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Supporting Text 

Materials and Methods 

Strain construction 

All the strains used in this study are derived from Escherichia coli K12 strain MG1655, 

apart from those strains derived from the XAC strain described below. Strain EQ2 that is 

deleted of both lacI and lacZ harbors  a sp
r
-lacI

q
-tetR cassette (1) at the attB site, 

providing constitutive expression of lacI and tetR. This strain was used for all RNA and 

total protein extraction experiments reported in Fig. 1A and 2A. The XAC strain is the 

parental strain of the streptomycin mutants, UK285 (streptomycin resistant, SmR) and 

UK317 (streptomycin pseudoresistant, SmP)(2, 3), used to test the effects of impaired 

translation (Fig. 1B).  

 

To make the strain that constitutively expresses lacZ, the lacY gene was first deleted 

using a recombineering protocol involving the galK positive selection and 

counterselection (4). The PLtetO1 promoter (1) plus the downstream 5’ untranslated region 

(UTR) containing the ribosome binding site was cloned into the SalI and BamHI sites of  

pKD13 (5), yielding pKD13-PLtetO1. The promoter plus the upstream Km
r
 gene (Km

r
: 

PLtetO1) in pKD13-PLtetO1 was integrated into the chromosome to replace the lacI gene and 

the native lac promoter (including the 5’ UTR of lacZ) using the method of Datsenko and 

Wanner (5). This strain was used as the donor to transfer the lacZ expression construct 

into EQ1 by P1 transduction. The resultant strain (EQ3), in which the lacZ gene is driven 

by PLtetO1, was used in all constitutive protein expression experiments (Figs. 2C, S4C and 

S5). The construction of the strain harboring a negatively autoregulated source of LacZ, 

EQ39 (Fig. S4BC), is detailed in Klumpp et al. (6).  

 

To make strain EQ30 that was used in the overexpression experiment (Fig. 4), the lacZ 

structural gene was substituted for the luc gene in pZE32-luc
 
(1), yielding pZE32-lacZ. 

The region containing PLlacO1 and the 5-UTR in pZE32-lacZ was replaced by a 54
-

dependent Pu promoter (7), yielding pZE32Pu-lacZ, in which lacZ is solely driven by Pu.  
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To constitutively activate the Pu promoter, the wild type xylR gene
 
(7) was deleted of the 

first 675 bps from its 5’ end, resulting in a shorter version of xylR (dnxylR) that encodes a 

constitutively active activator for Pu. The dnxylR gene was substituted for gfp in pZE12-

gfp(8), yielding pZE12-dnxylR, in which dnxylR is driven by synthetic PLlacO1 promoter. 

PLlacO1 is derived from the PL promoter of phage lambda, with the binding sites for CI 

replaced by LacI. The PLlac-O1-dnxylR construct from pZE12-dnxylR was cloned into the 

SacI and BamHI sites of the integration plasmid pLDR10 and subsequently integrated to 

the attB site following the method of Diederich et al. (9). Expression of dnxylR was 

repressed by LacI
q
, encoded by the plasmid pZS4Int1 (1). Therefore, the resultant strain 

(EQ30) contains 1) the plasmid pZE32Pu-lacZ, 2) the PLlac-O1-dnxylR construct at the attB 

site, and 3) plasmid pZS4Int1. Thus, in the presence of IPTG, LacI is released from the 

PLlacO1 promoter, activating expression of dn-xylR, which in turn activates expression of 

lacZ. EQ23 is a control strain that lacks the pZE32Pu-lacZ plasmid, and was used to 

show that the growth is not inhibited by the galK and rhyB deletions, nor by induction of 

the XylR protein. 

Media and Growth Conditions 

Minimal media were based upon Miller’s M63 (10) (in 1 L): 13.6 g KH2PO4, 0.5 mg 

FeSO4·7H2O, 0.5 g MgSO4·7H2O and 10
-4

 % (w/v) Thiamine. Carbon (0.5% w/v) and 

nitrogen source (20 mM) were varied, as indicated in the figure and table captions. Rich 

defined media (RDM) is a MOPS buffered media supplemented with micronutrients, 

amino acids, and vitamins, as described by Neidhardt et al. (11). Aliquots of RDM were 

stored frozen at -20°C and thawed immediately before use. Seed cultures were grown in 

LB broth (Bio Basic) or RDM, and used to inoculate pre-cultures in appropriate growth 

media. After 8 to 10 hours of growth, precultures were pelleted, washed twice by 

centrifugation and resuspension in prewarmed media and used to inoculate experimental 

cultures (at a dilution of 100x-1000x). Cells were grown in 5 mL of culture media at 

37°C in 20 mm test tubes, shaken in a water bath (New Brunswick Scientific) at 250 rpm. 

Growth rate was monitored by measuring OD600 on a Genesys20 spectrophotometer 

(Thermo-Fisher) over time, with cell viability corroborated by plating. Optical density of 

the cultures was measured once or twice per doubling, depending on the growth rate. 

After at least 3 generations in unperturbed exponential growth, samples were collected to 

simultaneously assay RNA, protein, and/or LacZ content, as described below. 

 

For treatments with ribosome-targeting drugs (chloramphenicol, tetracycline and 

kanamycin), antibiotics were added to the pre-culture at the same concentrations used in 

the experiments. The parent strain Xac, and the mutants derived from this strain, UK285 

(SmR) and UK317 (SmP), are proline/arginine auxotrophs. All growth media for these 

strains contain 10mM proline and 2.5mM arginine, in addition to any other nitrogen 

sources listed.  

RNA Extraction 

1.8 mL of exponentially-growing culture was pelleted, fast-frozen in ethanol/dry ice and 

stored at -80°C. Pellets were resuspended in 100 L TE buffer (10 mM Tris, 1 mM 

EDTA, pH 8.1) and 50 mg/mL lysozyme (Sigma, L6876), incubated at room temperature 

for 1 minute, and quantitatively transferred to a screw cap centrifuge tube containing 1 

mL TRIzol reagent (Invitrogen, 15596-018) and 0.4 g 200 m glass beads (Sigma, 

G1277). Samples were fully lysed using a FastPrep glass-bead homogenizer (MP 
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Biomedicals) set at maximum speed for 45 seconds, and RNA was extracted  twice with 

chloroform and then precipitated with isopropanol according to the TRIzol protocol. 

RNA was pelleted via centrifugation, and washed with 70% ethanol. RNA pellets were 

briefly dried in a Speedvac concentrator to remove contaminating organic solvents. 

