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1 Supplementary tables

Supplementary Table 1. Variables and model parameters. Variables and model parameters for E. coli in different media,
and for Thermococcus. If data for Thermococcus was not available, we used E. coli parameters from glucose minimal medium.
LB, Luria-Bertani medium; Glc+AA, glucose + amino acids medium; Gly+AA, glycerol + amino acids medium; Glc, glucose
minimal medium; Gly, glycerol minimal medium; Suc, succinate minimal medium. To formulate the constraints in Table 1
(main text), the kinetic parameters were converted from s−1, AAs−1, and NTs−1 to h−1, AAh−1, and NTh−1, respectively;
molar masses were converted to gmmol−1; in line with standard practice in constraint-based modeling, concentrations and
fluxes are normalized to cell dry mass.

Symbol Name LB Glc+AA Gly+AA Glc Gly Suc Thermococcus Unit Source

nAA ωAA/ωC 0.61 0.61 1.18 0.61 1.18 0.92 0.61 1
nNT (ωNT−ωAA)/ωC 1.2 1.2 2.34 1.2 2.34 1.82 1.2 1
nIC 646 646 1 MC† CPLX-157
nEAA,nENT 4875 4875 1 Estimate‡

nRNAP 3498 3338 1 1, 2

nAF 3900 3900 1 Estimate‡

nRNase 813 813 1 MC† EG11259

ωC Molar mass carbon source 180 180 92 180 92 118 180 gmol−1

ωAA Molar mass amino acid 109 109 gmol−1 BNID§ 104877
ωNT Molar mass nucleotide 324.3 324.3 gmol−1 BNID§ 104886
ωR Molar mass ribosome 2300000 3040000 gmol−1 3, 4

kcatIC Carbon source import rate 180 180 s−1 BNID§ 114686
kcatEAA Enzyme turnover number 10.5 8.5 7 5 3.5 2 5 s−1 Estimate*
kcatENT Enzyme turnover number 10.5 8.5 7 5 3.5 2 5 s−1 Estimate*
kelRNAP Transcription elongation rate 85 25 NTs−1 5, 6

kelR Translation elongation rate 21 8.3 AAs−1 5, **
kcatAF Ribosome assembly rate 1/120 1/120 s−1 BNID§ 102321
kdegRNase RNase degradation rate 88 88 NTs−1 7

f actRNAP RNAP activity 0.31 0.242 0.188 0.15 0.144 0.132 0.15 1 3

f actR Ribosome activity 0.85 0.85 1 8

k̄elRNAP Effective transcription elonga-
tion rate k̄elRNAP = f actRNAPkelRNAP

26.35 20.57 15.98 12.75 12.24 11.22 12.75 NTs−1

k̄elR Effective translation elongation
rate k̄elR = f actR kelR

17.85 17.85 AAs−1

K Half-saturation constant 0.2 0.2 1

ccc Species concentrations mmolg−1

vvv Metabolic fluxes mmolg−1 h
www Protein synthesis fluxes mmolg−1 h
µ Specific growth rate h−1

φR
i Ribosome allocation to protein

i
1

† MetaCyc ID9.
‡ estimated from an average protein length of 325 amino acids (BNID 108986) and an approximate number of proteins involved in amino acid/nucleotide
synthesis (https://www.genome.jp/kegg/), or ribosome assembly10.
§ BioNumbers ID11.
* To consider the nutrient qualities of the different media, we assumed that kcatEAA and kcatENT are proportional to the experimental growth rates (Suc: 0.4, Gly: 0.7,
Glc:1, Gly+AA:1.4, Glc+AA: 1.7, LB: 2.1 h−1). The growth rates were multiplied by 5 so that the maximum kcatEAA corresponds to the average enzyme turnover
number of 10 h−112.
** An experimentally measured translation rate for Thermococcus is unavailable. However, archaeal transcription and translation are likely coordinated, similar
to bacteria13, 14. This suggests an upper bound for the translation rate at approximately 25/3 ≈ 8.3AAs−1.
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2 Supplementary figures

Supplementary Figure 1. Using variable translation elongation rate (kelR) leads to a predicted non-zero offset of
RNA/protein ratio at zero growth rate. The points are predicted RNA/protein ratios for E. coli in six different conditions for the
base model. The line is a linear fit. The used translation elongation rates (kelR) are: Succ, 12; Gly, 16.83; Glc, 21 ; Gly+AA,
20.17; Glc+AA, 21; LB, 22.25 AAs−1. The remaining parameters are listed in Supplementary Table 1.

