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a, The distribution of protein mass between cellular functions, from proteomics data[1, 2] and tabulated enzyme masses[3].
b The RNA content as a function of the specific growth rate under; aerobic nitrogen limited conditions in chemostat [4];
anaerobic carbon limited conditions [5] in chemostat; an estimate of the RNA content for under aerobic carbon limited
conditions in chemostat, from the protein content [6] and the RNA/Protein ratio at growth rates 0.1, 0.2, 0.3 and 0.4
from the previous conditions; aerobic carbon limited conditions in chemostat for K. marxianus [7], and by using substrates
with different growth rates, using two different RNA messurment methods [8] . c, The growth rate dependent protein
content under aerobic glucose limited conditions [6], the share of protein assumed to belong to intermediary metabolism
and the fraction of mass in protein syntheses, estimated as 2×estimated RNA content. d, Comparison of the non-protein
synthesizing fraction (Protein - 2×RNA content) for S. cerevisiae [6] and K. marxianus [7].
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The effects of a decreasing surface/volume ratio when the volume increases for the maximum uptake rate (a), the ratio
of biomass in the cell wall (b), and its implications for the protein content, composition data from [4] (c). The maximum
uptake rate is assumed to be proportional to the surface/volume ratio and is calculated from an observed uptake rate of
20 mMol/gdw/h at a growth rate of 0.4. The predicted requirement are calculated from a yield of 0.11 gdw/g substrate.
The volume is converted to growth rate using an linear regression of volume and growth rate from literature data [9],
resulting in the empirical equation volume = 15.8 + 76.1 × growthrate.



Supplementary Table S1

Maximum specific activities for the enzymes in the model were collect from literature. The molecular weight were retried
from Uniprot [3]. The reported specific activity was used when available and otherwise calculated from Kcat using the
molecular weight. The calculated value is indicated with italics.

Name EC Specific Activity Kcat Weight Source
µmolmgmin−1 s−1 kDa

Glycolysis
HXK 2.7.1.1 310 274 53 [10]
PGI 5.3.1.9 675 685 61 [11]
PFK 2.7.1.11 180 642 214 [12]
FBP 3.1.3.11 110 69.7 38 [13]
FBA 4.1.2.13 50 32.5 39 [14]
TPI 5.3.1.1 19250 8662.5 27 [15]
GLD 1.2.1.12 40 24.7 37 [16]
PGK 2.7.2.3 700 536.7 46 [17]
GPM 5.4.2.11 1280 576 27 [18]
ENO 4.2.1.11 88.8 71 48 [19]
CDC 2.7.1.40 253 232 55 [20]
Pentose Phosphate Pathway
ZWF 1.1.1.49 678 632.8 56 [11]
PGL 3.1.1.31 22.2 10 27 [21]
GND 1.1.1.44 42 36.4 54 [11]
RPI 5.3.1.6 24 9.6 28 [11]
RPE 5.1.3.1 262 113.5 26 [11]
TKLa 2.2.1.1 36.8 46 75 [22]
TAL1 2.2.1.2 61 35.6 35 [11]
TKLb 2.2.1.1 55.2 69 75 [22]
Fermentation Pathways
DAR 1.1.1.8 158 113.0 42.9 [23]
GPP 3.1.3.21 24 11.16 27.9 [24]
PDC 4.1.1.1 60 62 62 [25]
ADH1 1.1.1.1 1421 900 38 [26]
ALD6 1.2.1.4 24 22 55 [27]
TCA Cycle
PYC 6.4.1.1 27.7 60 130 [28]
CIT 2.3.3.1 160 141.3 53 [11]
ACO 4.2.1.3 100 143.3 86 [29]
IDH 1.1.1.41 35.6 23.7 40 [11]
IDPH 1.1.1.42 35.6 28 47 [11]
KGD1KGD2 1.2.4.2 7.7 27.8 217 [30]
SDH12** 1.3.5.1 151.2 219.3 87 [31]