Purified RNA was resuspended in 100 L of deionized water and the RNA concentration 

was determined by measuring the A260 using a NanoDrop 1000 spectrophotometer. The 

extraction efficiency was calibrated against RNA standards and a perchlorate extraction 

method (12). 

Protein Extraction 

200 L of exponentially-growing culture was fast-frozen in ethanol/dry ice and stored at -

80°C. Samples were thawed in 800 L of deionized water and 0.015% (w/v) sodium 

deoxycholate (Sigma, D8566). Total protein content was measured with the Total Protein 

Kit (Sigma, TP0300) using a modified Lowry method, with bovine serum albumin (BSA) 

as the standard. Briefly, the test samples and BSA standards were individually diluted to 

1 ml in enpendorf microtubes. 100 l 0.15% Deoxycholate and 100 l 72 % 

trichloroacetic acid (TCA) were added to each microtube. The samples were set at room 

temperature for 10 minutes, and then centrifuged at the maximum speed in a tabletop 

microcentrifuge machine for 10 minutes to pellet the total protein. The pellet was 

resuspended in 800 l of 50% Lowry reagent (provided in kit) in water. After a 20 minute 

incubation, 200 l Folin & Ciocalteu's Phenol reagent (provided in kit) was added to 

develop a blue color. The color was allowed to develop for 30 minutes, and the OD 

(wavelength of 750nm) of the samples were measured within 30 minutes. The BSA 

standard curve was used to quantify the total protein in each of the test samples.  

 

To compute the RNA/protein ratio, the total RNA and total protein were assayed over a 

range of OD600, and the slope of the resulting lines was used.  

-Galactoside Activity 

400 L samples were taken at least 4 times during exponential growth (typically at OD600 

between 0.1 and 0.6). In instances where LacZ activity was normalized to total protein, 

an additional 200 L sample was taken at each sample point for total protein 

determination, as described above. LacZ assay samples were immediately added to an 

equal volume of the freshly prepared Z-buffer (in 1 L: 8.52 g Na2HPO4, 5.5 g 

NaH2PO4·H2O, 0.75 g KCl and  0.25 g MgSO4·7H2O, pH adjusted to 7.0; with 0.004% 

(w/v) SDS and 40 mM -mercaptoethanol) with 100 l chloroform. Cells were disrupted 

by vortexing and stored at 4
o
C until all samples were collected. After all the samples 

were collected, they were briefly vortexed a second time. After 5-10 minutes at room 

temperature to settle the chloroform, the lysates were diluted (typically 1:20) into 50:50 

mixture of Z-Buffer and media. 200 L was then added to a 96-well plate (Sarstedt). 

Immediately prior to reading in GENiosPro (Tecan) plate reader, 40 l of 4 mg/mL 

ortho-Nitrophenyl--galactoside (Sigma) in 0.1 M phosphate buffer (pH=7.0) was added 

to each well. The plate reader was set to read absorbance at a wavelength of 420 nm 

every minute for 60 to 120 minutes at 28°C.  

 

The slope of the plot of OD420 vs. time (in minutes) for all replicates was used to 

calculate the -galactosidase activity (Units/mL) in the original sample via the following 

conversion: 
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 -galactosidase activity U/mL  2 1000 
OD

420

min









 

fold

dilution







2.66 , 

where the factor of 2 comes from the initial 1:2 dilution into Z-buffer/chloroform at the 

time of harvest. The factor of 2.66 converts the plate-reader data to the activity obtained 

using the original assay protocol by Miller (10), and is specific to the path-length through 

the sample (i.e. 240 L in a 96-well plate). The slope of the plot of activity (U/mL) 

versus the sample OD600 yields the activity in Miller units (U/mL/OD600). The enzyme 

activity was expressed in g of -galactosidase (1082 U/mL/g of -galactosidase) 

calibrated with pure enzyme (Sigma), and normalized to total protein content. 

 

Theoretical Analysis 
 

In this section, we provide a derivation of the correlations [1] and [2] described in the 

main text, starting from a number of explicit postulates on E. coli growth physiology. 

Before starting, we remark that the existence of the correlations [1] and [2] (Fig. 1A and 

Fig. 2A) are empirical facts independent of the validity of the postulates and the 

derivation. Also, the consequences predicted from phenomenological approach presented 

in the main text (Eq. [3]-[6], supported by the data in Figs. 2 and 4) do not depend on 

these postulates and derivation. The purpose of the derivation is to illustrate a scenario 

for how these correlations could have arisen molecularly, and to give possible molecular 

interpretations for the phenomenological parameters ( t , n , maxr ). We also note the 

well-known fact that the linear correlation [1] does not hold for RNA/protein ratio (r) 

below 0.15, where r becomes independent of the growth rate (13). This work is clearly 

not applicable to the regime of very low r, corresponding e.g., to the conditions of very 

poor nutrients. 

 

Conversion between RNA/protein ratio and the ribosomal fraction. 

The correlations [1] and [2] in the text are expressed in terms of the RNA/protein ratio r 

which is readily quantified. However, derivation of these correlations is most naturally 

done in terms of the ribosomal mass fraction R  M R / M , where MR is the total mass of 

the ribosomal proteins together with their affiliates (referred to below as the “extended 

ribosome”), including all the initiation factors, elongation factors, tRNA synthases, etc., 

and M is total mass of cellular proteins. A linear relation 
R
   r  has been used to 

relate these two quantities in the text. Here, we deduce the numerical value of the 

conversion factor  and discuss the assumptions underlying the linear relation between r 

and R. 

From the definitions of r and R, the conversion factor is   M
R

/ M
RNA

, where 

MRNA is the total RNA mass. It can be written down as a product of 3 factors: 

  

 
M

rRNA

M
RNA


M

rp

M
rRNA


M

R

M
rp

, where MrRNA is the total mass of ribosomal RNA (rRNA), and 

Mrp is the total mass of ribosomal proteins (r-proteins). The values of these three factors 

can be estimated as follows:   

 The first factor is the mass fraction of rRNA among all RNA. Under nutrient 

conditions supporting moderate to fast growth (e.g., doubling time from 20 
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minutes to 2 h), rRNA/RNA mass ratio was found to be approximately 86% (13, 

14). At slower rates of growth, tRNA/rRNA mass ratio increased leading to a 

decrease in rRNA/RNA (13). Similarly, under translational inhibition by 

chloramphenicol, rRNA was found to be somewhat unstable while tRNA 

accumulated (15). Nevertheless, the overall change in the steady-state 

rRNA/RNA mass ratio under translational inhibition by chloramphenicol was less 

than 10% (16). Both severe nutritional and translational limitation therefore led to 

a decrease in rRNA/RNA mass ratio. Over the range of growth rates shown in 

Figs. 1 and 2, however, the effect is expected to be small and we use 

  
M

rRNA
/ M

RNA
 0.86  for simplicity. 

