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2 1 RESULTS OF THE SIMULATIONS WITH THE HYPOTHETICAL NETWORKS

1 Results of the simulations with the hypothetical networks

1.1 Glycolysis

Supplementary Table 1: Results obtained by changing one parameter in the hypothetical network
in Figure 6. Two simulations were performed for each parameter: one by increasing, the other by
decreasing it. Results in accordance with the experimental data are indicated in red. Abbreviations:
see Figure 6 of the main text.

G6P/F6P FBP GAP/DHAP BPG/3PG GLYC In accordance

with

A B C D E experimental

data?

experimental

data - aerobic

conditions

ր ր not measured ց not measured

k1 ր constant ր ր ր ր no

k1 ց ր ց ց constant constant no

k2 ր ր ց ր ր ր no

k2 ց ր ր ց ց ց yes

k3 ր ր ր ր ց ց yes

k3 ց ր ր ր ր ց no

k4 ր ր ր ց ր ց no

k4 ց ր ր ր ց ր yes

k5 ր ր ր ր ր ց no

k5 ց ր ր ր ր ր no

k6 ր ր ր ր ց ր yes

k6 ց ր ր ր ր ր no
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1.2 TCA cycle 3

1.2 TCA cycle

Supplementary Table 2: Results obtained by changing one parameter or the behavior (cycle → 2
branches) in the hypothetical network in Figure 9, when the pathway acts as a cycle before the
pulse (aerobic respiration). Two simulations were performed for each parameter: one by increasing,
the other by decreasing it. Results in accordance with the experimental data are indicated in red.
Abbreviations: see Figure 9 of the main text.

PYR ETH MAL CIT FUM OGL SUC In accordance

with

OAA ISOCIT experimental

data?

A B C D E F G

data aerobic ր not mea-

sured

ր ց ր ր ր

k1 ր ր ր ր ր ր ր ր no

k1 ց ր ր ց ց ց ր ց no

k2 ր ր ր ր ց ր ր ր yes

k2 ց ր ր ց ր ց ց ց no

k3 ր ր ր ր ր ր ց ր no

k3 ց ր ր ց ր ց ր ց no

k4a ր ր ր ր ր ր ր ց no

k4a ց ր ր ց ր ց ր ր no

k5a ր ր ր ր ր ց ր ր no

k5a ց ր ր ց ր ր ր ր no

k6 ր ր ր ց ր ր ր ր no

k6 ց ր ր ր ր ր ր ր no

k8 ր ր ր ր ր ր ր ր no

k8 ց ր ց ր ր ր ր ր no

k9 ր ր ց ր ր ր ր ր no

k9 ց ր ր ր ր ր ր ր no

k10 ր ր ր ց ր ց ր ց no

k10 ց ր ր ր ր ր ր ր no

k11 ր ր ր ց ր ց ց ց no

k11 ց ր ր ր ր ր ր ր no

2 branches ր ր ր ց ր ր ր yes
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4 1 RESULTS OF THE SIMULATIONS WITH THE HYPOTHETICAL NETWORKS

Supplementary Table 3: Results obtained by changing one parameter in the hypothetical network in
Figure 9, when the pathway acts as two branches (fermentation). Two simulations were performed
for each parameter: one by increasing, the other by decreasing it. The scenario which qualitative
behavior is most similar to the experimental data is indicated in red. Abbreviations: see Figure 9
of the main text.

PYR ETH MAL CIT FUM OGL SUC In accordance

with

OAA ISOCIT experimental

data?