FRDS2 1.3.1.6 17.8 15.4 52 [32]
MDH1 1.1.1.37 308.7 190.4 37 [33]
FUM1 4.2.1.2 1150 1035 54 [34]
Oxidative Phosphorylation
NDI1 1.6.5.3 (1.6.5.9) 535.7 500 56 [35]
NDE2 1.6.5.3 (1.6.5.9) 500 500 60 [35]
SDH34** 1.3.5.1 313.3 219.3 42 [31]
RIP1 1.10.2.2 26.7 220 494 [36]
COX1 1.9.3.1 190 693.5 219 [37]
ATP1 3.6.3.14 11.2 120 644 [38]
Galactose
GAL1 2.7.1.6 23.1 22.3 58 [39]
GAL10 5.1.3.2 31.8 40.8 77 [40]
GAL7b 2.7.7.12 54.1 36.0 40 [41]
PGM1_2 5.4.2.2 205 215 63 [42]
Other
PDH 1.2.4.1 28.9 83.3 173 [43]
ACS 6.2.1.1 48 62.4 78 [44]
PCK 4.1.1.49 62 62 60 [45]
ALD2 1.2.1.3 34 31.7 56 [46]
ICL1 4.1.3.1 13 13.2 61 [47]*
MLS1 2.3.3.9 18.9 19.2 61 [48]
Median 61 71 55

*Value from expression of ICL1 from Candida tropicali (65% blastp identity) in S cerevisiae.
**Kcat for this complex was calculated to 219.3 from a specific activity of 102 and a molecular weight of 129 kDa (67
+ 28 + 2x17).



Supplementary Table S2
The fluxes and specific activities for respiration and fermentation were used to estimate the ATP production per gram
and minute, assuming that enzymes operate at half maximum specific activity. The sum of flux and flux per ATP is given
for comparison.

Flux Predicted Mass
Reaction Specific activity* Respiration Fermentation Respiration Fermentation

mMol g−1min−1 mMolmin−1 mMolmin−1 mg mg

HXK 310 1 1 6.5 6.5
PGI 675 1 1 3.0 3.0
PFK 180 1 1 11.1 11.1
FBA 50 1 1 40.0 40.0
TPI 19250 1 1 0.1 0.1
GLD 40 2 2 100.0 100.0
PGK 700 2 2 5.7 5.7
GPM 1280 2 2 3.1 3.1
ENO 88.8 2 2 45.1 45.1
CDC 253 2 2 15.8 15.8
PDC 60 2 66.7
ADH1 1421 2 2.8
PDH 27.7 2 144.4
CIT 160 2 25.0
ACO 100 2 40.0
IDH 35.6 2 112.4
KGD1KGD2 7.7 2 519.5
SDH12 151.2 2 26.5
FUM1 1150 2 3.5
MDH1 308.7 2 13.0
NDI1 535.7 10 37.3
SDH34 313.3 2 12.8
RIP1 26.7 12 898.9
COX1 190 24 252.6
ATP1 11.2 13 2321.4
ATP produced 16.5 2
Total Mass 4637.5 299.8
(Sum of flux) (92) (19)
(Flux per ATP) (5.6) (9.5)
Specific ATP
production
mMol g−1min−1

3.56 6.67

Relative ATP
Production

53.4% 187.4%

*See Supplementary Table S1 for references to the specific activity values.
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The model fitting process. a, original unadjusted predictions, b, adjustment of acetate production by imposing a upper
bound. The production of ATP calculated from experimental data, compared with a linear regression model and a model
where the ATP expenditure is proportional to the protein content represented as fluxes (c) and yields (d). The linear
model was generated by a linear regression of the calculated ATP expenditure and the growth rate, slope 65mMol/gdw
and intersect 1mMol/gdw/h. Experimental values [6] are given as circles and model predictions as lines.