 The second factor is the mass ratio of r-proteins to rRNA, which comes 

straightforwardly from the known stoichiometry of the ribosome. The ribosomal 

proteins are composed of 7336 amino acids, and the rRNA is composed of 4566 

nucleotides [Table 1, Ref. (14)]. Assuming that there are 5.6x10
15

 amino acid 

residues per g of protein, and that the average molecular weight of an RNA 

nucleotide is 324 (14), yields / 0.53rp rRNAM M  .  

[Upon severe inhibition by chloramphenicol, the stoichiometry of the individual r-

proteins is no longer conserved (17). However, the ratio of /rp RNAM M  (the 

product of the first two factors) appears to be little affected in the range of 

chloramphenicol levels used in this study (0-12 M). For example, comparing 

cells grown in medium with 12 M and no chloramphenicol, the r-protein to total 

protein ratio ( /rpM M ) changed by 2.94x (computed based on numbers given in 

Ref. (17)), while the total RNA to total protein ratio ( /RNAM M ) changed by 

2.74x in the present study. These numbers imply that the ratio /rp RNAM M  

changed by only 2.94/2.74 = 1.07x between 12M and no chloramphenicol, 

assuming that the numbers are not strain dependent.] 

 The third factor is the mass ratio of the r-proteins to the affiliated ribosomal 

proteins. This ratio was found to be M
R

/ M
rp
 1.67  for cells grown at 40 min 

doubling time [Table 4, Ref. (14)]. The dependence of this factor on growth 

conditions has not been characterized systematically to the best of our knowledge. 

It is however known that the mass fraction of several members of the “extended 

ribosome” increased with the growth rate similarly as the r-proteins for growth 

modulated by nutrient content of the medium (18, 19). Also, quite a number of the 

affiliated r-proteins are encoded by genes in the same operons as those encoding 

the r-proteins, suggesting co-expression of these proteins. This information 

motivated us to make the simplifying assumption that the mass of the extended 

ribosome scales with the ribosome mass by the same factor M
R

/ M
rp
 1.67  for 

all growth conditions. Further quantitative studies are clearly needed to better 

understand the dependence of this factor on different growth conditions.      

Putting together the above factors for , we have 
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rprRNA R

RNA rRNA rp

0.86 g rRNA 0.53 g r-protein 1.67  extended ribosome
 

1 g RNA 1 g rRNA 1  r-protein

0.76 g protein/ g RNA

MM M

M M M

g

g



  
  
 

  

  



 [S1] 

which is one of the basic parameters used in the main text. 

 

General formulation of protein synthesis and ribosome allocation. 

We shall start with the postulate that all ribosomes are active and elongate at a fixed rate 

k (13). Consider three classes of proteins in the proteome, P, Q, R, of masses MP, MQ, and 

MR. Let the fraction of ribosomes devoted to synthesizing each class be fP, fQ, and fR, 

respectively, with f
P
 f

Q
 f

R
 1. Molecular control on the relative synthesis of the 

different fractions resides in these f s as will be discussed below. Under the assumption 

that protein turnover is negligible (20), each class of proteins accumulate according to the 

equations   

 
d

dt
M

P
 f

P
 k  N

R
,  [S2] 

 
d

dt
M

Q
 f

Q
 k  N

R
,  [S3] 

 
d

dt
M

R
 f

R
 k  N

R
,  [S4] 

where NR is the total number of actively translating ribosomes (which, by postulate, is the 

total number of ribosomes). The total protein mass M  M
P
 M

Q
 M

R
 accumulates 

according to 

 
d

dt
M  k  N

R
.  [S5] 

 

Defining the R-class of the proteome to be the r-proteins and their affiliates (as 

described above), and assuming that all ribosomes are actively engaged in translation, 

then M
R
 m

R
 N

R
, where mR is the protein mass of an “extended ribosome” (i.e., the 

mass of r-proteins mrp together with the mass of affiliated proteins per ribosome), and the 

above equations yield the exponential steady state, M
R

(t)  M
R

(0)  et , 

M
P
(t)  M

P
(0)  et , and M

Q
(t)  M

Q
(0)  et , with  

  

 M
P
 f

P
M ,  [S6] 

 M
Q
 f

Q
M ,  [S7] 

   f
R
 k / m

R
,   [S8] 

 M  k  M
R

/ m
R
.  [S9] 

 

Note that Eqs. [S6]-[S8] describe an equality between the proteome fraction ( M X / M ) of 

class X proteins and the fraction of ribosome ( fX ) devoted to the synthesis of X. 
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Correlation [1] and the control of ribosome synthesis. 

In terms of the ribosomal mass fraction 
R
 M

R
/ M , Eq. [S9] can be written as  

 
R



k / m

R

, [S10] 

which together with the conversion 
R
   r , reproduces the correlation [1] with r0  0 . 

The case of a non-zero vertical offset ( r0  0  in [1]) results from the fact that not all 

ribosomes are actively translating and will be addressed in detail elsewhere. Here we 

discuss other aspects of Eq. [1].  

Comparison of Eq. [S10] with Eq. [1] of the main text yields 

 t R/ .k m    [S11] 

This relation allows us to estimate the translational elongation rate k from the observed 

value of the “translational capacity” t from Table S1. We have 

 

t rpt

rprRNAR

RNA rRNA

/

(4.5 g protein/ g RNA/h) (7336a.a./r-protein)
20.1 aa/sec

0.86 (0.53 g r-protein/1 g rRNA)

m
k

MMm

M M




 
 


 




 



 [S12] 

close to the maximal ribosomal speed estimated (13). Note that this estimate is 

independent of the (somewhat uncertain) value of the mass of the affiliated r-proteins.   

The key assumption made in the derivation of Eq. [S10] is the growth-rate 

independence of the translational elongation rate, k. Determination of the elongation rate 

in different growth media in the 1970s (21) suggested a decrease in k for slow growth. 

However, as criticized already by Maaløe (13), the method of Ref. (21), based on 

analyzing the incorporation of radioactively labeled amino acids, is indirect due to the 

variable size of the unlabeled, pre-pulse cytoplasmic amino acid pool, which is generally 

growth-rate (and possibly medium) dependent (13). The other popular method of 

determining peptide elongation rate, by following the first appearance of -galactosidase 

upon induction, is affected by delay due to a number of processes including transcription 

and translation initiation, and protein maturation, each of which may be growth-rate 

dependent. Thus a direct method of measuring peptide elongation in vivo is needed before 

this issue can be resolved. 