A B C D E F G

data anaerobic ր not mea-

sured

ց ց ց ց ր

k1 ր ր ր ր ր ր ր ր no

k1 ց ր ր ր ց ր ց ր no

k2 ր ր ր ր ց ր ր ր no

k2 ց ր ր ր ր ր ց ր no

k4b ր ր ր ր ր ց ր ր no

k4b ց ր ր ր ր ր ր ց no

k5b ր ր ր ց ր ր ր ր no

k5b ց ր ր ր ր ց ր ց no

k7 ր ր ր ր ր ր ր ր no

k7 ց ր ր ց ր ց ր ց no

k8 ր ր ր ր ր ր ր ր no

k8 ց ր ց ր ր ր ր ր no

k9 ր ր ց ր ր ր ր ր no

k9 ց ր ր ր ր ր ր ր no

k10 ր ր ր ր ր ր ր ց no

k10 ց ր ր ր ր ր ր ր no

k11 ր ր ր ր ր ր ց ր no

k11 ց ր ր ր ր ր ր ր no
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1.2 TCA cycle 5

Supplementary Table 4: Results obtained by decreasing k1 and changing a second parameter in
the hypothetical network in Figure 9, when the pathway acts as two branches (fermentation). The
scenarios with qualitative behavior most similar to the experimental data are indicated in red.
Abbreviations: see Figure 9 of the main text.

PYR ETH MAL CIT FUM OGL SUC In accordance

with

OAA ISOCIT experimental

data?

A B C D E F G

data anaerobic ր not mea-

sured

ց ց ց ց ր

k1 ց, k2 ր ր ր ր ց ր ր ր no

k1 ց, k2 ց ր ր ր ր ր ց ր no

k1 ց, k4b ր ր ր ր ց ց ց ր no

k1 ց, k4b ց ր ր ր ց ր ց ց no

k1 ց, k5b ր ր ր ց ց ր ց ր no

k1 ց, k5b ց ր ր ր ց ց ց ց no

k1 ց, k7 ր ր ր ր ց ր ց ր no

k1 ց, k7 ց ր ր ց ց ր ր ր no

k1 ց, k8 ր ր ր ր ց ր ց ր no

k1 ց, k8 ց ր ր ր ր ր ր ր no

k1 ց, k9 ր ր ց ր ց ր ց ր no

k1 ց, k9 ց ր ր ր ց ր ց ր no

k1 ց, k10 ր ր ր ր ց ր ց ց no

k1 ց, k10 ց ր ր ր ց ր ց ր no

k1 ց, k11 ր ր ր ր ց ր ց ր no

k1 ց, k11 ց ր ր ր ց ր ր ր no
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6 1 RESULTS OF THE SIMULATIONS WITH THE HYPOTHETICAL NETWORKS

Supplementary Table 5: Results obtained by decreasing k1, increasing k4b or k5b and changing a
third parameter in the hypothetical network in Figure 9, when the pathway acts as two branches
(fermentation). Results in accordance with the experimental data are indicated in red. Abbrevia-
tions: see Figure 9 of the main text.

PYR ETH MAL CIT FUM OGL SUC In accordance

with

OAA ISOCIT experimental

data?

