 2  𝑚6(𝐹𝐵𝑃) 𝑣𝐴𝐿𝐷+ + 2  𝑚3(𝐹𝐵𝑃) 𝑣𝐴𝐿𝐷+ +    𝑚3(𝑃𝐸𝑃) 𝑣𝐸𝑁𝑂−

− 2 𝑚3(𝐷𝐻𝐴𝑃) ∅3(𝐷𝐻𝐴𝑃)  𝑣𝐴𝐿𝐷− − 2�1 −𝑚3(𝐷𝐻𝐴𝑃)�  𝑚3(𝐷𝐻𝐴𝑃)  𝑣𝐴𝐿𝐷−

− 𝑚3(𝐷𝐻𝐴𝑃) 𝑣𝐸𝑁𝑂+  
 
𝑑𝑃𝐸𝑃𝐶3

𝑑𝑡
= 𝑚3(𝐷𝐻𝐴𝑃) 𝑣𝐸𝑁𝑂+  + 𝑚3(𝑃𝑌𝑅) 𝑣𝑃𝑃𝑆 −𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑌𝐾 − 𝑚3(𝑃𝐸𝑃) 𝑣𝐸𝑁𝑂−

−𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑇𝑆𝑔 − 𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑇𝑆𝑓 
 
𝑑𝑃𝑌𝑅𝐶3

𝑑𝑡
= 𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑌𝐾 +  𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑇𝑆𝑔 + 𝑚3(𝑃𝐸𝑃) 𝑣𝑃𝑇𝑆𝑓 − 𝑚3(𝑃𝑌𝑅) 𝑣𝑃𝑃𝑆

− 𝑚3(𝑃𝑌𝑅) 𝑣𝑃𝐷𝐻 
 
 

 
 



Parameterization  
 
Kinetic parameters followed from statistical sampling of unknown parameters and a steady state 
analysis as outlined below. 
 
Km -values 
The Km values were randomly sampled from an interval of 0.1 – 10 times the in vitro determined 
literature value (Supplementary Table 2). 
 
Steady state analysis and statistical sampling 
In order to determine vmax values we performed a steady state analysis using the measured pyruvate 
uptake rate of 17 mmol g-1 h-1 (3.15 mM s-1). Metabolic fluxes were estimated by flux balance analysis 
during growth on pyruvate81 and we considered uncertainties about the fluxes by statistical sampling 
of 4 parameters: 
 

(1) Futile cycling between PFK and FBPase:  (vFBPase,0 - vPFK,0) / vFBPase,0 = 0.5 - 1 

(2) Futile cycling between PYK and PPS:  (vPPS,0 - vPYK,0) / vPPS,0 = 0.5 - 1 

(3) PDH flux (FPDH): 70-90% of pyruvate uptake (Fin) 

(4) PPC flux (FPPC): 0-20% of gluconeogenic flux (Fgluco)  

 

 
Supplementary Figure 9 Flux distribution during exponential growth on pyruvate. Uncertainties 
about the fluxes is considered by statistical sampling of 4 parameters. 
 
 
The steady state reaction rates (v0) of reaction 1-17 follow from these unknown flux ratios and the 
measured pyruvate uptake rate. Subsequently, the vmax of reaction i follows from vi

0, the sampled Ki,m 
and the measured steady state concentrations cj

0 of the particular substrate: 
 

𝑣𝑖,𝑚𝑎𝑥 = 𝑣𝑖0(1 + 𝐾𝑖,𝑚/𝑐𝑗0) 
 
The vmax of the glucose and fructose uptake systems are not estimable from the pyruvate steady state 
and we sampled them from 0- 10 mmol gDW

-1  L-1 (0 -1.85 mM s-1), with the upper bound 
corresponding to glucose uptake during exponential growth. Further, the unknown intracellular 

 
 



pyruvate concentration cPyr
0 was sampled between 0.1 and 2 mM and the exponent α of the power-

law term was sampled between 0-4 in case of activation and -4-0 in case of inhibition. 
 