Within our model (Eq. [S2]-[S5] or Eq. [S6]-[S9]), the fraction of ribosomes 

synthesizing ribosomal proteins, fR, plays a key role in the control of ribosome synthesis. 

In fact, a comparison of Eq. [S8] and [S10] yields the result 
R
 f

R
, i.e., the ribosomal 

fraction of the proteome is directly set by fR. Also, Eq. [S8] shows that fR directly sets the 

growth rate. Molecularly, the synthesis of ribosomal proteins is indirectly controlled by 

the transcription of ribosomal RNA
1
, since ribosomal protein monomers can autoregulate 

their own translation to ensure that r-protein synthesis is commensurate with the rRNA 

synthesis (22). The latter is in turn repressed by the alarmone ppGpp (23), which is 

synthesized in response to uncharged tRNA (24). The alarmone ppGpp thus provides a 

link between nutrient supplies (which ultimately determines the amino acid supply for 

                                                 
1
 The existence of an analogous mechanism(s) for controlling the synthesis of the cohort 

of associated ribosomal proteins is presently not known. 
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tRNA charging) and ribosome synthesis fR, with the latter ultimately determining the 

growth rate through Eq. [S8].  

Despite this well-established molecular link, the growth-rate dependence of the 

ribosomal fraction, as characterized by Eq. [S10], should not be viewed as a consequence 

of specific regulatory mechanism such as the one mediated by ppGpp. Instead, we expect 

Eq. [S10] to be satisfied (up to an offset) for all exponentially growing cultures if the four 

conditions listed above are met. In fact, identical dependence of the RNA/protein ratio on 

growth rate was observed for relaxed strains, in which the synthesis of ppGpp was 

disabled (25). This may be due to an unknown regulatory pathway on ribosome synthesis, 

or it could be due to a set of built-in mechanisms that enforce the 4 conditions although 

not explicitly controlling ribosome synthesis.  

 

The three-component partition of the proteome. 

In our analysis so far, we have not discussed the non-ribosomal sectors of the proteome, 

referred to as P and Q. The existence of a number of such sectors does not affect the 

above analysis, as long as there is at least one non-ribosomal sector whose proteome 

fraction could be adjusted to accommodate the increase/decrease in the ribosomal 

fraction at different growth rates. (Such a sector must exist since the proteome fractions 

must sum to 1.) Based on the data in Fig. 2A (in particular the existence of a maximal 

ribosomal fraction at max

R 55%  ), we suggest a minimal 3-component model of the 

proteome in terms of the growth-rate dependencies, with a growth-rate independent 

sector (Q) occupying a mass fraction  

 
Q
 1 

R

max ,  [S13] 

and a flexible component (P) which “yields” to the need to establish a variable ribosomal 

fraction 
R

 at different growth rates, with  

 
P
 

R

max  
R
.  [S14] 

Beyond the fact that max

R 0.55 1   , the three-component model can be motivated in 

the following way: if only two partitions (R and NOT R) are considered, then under 

optimal growth conditions with all building blocks of biosynthesis provided (as e.g., in 

rich medium), the only task needed for cell growth is for the ribosomes to synthesize 

themselves. At an elongation rate of 20aa/sec, it takes around 6 minutes for a ribosome to 

assimilate the 7336 amino acid residues contained in a ribosome. Even if one expands the 

definition of the ribosome to include the cohort of other translational proteins (elongation 

factors, tRNA synthases, etc) that expand the size of a ribosome by ~67% (see the 

paragraph preceding Eq. [S1]), this only changes the 6 minutes to 10 minutes, a result 

that is twice the fastest rate of cell doubling observed in E. coli. The 3-partition model 

essentially imposes a fixed “entitlement” to the workload of the ribosomes – it requires 

that ~50% of the proteome (the Q-class non-ribosomal proteins) be reproduced in 

addition to the reproduction of the ribosomes themselves – no matter what the growth 

conditions are. This 50% extra work load for the ribosomes reduces the minimal time for 

reproduction from 10-min to 20-min, in line with the observed maximal growth rate. 

Note that there is no parameter fitting to obtain this estimate: R

max ~ 55% is a hard 

number suggested by the correlation in Fig.2A (Eq. [2] in the main text). Together with 

the elongation rate of the ribosomes, it automatically gives the maximal growth rate of 

the cell. (Formally, it is given by the maximal growth rate c  of the Michaelis-Menton 

relation for cell growth, Eq.[5]). Within the 3-partition model, the value of R

max  also 
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determines two other independent quantities: (i) the mass fraction of over-expressed 

proteins at which growth ceases, which is the horizontal intercept of the lines shown in 

Fig.4B (see Eq. [S31]), and (ii) the growth rate at which constitutively expressed proteins 

drops to zero expression (see Fig. S5 and Eq. [S26]). Thus, this 3-partition model, forced 

upon us by the observation that R

max  is well under 100%, explains simultaneously three 

independent and very important physiological quantities in quantitative terms without any 

adjustable parameters. We regard the result R

max ~ 55% (and hence the 3-partition model 

it suggests) as perhaps the most surprising and significant finding of this study. 

 

Proteome partition and gene regulation. 

From Eqs. [S6] and [S7], we have 
P
 f

P
 and 

Q
 f

Q
. Thus, the abundances of the P 

and Q sectors are set respectively by fP and fQ, the fractions of the ribosome devoted to 

synthesizing proteins belonging to the P- and Q- sectors. Molecularly, these fs are 

controlled by two factors, the abundance of the mRNAs encoding the respective proteins, 

and the translational initiation rate of each mRNA transcript
2
. The latter is encoded by the 

quality of the ribosome binding sequence and further modulated by the accessibility of 

the translational initiation region of the transcript (26).  

In the above, we already mentioned that the inhibition of ribosomal proteins on the 

translation of their own mRNA, a way of controlling translational initiation by affecting 

the accessibility of the translational initiation region, is ultimately the way by which fR is 

controlled. We have also shown data (Fig. S4C) supporting the hypothesis that negative 

autoregulation is a way for 
Q

 to remain growth-rate independent. Under negative 

regulation, transcription of a gene (hence the abundance of the mRNA) would be 

automatically adjusted until a fixed concentration of proteins [set by the feedback circuit 

– see Refs. (6) and (27)] is reached. A fixed (i.e., growth-rate independent) protein 

concentration is translated to a fixed proteome fraction since the ratio of the biomass to 

cell volume is growth-rate independent [see Ref. (28). Note, however, that this would no 

longer be the case if osmolarity of the medium is varied; see Ref. (29)]. 