A B C D E F G

data anaerobic ր not mea-

sured

ց ց ց ց ր

k1 ց, k4b ր, k2 ր ր ր ր ց ց ր ր no

k1 ց, k4b ր, k2 ց ր ր ր ր ց ց ր no

k1 ց, k4b ր, k5b ր ր ր ց ց ց ց ր yes

k1 ց, k4b ր, k5b ց ր ր ր ց ց ց ր no

k1 ց, k4b ր, k7 ր ր ր ր ց ց ց ր no

k1 ց, k4b ր, k7 ց ր ր ց ց ց ց ր yes

k1 ց, k4b ր, k8 ր ր ր ր ց ց ց ր no

k1 ց, k4b ր, k8 ց ր ց ր ց ց ց ր no

k1 ց, k4b ր, k9 ր ր ց ր ց ց ց ր no

k1 ց, k4b ր, k9 ց ր ր ր ց ց ց ր no

k1 ց, k4b ր, k10 ր ր ր ր ց ց ց ց no

k1 ց, k4b ր, k10 ց ր ր ր ց ց ց ր no

k1 ց, k4b ր, k11 ր ր ր ր ց ց ց ր no

k1 ց, k4b ր, k11 ց ր ր ր ց ց ր ր no

k1 ց, k5b ր, k2 ր ր ր ց ց ր ր ր no

k1 ց, k5b ր, k2 ց ր ր ց ր ր ց ր no

k1 ց, k5b ր, k4b ց ր ր ց ց ր ց ց no

k1 ց, k5b ր, k7 ր ր ր ր ց ր ց ր no

k1 ց, k5b ր, k7 ց ր ր ց ց ր ց ր no

k1 ց, k5b ր, k8 ր ր ր ց ց ր ց ր no

k1 ց, k5b ր, k8 ց ր ց ց ց ր ց ր no

k1 ց, k5b ր, k9 ր ր ց ց ց ր ց ր no

k1 ց, k5b ր, k9 ց ր ր ց ց ր ց ր no

k1 ց, k5b ր, k10 ր ր ր ց ց ր ց ց no

k1 ց, k5b ր, k10 ց ր ր ց ց ր ց ր no

k1 ց, k5b ր, k11 ր ր ր ց ց ր ց ր no

k1 ց, k5b ր, k11 ր ր ր ց ց ր ր ր no

Electronic Supplementary Material (ESI) for Molecular BioSystems
This journal is © The Royal Society of Chemistry 2012



7

2 Validation of the results

2.1 Simulation models of glycolysis

Models for glycolysis in Saccharomyces cerevisiae from the literature were used. Aerobic glucose
pulse experiments were simulated with the glucose pulse model (aerobic, glucose-limited chemostat)
developed by van Eunen [7]. To simulate anaerobic pulse experiments, the parameters in the aerobic
model were adapted according to Daran-Lapujade et al. [1]. An overview of the parameters used
in this study is given in Supplementary Table 6. The differential equations are described in van
Eunen [7]. The models simulate a sustained glucose concentration after the pulse. Because of this,
they mimic the trend of the experiments (transient increase of glucose) well in only a small time
interval after the pulse [7]. Therefore, 0-1 minute was chosen as the window of observation for the
simulated data. The rates to the branches are assumed to be constant in the models. The absolute
levels of some metabolites are not well described by the model (for details, see [7]) but the trends
obtained largely agree with the trends observed in the data.

For each experiment, 11 equidistantly sampled time points, with sampling frequency 0.1 minutes,
were generated. Noise drawn from a random normal distribution, with zero mean and a standard
deviation of 0.15, was added to the noiseless data. For each environmental condition, 10 replicates
were simulated.

Matlab’s ordinary differential equation solver ode15s [5] was used for calculating concentration
values over time and determining steady state concentrations.

Supplementary Table 6: Model parameters in the glucose
pulse model. Values for aerobic conditions were taken from
[7].Vmax values for anaerobic conditions were calculated from
Vmax,aerobic/Vmax,anaerobic ratios reported in [1].

parameter value (aero-
bic)

value
(anaerobic)

parameter value (aero-
bic)

value
(anaerobic)

CGLCex,steady−state 0.2 0.2 CATP,steady−state 3 3

CATP,afterpulse 1.5 1.5 CETOH 0.37 30.99 [6]

Vmax,GLT 160 220 [7] Km,GLT,GLCex 1 0.9 [2]

Km,GLT,GLCin 1 0.9 [2] Keq,GLT 1 1

Vmax,HK 213 426 Km,HK,GLCin 0.08 0.08

Km,HK,G6P 30 30 KI,HK,T6P 0.04 0.04

Km,HK,ATP 0.15 0.15 Km,HK,ADP 0.23 0.23

Keq,HK 3800 3800 Vmax,PGI 787 1574

Km,PGI,G6P 1.4 1.4 Km,PGI,F6P 0.3 0.3

Keq,PGI 0.314 0.314 KTRE1 0 7.5512

KTRE2 0 0 Vmax,PFK 213 319.5
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8 2 VALIDATION OF THE RESULTS