Supplementary Table S3

Flux Control Coefficients for maximization of biomass and for production of ATP on different carbon sources.

Reaction Critical dilution rate Glucose Galactose Ethanol Acetate

Biomass ATP Biomass ATP BWoD* Biomass ATP Biomass ATP Biomass ATP

GAL1 0.133 0.182
GAL10 0.096 0.132
GAL7b 0.057 0.078
PGM1_2 0.015 0.021
HXK 0.003 0.001 0.02 0.022 0.016
PGI 0.001 0.001 0.008 0.01 0.006 0.004 0.006
PFK 0.004 0.003 0.031 0.038 0.024 0.015 0.023
FBP 0.001 0.001
FBA 0.014 0.009 0.11 0.136 0.086 0.056 0.084
TPI 0 0 0 0 0 0 0
GLD 0.035 0.023 0.277 0.339 0.216 0.138 0.21
PGK 0.002 0.001 0.016 0.019 0.012 0.008 0.012
GPM 0.001 0.001 0.009 0.011 0.007 0.004 0.007
ENO 0.016 0.01 0.124 0.153 0.097 0.062 0.095
CDC 0.005 0.004 0.043 0.054 0.033 0.021 0.033 0 0
ZWF 0 0.001 0.001 0 0 0
PGL 0.011 0.019 0.017 0 0 0.004
GND 0.006 0.01 0.009 0.002
RPI 0.005 0.007 0.007 0.001 0.001 0.002
RPE 0.001 0.001 0.001 0
TKLa 0.002 0.004 0.003 0 0 0.001
TAL1 0.001 0.002 0.002 0 0 0
TKLb 0.001 0.002 0.001 0
PDC 0.001 0.165 0.226 0.127 0.08 0.14
ADH 0.007 0.01 0.005 0.003 0.006
ALD6 0.002 0.003 0.023 0.011
ALD2 0.059 0.092
ICL 0.001 0.04 0.029
MLS1 0.001 0.027 0.02
PDH 0.031 0.031 0.016 0.013 0.009
ACS 0.001 0.002 0.001 0.025 0.039 0.028
PCK 0.007 0.005
PYC 0.006 0.01 0.009 0.007
CIT 0.005 0.006 0.001 0.001 0.001 0.004 0.009 0.008
ACO 0.007 0.009 0.001 0.001 0.001 0.006 0.014 0.013
IDH 0.018 0.026 0.029 0.038
IDPH 0.003 0.004 0.004 0.003 0.001 0.001



KGD 0.091 0.118 0.016 0.015 0.01 0.005 0.139 0.175
SDH12 0.005 0.006 0.001 0.001 0.001 0.004 0.01 0.009
FUM1 0.001 0.001 0 0 0 0 0.001 0.001
MDH1 0.002 0.003 0 0 0 0.003 0.006 0.004
NDI1 0.008 0.008 0.004 0.004 0.003 0.01 0.012 0.007 0.008
SDH34 0.002 0.003 0 0 0 0.002 0.005 0.004
RIP 0.197 0.204 0.084 0.078 0.073 0.214 0.235 0.195 0.202
COX 0.055 0.057 0.024 0.022 0.02 0.06 0.066 0.055 0.057
ATP 0.488 0.508 0.194 0.184 0.572 0.632 0.497 0.512

*Biomass without uncoupling



Supplementary Table S4

Catalytic activity, kcat, of ATP synthase, under biological and optimal conditions. The biologically conditions refer to
a temperature of around 30 C and a protein motive force of around 220 mV [49]. The optimal conditions refers to the
maximum value obtained in the study.