Along this line, the necessary growth-dependent modulation in the translation of the 

proteins in the P-sector, which must be adjusted to complement growth-rate dependent 

changes in the R- sectors, could be accomplished if there are no specific regulatory 

mechanisms to compensate for the abundance or accessibility of these transcripts at 

different growth rates. Unregulated or constitutively expressed proteins would therefore 

naturally belong to this sector, as was demonstrated explicitly in Fig. S5. The final result 

of the regulatory process is somewhat counter intuitive: The expressions of unregulated 

genes are growth-rate dependent while the expressions of (negatively auto-) regulated 

genes are growth-rate independent. This result is elaborated in Ref. (6).  

Note that direct examinations of the proteome partition model using mRNA-based 

high-throughput methods such as the DNA microarray (30) are complicated by the 

growth-rate dependence of the relation between mRNA and protein abundances (6). For 

example, the growth-rate independence of the protein abundance of negatively 

autoregulated genes requires growth-rate dependent changes in their mRNA abundances. 

It is important to keep in mind that this 3-component view of the proteome is the 

minimal one necessary to accommodate the data in Fig. 1A and 2A, obtained for media 

                                                 
2
 Here we have assumed that premature termination of translation does not play a 

dominant role. 
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with generally good nutrient conditions and under no specific stresses. The situation may 

well become more complex (e.g., requiring the introduction of additional protein classes) 

under conditions that elicit specific programmed responses, such as anaerobic growth or 

growth in conditions of high acidity or high osmolarity. Also, membership in any one 

class (R,P or Q) need not be exclusive for a given protein. It is possible, for example, that 

a non-ribosomal protein maintains a nonzero-fraction of the proteome at high 

chloramphenicol concentrations, but nonetheless increases with increasing growth rate as 

the antibiotic level decreases – the off-set at zero growth would be classified as belonging 

to Q, while the growth-rate dependent fraction would be classified as belonging to P.   

 

Nutrient influx, metabolic bottleneck, and the correlation [2]. 

Empirically, the growth rate of a culture is set by the quality of nutrients in batch culture 

growth. Typically, the concentrations of nutrients used well exceed saturation (so that an 

exponentially growing culture can be sustained for an appreciable period of time). Thus 

given the nutrient composition, growth limitation is internal, e.g., due to limitations in the 

abundance or activity of enzymes belonging to a growth-limiting metabolic pathway. 

For simplicity, consider a case where the growth bottleneck resides completely in one 

enzyme, E. [Generalization to the more realistic case where the bottleneck is distributed 

throughout a pathway is straightforward using Metabolic Control Analysis (31).] Let the 

mass of the bottleneck enzymes be ME. Then the growth rate  is completely dictated by 

the flux J of the growth-limiting nutrient processed by E,   

 M  c  J  c  k
E
 M

E
,  [S15] 

where the proportionality constant c reflects the nature of the growth limiting nutrient, 

and k
E

 is the kinetic constant of the enzyme E 
3
. Assuming that the bottleneck enzyme 

belongs to the P-sector of the proteome, then the mass fraction of E is 

 
E
 M

E
/ M  

E


P
 [S16] 

where the proportionality factor 
E

 describes the fraction of P that is E, and is set by the 

expression level of the enzyme. Eqs. [S15] and [S16] yield  

   c 
E
 k

E


P
,  [S17] 

a linear relation between the P-fraction and growth rate. This is a derivation of Eq. [4] of 

the main text, from which we can identify the nutritional capacity n  as  

 n E Ec k      . [S18] 

Thus, our model predicts this nutritional capacity to depend on the expression and 

activity of the bottleneck enzyme, as one would intuitively expect. Furthermore, the 

collection of parameters that define the nutrient capacity will depend upon the 

composition of the growth medium and the particular growth-limiting pathway. 

Consequently, the nutrient capacity will change with different carbon and nitrogen 

sources, but in such a way that the growth rate and the nutrient capacity are positively 

correlated (Fig. S3A). By combining with Eq. [S14], we obtain,  

                                                 
3
 For saturating nutrients, Ek  would just be the maximal catalytic rate of the enzyme E. 

The same analysis can be extended to nutrients which are not saturating but nevertheless 

hold constant throughout growth. An example may be the oxygen level in a continuous 

culture kept at in partially aerated state. In the latter case, we would have 
cat

E E E[ ] /( [ ])k k n K n   , where [n] is the level of the growth-limiting nutrient. 
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R
 

R

max  
P
 

R

max   / (c 
E
 k

E
),  [S19] 

which is a statement of Eq. [2]. 

It should be emphasized that in this derivation of correlation [2] (Eq.[S19]) does not 

depend in any special way on the use of antibiotic. It simply expresses a relation between 

growth rate and the ribosomal fraction under the condition that the growth-limiting 

nutrient (and hence the bottleneck enzyme) is fixed and also 
R

max  is fixed. In this context, 

applying antibiotics is a particular way to change the growth rate without changing these 

two conditions, so that correlation [2] may be revealed. We take Eq. [S17] as the more 

fundamental relation that relates nutrient influx (via biosynthesis or transport) to growth, 

and Eq. [2] as merely a revelation of this fundamental relation under appropriate 

conditions. 

The key assumption that the relation [S17] depends on is the membership of the 

bottleneck enzyme(s) in the P-sector. Given the 3-component partition of the proteome, 

there is little choice for the placement of the metabolic bottleneck: The assignment of the 

bottleneck in the P-sector recovers Eq. [2] as shown above, while the assignment of the 

bottleneck in the Q- or R- sector both yields nonsense. Physiologically, this assumption 

may be rationalized by the following two propositions: 

(i) catabolic enzymes belong to the P-sector, 

(ii) bottleneck enzymes reside in catabolism. 

The first proposition is rooted in the regulatory structure of the metabolic network. 

Catabolic pathways are mostly regulated by positive feedback (for example, lacZY for 

lactose utilization, glpFK for glycerol utilization, araBAD for arabinose utilization, etc.), 

such that a pathway is only expressed when the particular nutrient is available and needed 

(32). Under the condition of saturating nutrients then, the catabolic enzymes should be 

maximally expressed once induced. As such, they may be regarded as unregulated and 

hence belonging to the P-sector. Proteins in the P-sector contrast starkly with the 

expression of negatively autoregulated genes (Fig. S4C). The positive regulation of 

catabolic enzymes may be interpreted as a strategy by the cell to conserve the proteome 

for only those proteins that are needed in the current growth condition.  