gR 5.12 5.12 L0 0.66 0.66

Km,PFK,F6P 0.1 0.1 Km,PFK,ATP 0.71 0.71

CPFK,ATP 3 3 KPFK,AMP 0.0995 0.0995

CPFK,AMP 0.0845 0.0845 Ki,PFK,ATP 0.65 0.65

Ci,PFK,ATP 100 100 KPFK,F26BP 0.000682 0.000682

CPFK,F26BP 0.0174 0.0174 KPFK,F16BP 0.111 0.111

CPFK,F16BP 0.397 0.397 Keq,TPI 0.045 0.045

Vmax,ALD 310 206.67 Km,ALD,F16P 0.3 0.3

Km,ALD,GAP 2 2 Km,ALD,DHAP 2.4 2.4

Km,ALD,GAPi 10 10 Keq,ALD 0.069 0.069

KGLY 10 10 Vmax,GAPDHf 1300 2600

Vmax,GAPDHr 853 853 Km,GAPDH,GAP 0.21 0.21

Km,GAPDH,BPG 0.036 0.036 Km,GAPDH,NAD 2.8 2.8

Km,GAPDH,NADH 0.06 0.06 CGAPDH 1 1

NADt 1.59 1.59 Vmax,PGK 2512 5024

Km,PGK,BPG 0.003 0.003 Km,PGK,3PG 0.53 0.53

Km,PGK,ADP 0.2 0.2 Km,PGK,ATP 0.3 0.3

Keq,PGK 3200 3200 Vmax,PGM 856 1712

Km,PGM,3PG 1.2 1.2 Km,PGM,2PG 0.08 0.08

Keq,PGM 0.19 0.19 Vmax,ENO 357 535.5

Km,ENO,2PG 0.04 0.04 Km,ENO,PEP 0.5 0.5

Keq,ENO 6.7 6.7 Vmax,PY K 820 1640

Km,PY K,PEP 0.19 0.19 Km,PY K,ADP 0.3 0.3

Km,PY K,ATP 9.3 9.3 n10 4 4

L10 60000 60000 Km,PY K,F16P 0.2 0.2

Vmax,PDC 395 790 Km,PDC,PY R 6.36 6.36

NHPDC 1.9 1.9 Vmax,ADH 932 372.80

Km,ADH,ACALD 1.11 1.11 Km,ADH,ETOH 17 17

Km,ADH,NADH 0.11 0.11 Km,ADH,NAD 0.17 0.17

Ki,ADH,ACALD 1.1 1.1 Ki,ADH,ETOH 90 90

Ki,ADH,NADH 0.031 0.031 Ki,ADH,NAD 0.92 0.92

Keq,ADH 6.9 ∗ 10−5 6.9 ∗ 10−5 KSUC 0.9 0.9

KACE 0.5 730 ADP 1 1

AMP 0.3 0.3 CO2 1 1

T6P 0.2 2.2 TREH 2 2

F26BP 0.014 0.014 GLY 10 10

ACE 10 10
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2.2 Correspondence of the results of the simulated and the experimental data

The sustained correlations between G6P and F6P and between 3PG and PEP, as well as the reversed
correlation between FBP and 3PG could be observed for both simulated and experimental data
(see Supplementary Table 7). The added noise levels had no effect on the sign of the correlation,
but in some cases decreases the value of the Pearson correlation coefficient.

Supplementary Table 7: Comparison of the results of the correlation analysis for the simulation
studies and the experimental data. Number of replicates between brackets.

metabolites aerobic anaerobic

2.5 mM GLUC 3 mM GLUC

exp (3) sim
(noise-
less)
(1)

sim
(15%
noise)
(10)

exp (1) sim
(noise-
less)
(1)

sim
(15%
noise)
(10)

G6P F6P +++ +++ +++ +++ +++ ++

FBP 3PG - - - - - - - - - ++ +++ +

3PG PEP +++ +++ +++ ++ +++ +

Categories: +++, high positive correlation; ++, moderate positive correlation;
+, low positive correlation; 0, zero correlation; -, low negative correlation; - -,
moderate negative correlation; - - -, high negative correlation.

Abbreviations: GLUC, glucose; G6P, glucose-6-phosphate; F6P, fructose-6-
phosphate; FBP, fructose-1,6-bisphosphate; 3PG, 3-phosphoglycerate; PEP,
phosphoenolpyruvate; PYR, pyruvate; exp, experiment; sim, simulation.