Organism and method Biological rate Max rate Reference
s−1 s−1

E. coli 50 270 Etzold et al. [50]
E. coli 66 66 Iino et al. [51]
E.coli 5 65 Kaim and Dimroth [52]
P.modestum 40 40 Kaim and Dimroth [52]
Spinach (Cloroplasts) 80 160 Kaim and Dimroth [52]
Rhodospirillum rubrum 80 200 Slooten and Vandenbranden [53]
Not specified (Cloroplasts) 66* 200 Schmidt and Gräber [54]
Bacillus PS3 23 23 Soga et al. [55]
Bos taurus (heart) 30 440 Matsuno-Yagi and Hatefi [56]
S. cerevisiae 30 120 Förster et al. [38]
Mean 47 ± 26 158 ± 127

* Estimated from a reported 3 times lower ATP yield for biological values of the proton motive force.



Supplementary Table S5

Fluxes from chemostat [6] and batch culture [57] are compared with a simulated batch experiment with and without
uncoupling. The ATP production rate was calculated as X ×O2 + ethanol+ acetate+ glycerol, where X was 0.95 for
the uncoupled state and 2.75 for the coupled.

Unit Experiment Batch Model
Batch Chemostat W uncoupling W/O uncoupling

o2 mmol gdw−1h−1 2.9* 3.7 3.1 2.8
co2 mmol gdw−1h−1 33.8 18.9 31.6 25.3
glucose mmol gdw−1h−1 19.9 11.1 18.3 15.1
ethanol mmol gdw−1h−1 29.6 13.9 27.6 21.5
acetate mmol gdw−1h−1 1.3 0.6 1.3** 1.3**
glycerol mmol gdw−1h−1 1.7 0.15 1.7** 1.7**
Growth Rate h−1 0.4 0.4 0.4 0.38
Yield gdw

g glucose 0.11 0.20 0.12 0.14
ATP production mmol gdw−1h−1 40.6 24.8 32.2
ATP production (uncoupled) mmol gdw−1h−1 35.4 33.5

* Calculated from co2-ethanol-acetate
** These values were constrained to fit experimental values



Supplementary Table S6

The mass ratio calculated from protein abundance data compared with the model predictions. The model was simulating
the same batch experiment as in Supplementary Table S5.

Reaction %Mass Proteomics %Mass Model

PDC 14.387 16.059
GLD 10.119 26.767
ENO 9.279 12.013
PGK 8.833 1.523
FBA 7.696 11.297
ADH1 6.275 0.648
PFK 4.573 3.138
ACO 4.384 0.123
GPM 4.010 0.833
CDC 3.959 4.163
PGI 3.913 0.826
ALD6 3.501 1.806
HXK 2.648 1.971
TKL 2.457 0.000
PYC 1.634 0.902
GND 1.508 0.426
ATP1 1.443 0.000
GPP 1.440 2.361
ALD2 1.113 0.000
PDH 0.993 1.542
TPI 0.977 0.026
TAL1 0.746 0.088
ACS 0.736 0.000
IDH+IDPH 0.697 0.344
DAR 0.367 0.359
KGD1KGD2 0.362 1.372
RIP1 0.354 7.402
FRDS2 0.336 0.000
CIT 0.263 0.077
ZWF 0.254 0.028
FUM1 0.190 0.009
MDH1 0.166 0.034
NDI1 0.103 0.349
SDH12 0.100 0.070
PGL 0.080 0.858
RPE 0.036 0.028
RPI 0.031 0.444



COX1 0.027 2.080
SDH34 0.005 0.034
MLS1 0.001 0.000
FBP 0.000 0.000
ICL1 0.000 0.000
PCK 0.000 0.000
NDE 0.000 0.000
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Histograms (a, b and c) of the predicted growth rate when randomly perturbing the specific activity values with an
increasing perturbation factor, I, where the value 0.3 corresponds to a perturbation with at most 23%, 0.6 to 52% and
1 to 100%. The distributions are the result of 5 000 simulations with such perturbations. The percentage of simulations
that predict ethanol (Eth) production is given in the legend. The median and percentiles (d, e, and f) of the oxygen and
ethanol flux from 100 simulations. Percentiles between 25 and 75 are displayed in gray with 5 percentile increment.
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