Supplementary Figure 2. Resource balance analysis (RBA) (base model) with realistic parameters for glucose minimal
medium from Supplementary Table 1 (grey curve) vs. RBA with parameters that make ribonucleic acid (RNA) more expensive
than proteins (kelRNAP = 8.5NTs−1, kelR = 63AAs−1, nRNAP = 52470; green curve).
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(a) No cooperativity:

kdeg(xrP) = kdegmax

(b) Weak cooperativity:
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Supplementary Figure 3. Our extended model recapitulates linear relationship of RNA/protein mass ratio and growth rate
for all three forms of ribosomal ribonucleic acid (rRNA) degradation function. The points are the predicted RNA/protein ratios
for E. coli in six different conditions. The lines are linear fits.
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Supplementary Figure 4. RNA polymerase (RNAP) fluxes as functions of growth rate for the extended model for glucose
minimal medium. Gray and blue lines are simulations. Light green diamonds are experimental data from Bremer and Dennis
(2008)8, black triangles are the data from Bremer and Dennis8 corrected for rRNA degradation15. Data was converted to
mmolg−1 h−1 with E. coli dry masses from Bremer and Dennis8 and the number of nucleotides in rRNA (nrRNA) at xrP = 36%.

Unlike in the base model (Figure 2 b), we observe four instead of three alternative solutions (elementary growth vectors). The
top gray trajectory represents solutions where RNase activity is higher than the enforced minimum given by Eqn. (5), which
leads to increased RNAP flux. The middle gray trajectory are solutions where ribosomes accumulate in excess of what is
needed for growth. This also increases rRNA degradation via equation (5) and therefore RNAP fluxes. Finally, the bottom gray
solutions accumulate rRNA. Blue corresponds to elementary growth vectors where rRNA and ribosomes are not accumulating
and rRNA is not degraded in excess, that is, constraints rRNA, cap R and min deg in Table 1 (main text) are fulfilled with
equality.
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(a) (b)

Supplementary Figure 5. Variable translation elongation rate has no impact on the predicted optimal ribosome composition,
but it leads to a non-zero offset of RNA/protein ratio at zero growth rate (extended model). The translation elongation rates (kelR)
are: Succ, 12; Gly, 16.83; Glc, 21 ; Gly+AA, 20.17; Glc+AA, 21; LB, 22.25 AAs−1. The remaining parameters are listed in
Supplementary Table 1. (a) Maximum growth rate for E. coli in six different conditions. (b) The points are the predicted
RNA/protein ratios in six different conditions. The line is a linear fit.

(a) (b)

Supplementary Figure 6. Accounting for RNAP allocation improves predictions of RNase fluxes (extended model). RNAP
allocations were included in the model by using the effective transcription rate k̄elRNAP = kelRNAP f actRNAPφRNAP

rRNA . The values for
φRNAP
rRNA are: Succ, 0.18; Gly, 0.28; Glc, 0.42; Gly+AA; 0.52, Glc+AA, 0.6; LB, 0.65. The values of the other parameters are in

Supplementary Table 1. (a) Maximum growth rate for E. coli in six different conditions. (b) Ratio of RNA degradation to RNA
transcription (RNAse flux/RNAP flux) The circles are the predicted ratios of RNAse fluxes to RNAP fluxes at different
conditions. The triangles represent experimental data from Gausing (1977)15 (extracted from the original plot with
WebPlotDigitizer16).
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Supplementary Figure 7. The base RBA model with fixed ribosome allocations and parameters from Kostinski and
Reuveni (2020)3 in multiple growth conditions. For the definition of the ribosome allocations φR

rP and φR
RNAP see Eqn. (3). For

the parameter values (kelR , f actR ,φR
rP) and (kelRNAP, f actRNAP,φ

R
RNAP,φ

RNAP
rRNA ), see the original paper.
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