2.3 Relation between higher reaction rates in lower glycolysis and feed-forward

activation of pyruvate kinase by FBP

The higher reaction rates in the lower part of glycolysis, caused by a glucose pulse under aerobic
conditions, can be explained by the feed-forward activation of pyruvate kinase by FBP [3] (see
Figure 11). In the presence of oxygen, a glucose pulse causes a large increase in FBP (FBP
increases a few orders of magnitude during the first 30 seconds after the pulse) [4]. This causes a
large increase in pyruvate kinase activity, which in turn causes a large increase in reaction rates in
the lower part of glycolysis. If this allosteric effect of FBP on pyruvate kinase is removed from the
equation of pyruvate kinase in the model, the correlation between FBP and 3PG becomes positive
(see Supplementary Figure 1), which confirms our explanation. Under anaerobic conditions, the
FBP level is already high before the pulse. The FBP concentration also increases, but is in the same
order of magnitude as before the pulse [6]. Therefore, there is no large increase in pyruvate kinase
activity and as a consequence no large increase in the reaction rates in the lower part of glycolysis
and the correlation between FBP and 3PG is positive. So this implies that the correlation inversion
can be explained solely as the result of initial conditions and the presence of the feedforward loop.
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a) b)

Supplementary Figure 1: Concentration profiles of FBP and 3PG a) if FBP has an allosteric effect
on pyruvate kinase b) if FBP has no allosteric effect on pyruvate kinase.
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3 Scenarios independent of the order of the mass-action kinetics

3.1 Example: second order reaction kinetics

Consider again the hypothetical network of Figure 6 of the main article, but assume that the
reactions from A to B and from C to D are second order (2A → B and 2C → D). The mass
balances for the metabolites are

d [A]

dt
= in− k1 ∗ [A]2

d [B]

dt
= k1 ∗ [A]2 − k2 ∗ [B]

d [C]

dt
= k2 ∗ [B]− k3 ∗ [C]− k4 ∗ [C]2

d [D]

dt
= k4 ∗ [C]2 − k6 ∗ [D]

d [E]

dt
= k3 ∗ [C]− k5 ∗ [E]

where in = 1 and k1 = k2 = k3 = k4 = k5 = k6 = 1.

The steady state of this system is [A] = [B] = 1, [C] = [E] = 0.6180 and [D] = 0.3820. A pulse
is simulated by changing the inflow to in = 2. The response shows a positive correlation between B
and D (see Supplementary Figure 2). An increase in B and a decrease in D as an initial response
to the pulse is only observed in the following situations:

• a smaller rate of the reaction converting B to C (a lower value for k2, see Supplementary
Figure 3a);

• a larger rate of the reaction converting C to E in the branch (a higher value for k3, see
Supplementary Figure 3b);

• a smaller rate of the reaction converting C to D (a lower value for k4, see Supplementary
Figure 3c);

• a larger rate of the reaction that further metabolizes D (a higher value for k6, see Supple-
mentary Figure 3d);

The inferred correlation scenarios are the same as for the first order reaction network.
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Supplementary Figure 2: Response of the metabolites in the in silico hypothetical network model
of Figure 6 to an increase in the inflow in the second order reactions case. The numbers on the
axes are in arbitrary units.
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Supplementary Figure 3: Changes in the parameters that lead to the emergence of a negative
correlation between B and D in the second order reactions case: a) a lower value for k2 ; b) a
higher value for k3; c) a lower value for k4; d) a higher value for k6. The numbers on the axes are
in arbitrary units.
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3.2 General proof