Rate constants of reversible reactions 
In order to fulfill the equilibrium condition of reversible reactions the rate constants k+ and k- are 
much higher than reaction rates of irreversible reactions. As the exact value does not influence 
dynamics on the second time scale we fixed the rate constants to constant values of 100 s-1 and 100 
s-1 mol -1. 
 
Total number of free parameters 
In summary there are 15 free parameters in the base model (8 Km values, 4 flux ratios in 
Supplementary Figure 9, 2 vmax of hexose uptake systems and the pyruvate concentration). Single 
allosteric interaction models have one additional parameter α and pairwise allosteric interaction 
models have two additional parameters α. For the base model we sampled 10,000 parameter sets, 
for each single interaction model 1,000 parameter sets and for each pairwise interaction model 500 
parameter sets. 
 
 
Parameter Selection 
 
As described above we randomly sampled P= 10,000 parameters in case of the base model; P=1,000 
for each of the models with single allosteric interaction and P=500 for each pairwise model. For each 
parameter set, the simulation was performed with MATLAB/Simulink. The residuals between the 
simulated species (indicated by *) and the measured species are calculated for the k = 2 experiments 
(glucose and fructose switch), at t = 7 time points for l = 16 species (6 absolute concentrations, 4 
M+6 fractions and 6 M+3 fractions). 
 
Due to the differences in absolute metabolite concentrations we estimated the sum of squared 
errors for l = 6 relative metabolite concentrations (𝑐 �) that are normalized to the pyruvate steady 
state concentration: 
 

𝑆𝑆𝑅𝑐 = �����̃�𝑘,𝑙,𝑡
∗ − �̃�𝑘,𝑙,𝑡�

2
7

𝑡=1

6

𝑙=1

2

𝑘=1

 

 
The fractional labeling profiles are already normalized and the sum squared error of l = 4 M+6 
fractions (m6) followed as: 
 

𝑆𝑆𝑅𝑚6 = ����𝑚6𝑘,𝑙,𝑡
∗ − 𝑚6𝑘,𝑙,𝑡�

2
7

𝑡=1

4

𝑙=1

2

𝑘=1

 

 
The sum squared error of l = 6 M+3 fractions (m3) followed as: 

𝑆𝑆𝑅𝑚3 = ����𝑚3𝑘,𝑙,𝑡
∗ − 𝑚3𝑘,𝑙,𝑡�

2
7

𝑡=1

6

𝑙=1

2

𝑘=1

 

 
These three objectives were used to select the best parameter set for each model, by assigning a 
score to each parameter set using the following equation: 
 

 
 



 

𝑠𝑐𝑜𝑟𝑒 =
1
3

𝑆𝑆𝑅𝑐
min
𝑃
𝑆𝑆𝑅𝑐

+
1
3

𝑆𝑆𝑅𝑚6
min
𝑃
𝑆𝑆𝑅𝑚6

+
1
3

𝑆𝑆𝑅𝑚3

min
𝑃
𝑆𝑆𝑅𝑚3

 

 
The parameter set with minimal score has the best performance with an equal weight in all three 
objectives and was selected for further evaluation of a model. 
 
 
Aikaike information criterion 
 
In order to systematically compare the simulation results of models with different topology and 
different number of parameters K we applied the Aikaike information criterion (AIC)22. 
 

𝐴𝐼𝐶 = 𝑁 log �
𝑆𝑆𝑅𝑐 + 𝑆𝑆𝑅𝑚6 + 𝑆𝑆𝑅𝑚3

𝑁 �+ 2𝐾 

 
where N is the total number of residuals, which are in our case k . l . t = 2 . 16 . 7 = 224. 
A particular model Z with allosteric interactions is ranked relative to the base model by the difference 
of AICs: 

∆𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝑍 = 𝐴𝐼𝐶𝐵𝑎𝑠𝑒 𝑀𝑜𝑑𝑒𝑙 − 𝐴𝐼𝐶𝑀𝑜𝑑𝑒𝑙 𝑍  
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