The second proposition may be viewed as a consequence of the “bow-tie” 

organization of the metabolic network (32-34). Whereas the catabolic pathways 

responsible for turning specific nutrients into a small number of central precursor 

metabolites may be expressed as needed, the anabolic pathways responsible for turning 

the precursors into the biosynthetic building blocks (e.g., amino acids and nucleotides) 

are needed for most nutrients. Placement of the metabolic bottleneck in the anabolic 

sector is likely to burden the cell with a significant disadvantage; specifically, the fastest 

growth rate achievable would be that given by the bottleneck.  

 

The integrated growth theory 

Within the above framework, a rational guideline for the partitioning of the proteome 

may be formulated as follows: Assign to the Q-sector a fraction of the proteome which 

would adequately supply the flux of building blocks for the fastest possible growth rate 

(such that the Q-sector never presents as a growth bottleneck); fill the P-sector with the 

catabolic enzymes needed for a specific nutrient. In this way, the growth rate 

corresponding to a specific nutrient is established as a balance between the need for a 

large R-sector to maintain fast growth and the need for a large P-sector to supply the 

large nutrient demanded by fast growth. This balance is illustrated graphically in Fig. 3C. 
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Mathematically, the constraints are captured by the following three equations which form 

the foundation of this growth theory: 

 R t 0/ ,        [S20] 

 P n/ ,      [S21] 

 max

P R R .       [S22] 

These are analogous to Ohm’s law applied to two resistors in series, with growth rate  

playing the role of current, the capacities (t,n playing the role of the conductance of 

each resistor, and the protein fractions (R,P) playing the role of the voltage drop across 

each resistor (see Fig. S6). 

In this theory, the growth rate  and the ribosome partition  R P,    are dictated by 

the “collective variables” t, n, and max

R , whose molecular origins have been suggested 

above, within the confines of the stated assumptions. Their dependences can be obtained 

by solving Eqs. [S20],[S21], and [S22], with the solution: 

  
max

max R 0 t n
t n R

t n

, , ,  
      

  


 


 [S23] 

    max max n
R t n R R 0 0

t n

, , ,
      

 
   


 [S24] 

    max max t
P t n R R 0

t n

, , .
     

 
  


 [S25] 

Eq. [S23] is just the Michaelis-Menten form of growth described in the main text 

(Eq. [5]). While it is identical in form to the Monod equation describing growth inhibition 

upon substrate availability (35), notice that Eq. [S23] (Eq. [5]) describes growth 

inhibition upon substrate quality through the parameter n . The theory predicts that if the 

growth rate is varied by keeping t fixed, then Eq. [1] is obtained, while if the growth rate 

is varied by keeping n and max

R  fixed, then Eq. [2] is obtained. Furthermore, combining 

Eq. [S23] and [S25], the theory predicts a linear decrease in P , 

  P c

t

  


  , [S26] 

where  max

c t R 0 /      (see Fig. S5). 

There are of course many other ways of changing the growth rate, by which two or 

even all three of the collective variables may be affected. An example of this is altering 

the growth rate by changing temperature, which would change not only the ribosome 

elongation rate (hence t), but also the catalytic rate of the bottleneck enzymes (hence 

n), and perhaps even max

R  via changing the regulator-DNA binding affinities of the 

autoregulatory circuits hypothesized to maintain the Q-sector. Altering growth rate by 

changing medium osmolarity may produce global perturbations due to changes in the 

biomass to cytoplasmic water ratio (28). When multiple parameters are affected, the 

forms of correlations [1] and [2] may not be maintained even if the core elements 

(Eqs. [S20], [S21], and [S22]) remain valid.  
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Growth defect due to unnecessary protein expression 

The growth theory developed above can be used to predict the effect of unnecessary 

protein expression on growth. Let the mass fraction of the unnecessary protein be U . For 

proteins that do not exert specific toxic effect on the host, we may model the effect of 

unnecessary expression by adding U  to the proteome partition, implemented by 

changing Eq. [S22] to 

 max

P R U R      , [S27] 

assuming that the expression of unnecessary proteins do not affect the core sector  Q 

(hence not affecting max

R Q1   ). To see how the partition between the R- and P- sector 

adjust to a fixed U  imposed on the new system, we simultaneously solve Eqs. [1], [3], 

and [S27] to obtain 

  
max

max R 0 U t n 
t n R U

t n 

, , ;     ,
        

  
 




 [S28] 

    max max n 
R t n R U R 0 U 0

t n 

, , ; ,r
         

 
    


 [S29] 

    max max t
P t n R U R 0 U

t n

, , ; .      
       

 
  


 [S30] 

Compared to the solutions discussed in the main text, unnecessary protein expression is 

seen as effectively reducing max

R . Eq. [S28] can be written more succinctly as 

    max max UE
t n R UE t n R UE max

R 0

, , ; , , ; 0 1  ,
         

 
 

     
 [S31] 

which is the same as Eq. [6] of the main text.  
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Supplementary Figures 

 
Figure S1 

 

Fig. S1: Linear correlation between RNA/protein ratio and growth rate in various 

microbes. The linear relation between the RNA/protein ratio and the growth rate is 

evident in a number of bacteria studied, and in exponentially growing unicellular 

eukaryotes. Left: Escherichia coli (blue, 30°C; Ref. (36)), Aerobacter aerogenes (green, 

37°C; Ref. (37)), Candida utilis (red, 25°C and orange, 30°C; Ref. (38)), Neurospora 

crassa (black, 30°C; Ref. (39)). Right: Euglena gracilis (magenta, 25°C; Ref. (40)).  

 

For comparison, the grey line corresponds to the solid line drawn in Fig. 1A for various 

E. coli strains grown at 37°C.  



-15- 

Figure S2 

 

Fig. S2: Effect of translation inhibition on RNA/protein ratio. The linear increase in 

the RNA/protein ratio for translational inhibition using sub-lethal doses of 

chloramphenicol described in the main text is likewise observed for different methods of 

translational inhibition and in different strains: our K12 strain EQ2 with tetracycline or 

neomycin (filled triangles); B strain with inducible translation initiation factor 2 (IF2) 

(open red circles; Ref. (41)) and initiation factor 3 (IF3)(open green circles; Ref. (42)), 

where translational inhibition is affected by decreasing the level of an inducer. B/r strain 

at 30°C using chloramphenicol (open triangles; Ref. (16)).  