Let’s assume a hypothetical network with n metabolites X1, · · · , Xn with only reactions with one
substrate and one product (like the simplified models in the main manuscript). Assume that for
i, j ∈ {1, · · · , n}:
kij > 0 is the reaction rate and nij the order of the reaction Xi → Xj ;
kij = nij = 0 if there is no reaction Xi → Xj ;
kij(steady state) > 0 is the steady state reaction rate of the reaction Xi → Xj ;
kij(steady state) = 0 if there is no reaction Xi → Xj under steady state.
The mass balances for this hypothetical network are (i = 1, · · · , n):

dXi

dt
=

n∑

j=1

kjiX
nji

j

︸ ︷︷ ︸

incoming reactions

−
n∑

j=1

kijX
nij

i

︸ ︷︷ ︸

outgoing reactions

Suppose there is a reaction Xp → Xq with reaction rate kpq. Under steady state, the mass balances
for Xp and Xq are:
dXp

dt
=

∑n
j=1 kjp(steady state)X

njp

j −
∑n

j=1 kpj(steady state)X
npj

i = 0
dXq

dt
=

∑n
j=1 kjq(steady state)X

njq

j −
∑n

j=1 kqj(steady state)X
nqj

i = 0
If kpq increases after a perturbation, then:
dXp

dt
=

∑n
j=1 kjp(steady state)X

njp

j −
∑n

j=1,j 6=q kpj(steady state)X
npj

i − kpqX
npq
p

︸ ︷︷ ︸

>than under steady state

< 0

which means that Xp decreases as initial response to the pulse, regardless of the order of the
reactions.
dXq

dt
= kpqX

pq
j

︸ ︷︷ ︸

>than under steady state

+
∑n

j=1,j 6=p kjq(steady state)X
njq

j −
∑n

j=1 kqj(steady state)X
nqj

i > 0

which means that Xq increases as initial response to the pulse, regardless of the order of the
reactions.
In the same way it can be proved that when kpq decreases after a perturbation, then Xp increases
en Xq decreases as initial response to the pulse, regardless of the order of the reactions. It can be
concluded that the qualitative behavior of the graphs after the pulse is independent of the order of
the mass-action kinetics.
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4 Regulation scenarios TCA cycle
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Supplementary Figure 4: Response of the metabolites in the in silico hypothetical network model
of Figure 9 to an increase in the inflow when the pathway acts as a cycle before the pulse and there
are no changes in the distribution of the reaction rates. The numbers on the axes are in arbitrary
units.
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Supplementary Figure 5: Changes in the parameters that lead to a decrease in D and an increase
of A, C, E, G and F when the pathway acts as a cycle before the pulse: a) TCA cycle acts as two
branches; b) higher value of k2 after the pulse. The numbers on the axes are in arbitrary units.

Electronic Supplementary Material (ESI) for Molecular BioSystems
This journal is © The Royal Society of Chemistry 2012



15

0 0.5 1 1.5 2 2.5 3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

time

co
nc

en
tr

at
io

n

 

 

A B C D E F G

Supplementary Figure 6: Response of the metabolites in the in silico hypothetical network model
of Figure 9 to an increase in the inflow when the pathway acts as two branches before the pulse
and there are no changes in the distribution of the reaction rates. The numbers on the axes are in
arbitrary units.
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Supplementary Figure 7: Changes in the parameters that lead to an increase in A and G and a
decrease in C, D, E and F when the pathway acts as two branches before the pulse: a) a lower
value for k1 and higher values for k4b and k5b after the pulse; b) lower values for k1 and k7 and a
higher value for k4b after the pulse. The numbers on the axes are in arbitrary units.
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5 Experimental data
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Supplementary Figure 8: Experimental data: response of glycolysis (a-b) and the TCA cycle (c-d)
to a 1-3 mM glucose pulse under anaerobic conditions. Abbreviations: see main text.
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Supplementary Figure 9: Experimental data: response of glycolysis (a-d) and the TCA cycle (e-h)
to a 10 mM glucose pulse under aerobic conditions. Abbreviations: see main text.
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aerobic - 2.3-2.5mM glucose pulse - glycolysis
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Supplementary Figure 10: Experimental data: response of glycolysis (a-d) and the TCA cycle (e-h)
to a 2.3-2.5 mM glucose pulse under aerobic conditions. Abbreviations: see main text.
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