 

Rifampicin (0-12 mM) is an inhibitor of transcription; the effect on the RNA/protein ratio 

for sub-inhibitory levels of rifampicin is strikingly different from the effect observed in 

translational inhibition (squares and diamonds).  

 

Solid line as in Fig. 1A of the main text. Data are given in Table S5. 
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Figure S3 

 
 

Fig. S3: A, The nutritional capacity n  (listed in Table S4) is positively correlated with 

the growth rate 0  of cells in the corresponding medium without antibiotics. This 

correlation is quantitatively accounted for by the Michaelis-Menten relationship (the 

black curve) derived in Eq. [5] of the text, 

 n
0 c

n t

,
 

 



 

with  c t max 0 2.85 /hr r     from Table S4 and t 4.5   g protein / g RNA /h from 

Table S1. Error bars represent standard deviation over repeated measurements (for 0 ), 

and error in weighted-least squares linear regression (for n). B, Linearity coefficient for 

each of the straight-line fits shown in Fig. 2A of the main text, along with the vertical 

intercept, rmax. Error bars denote the error associated with a weighted-least squares linear 

fit to the data (Table S4). 
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Figure S4 

 

 
Fig. S4: Growth-rate dependence of proteome components. A, In our model, proteins 

in the proteome are grouped into three classes according to their growth-rate dependence 

as described in the main text and Fig. 3A: a R-class comprising of the ribosomal proteins 

and other proteins affiliated with translation, with the growth-rate dependences found in 

Fig. 1A and 2A according to different modes of growth limitation; a growth-rate 

independent Q-class; and a P-sector containing the remainder, including constitutively 

expressed proteins. B, Strain EQ39 expresses -galactosidase (LacZ) under the control of 

a synthetic Tet promoter where the Tet repressor (TetR) is put under negative 

autoregulation (6). Strain EQ3 (Fig. 2C) expresses -galactosidase (LacZ) under the 

control of the same Tet promoter, which is regarded as a constitutive promoter in the 

absence of the regulator TetR. C, Growth-rate independence of protein expression may 

be maintained molecularly through negative autoregulation: The expression of LacZ 

reporter under the control of a negatively autoregulated TetR repressor in strain EQ39 (6) 

is seen to be independent of the growth rate for either nutrient-limited or Cm-inhibited 

growth [squares, right axis]; see Table S6 for data. For comparison, constitutive LacZ 

expression in the isogenic tetR-null strain EQ3 exhibits strong growth-rate dependences 

(circles, left axis); data reproduced from Fig. 2C. The same color scheme as Fig. 2 is used 

to indicate the different nutrients in the medium [purple square corresponds to glycine 

medium described in Table S6]; the numbers in the symbols indicate the chloramphenicol 

dose in M. For EQ39, 20ng/ml of the inducer chlortetracycline (cTc) was added to the 

growth medium in order to obtain enough LacZ expression for reliable measurement; see 

Ref. (6).  
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Figure S5 

 

Fig. S5: Relation between gene expression and growth. A, E. coli strain EQ3 

expressing lacZ driven by a constitutive PLtetO1 promoter on the chromosome (see SOM 

Methods) was grown in medium with various nutrients (same symbols as Fig. 2). Mass 

fraction of -galactosidase (Z) is plotted against the corresponding RNA/protein ratio 

from Fig. 2A. The line indicates the constraint max

R P R    , using max

R 0.55   

(Table S4), with the scaling P Z 0.18   (right vertical axis). B, The values of n 

deduced from Fig. 2A correlated well with the n values obtained from Fig. 2C (r2=0.91).  

C, Negative correlation of constitutive gene expression with the growth rate for growth 

modulated by nutrient sources. Shown are specific activities of -galactosidase (filled 

colored circles are zero chloramphenicol data from Fig. 2C), o-transcarbamylase (open 

green triangle; Refs. (13, 43)), -galactosidase (open blue diamond; Refs. (13, 43)), and 

enzymes from the trp-operon (open red squares; Refs. (13, 43)). Also shown is the 

expression of L1-type constitutive mutants of the lac operon (open black circles; Ref. 

(44)). To compare among strains and enzymes, the specific activity was normalized to 1 

at 1 dbl/h. Solid black line shows the prediction according to Eqs. [1] and [3],  

  P c

t

  


  , 

see Eq. [S26] of SOM. Shown for comparison is the prediction of Ref. (6) (red curve) 

based on growth rate dependences of various measured cellular parameters. 
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Figure S6 

 

 

Fig. S6: Ohm’s law analogy for resource allocation and growth control. The growth 

theory comprising of Eqs. [1], [3], and [4] is identical to the mathematical description of 

electric current flow in a circuit consisting of a pair of resistors, connected in series to a 

battery with voltage  max

R 0  . In this analogy, the growth rate  is the current through 

the resistors. The voltage drop across each resistor corresponds to the mass fractions P 

and  R 0  . The two equations n P     and  t R 0       are seen as Ohm’s 

law describing the voltage-current relation for each resistor, with conductance n   

(magenta) and t   (cyan). The nutrient- and translation- modes of growth limitation 

correspond to changing the conductance of one of the resistors, while the expression of 

unnecessary protein is analogous to changing the applied voltage by decreasing max

R . The 

Michaelis-Menten relation for growth (Eq. [5]), written alternatively as, 

 
 max

R 0 n t

n t

,
   

  





 

corresponds to the current-voltage relation for the two resistors in series.  
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Supplementary Tables 

Table S1 - Experimental data from Fig. 1A 

 

From Fig. 1A – using a linear-regression fit to all three data sets: t = 4.5±0.2 g total 

protein/g RNA/h; r0 = 0.087±0.009 g RNA/g total protein. Error is displayed as ≤ the 

error associated with the linear fit. The R-protein fraction is related to the RNA/protein 

ratio by the conversion: R r   , with 0.76 g protein / g RNA   (see Eq. [S1]). 

Medium
a
 

Growth rate  

(/h)
b
 

RNA/Protein 

(g/g) 
Source Symbol 

M63+glyc 0.40±0.03 (2) 0.177±0.006 (2) 

M63+gluc 0.57±0.02 (5) 0.230±0.014 (2) 

cAA+glyc 0.71±0.03 (4) 0.224±0.029 (3) 

cAA+gluc 1.00±0.05 (5) 0.287±0.009 (3) 

RDM+glyc 1.31±0.07 (3) 0.414±0.058 (3) 

RDM+gluc 1.58±0.15 (3) 0.466±0.033 (3) 

This study 

 

TRIS + acetate  0.38 0.189
c
 

TRIS + succ 0.60 0.224 

TRIS + gluc 1.04 0.295 

TRIS + cAA+ gluc 1.46 0.421 

FL Broth 1.73 0.469 

Forchhammer 

& Lindahl 

(Ref. (45)) 

 

Med. C + succ 0.42 0.200
d
 

Med. C + glyc 0.69 0.255 

Med. C + gluc 1.04 0.331 

Med. C +AA+ glyc 1.39 0.391 

Med. C + AA+gluc 1.73 0.471 

Bremer & 

Dennis  

(Ref. (14))  

 

a. Abbreviations: M63+glyc – Miller’s M63 (10) +0.5% (v/v) glycerol; M63+gluc - 

M63+0.5% (w/v) glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino 

acids; cAA+gluc - M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; RDM+glyc - 

Neidhardt's rich defined media (11) +0.5% (v/v) glycerol; RDM+gluc - Neidhardt's rich 

defined media+0.5% (w/v) glucose; TRIS – Tris buffered with 0.2% of the indicated 

carbon source; TRIS+cAA – TRIS buffer with 0.75% (w/v) casamino acids; FL Broth – 

TRIS buffer with 0.2% glucose, 1% meat extract, 1% peptone and 0.5% yeast extract; 

Med. C – Phosphate buffer with 0.2% (w/v) of the indicated carbon source (46); Med. C 

+AA – Medium C supplemented with all amino acids >50 g/ml, in proportion to the 

molar concentrations in E. coli protein. 

b. Error is displayed as ≤ standard deviation among replicates. Number of replicates 

(done on different days) is shown in parentheses. 

c. Using the estimate that 86% of total RNA is rRNA (13). 

d. Using the estimate that there are 5.6x10
15

 amino acid residues per g of protein, and 

that the average molecular weight of an RNA nucleotide is 324 (14). 
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Table S2 - Experimental data and error estimates for 
translational mutants derived from Xac 

 

The parent strain Xac, and the mutants derived from this strain, UK285 (SmR) and 

UK317 (SmP), are proline/arginine auxotrophs. All growth media for these strains 

contain 10mM proline and 2.5mM arginine, in addition to any other nitrogen sources 

listed. Data appears in Fig. 1B.  

Xac 

Medium
a
 Growth rate 

 (/h)
b
 

RNA/protein 

(g/g) 
cAA+gluc 1.030.04 (8) 0.3020.043 (8) 

+2 M Cmc 0.940.01 (2) 0.3790.073 (2) 

+4 M Cm 0.790.01 (2) 0.3830.035 (2) 

+8 M Cm 0.470.10 (2) 0.4580.005 (2) 

+12 M Cm 0.260.09 (2) 0.4810.011 (2) 

cAA+glyc 0.830.03 (2) 0.2780.028 (8) 

M63+gluc 0.600.01 (2) 0.1990.027 (6) 

M63+glyc 0.540.01 (2) 0.1950.016 (6) 

UK285 (SmR) UK317 (SmP) 

Medium
a
 Growth rate 

 (/h) 

RNA/protein 

 (g/g) 

Growth rate 

 (/h) 

RNA/protein 

(g/g) 

cAA+gluc 0.820.02 (5) 0.4140.066 (5) 0.570.02 (4) 0.4680.064 (4) 
cAA+glyc 0.710.04 (3) 0.3500.027 (3) 0.450.03 (6) 0.4180.062 (6) 

M63+gluc 0.620.09 (4) 0.3180.046 (4) 0.440.01 (3) 0.3470.050 (3) 

M63+glyc 0.470.10 (4) 0.2540.061 (4) 0.330.07 (3) 0.3110.042 (3) 

a. All media based on Miller’s M63 (see SOM Methods), supplemented with 

proline/arginine. M63+glyc – Miller’s M63 +0.5% (v/v) glycerol; M63+gluc - 

M63+0.5% (w/v) glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino 

acids; cAA+gluc - M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; 

b. Error is displayed as ≤ standard deviation among replicates. Number of replicates 

(done on different days) is shown in parentheses.  

c. Cm – chloramphenicol 

d. NA – Not applicable.  

 

The translational capacities ( t  from Eq. [1]) were fit to the data in Fig. 1B using 

weighted-least squares to account for error in the growth rate and RNA/protein 

measurements (47), 

 

Strain 
Translational capacity t  

(g protein/ g RNA / h) 

Measured elongation 

rate (a.a./s) (Ref. (3)) 

Xac 4.0±1.2 15 

SmR 2.3±1.4 7.8 

SmP 1.47±0.88 5 
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Table S3 – Experimental data and error estimates for Fig. 2AC 

Strain EQ2 Strain EQ3
b
 

Medium
a
 Growth rate 

 (/h)
c
 

RNA/protein 

 (g/g) 

Growth rate 

 (/h) 

-gal/protein
d
  

Z (g/g) 
M63+glyc 0.40±0.03 (2) 0.177±0.006 (2) 0.40±0.02 (6) 0.082±0.006 (6) 

+2 M Cme 0.33±0.01 (2) 0.291±0.014 (2) 0.35±0.01 (6) 0.052±0.005 (6) 

+4 M Cm 0.24±0.01 (2) 0.375±0.015 (2) 0.26±0.01 (6) 0.041±0.002 (6) 

+8 M Cm 0.19±0.03 (2) 0.414±0.028 (2) 0.15±0.02 (6) 0.024±0.006 (6) 

+12 M Cm 0.12±0.01 (2) 0.631±0.092 (2) 0.11±0.01 (6) 0.016±0.012 (6) 

M63+gluc 0.57±0.02 (5) 0.230±0.014 (2) 0.57±0.02 (6) 0.067±0.008 (6) 

+2 M Cm 0.50±0.02 (5) 0.303±0.009 (4) 0.48±0.01 (6) 0.061±0.006 (6) 

+4 M Cm 0.39±0.04 (5) 0.371±0.009 (4) 0.38±0.02 (6) 0.050±0.003 (6) 

+8 M Cm 0.30±0.02 (5) 0.400±0.072 (4) 0.21±0.10 (6) 0.032±0.013 (6) 

+12 M Cm 0.23±0.03 (4) 0.496±0.051 (4) 0.20±0.09 (6) 0.025±0.005 (6) 

cAA+glyc 0.71±0.03 (4) 0.224±0.029 (3) 0.70±0.03 (6) 0.057±0.003 (6) 

+2 M Cm 0.57±0.03 (4) 0.313±0.037 (3) 0.50±0.01 (6) 0.036±0.005 (6) 

+4 M Cm 0.38±0.01 (4) 0.435±0.045 (2) 0.36±0.01 (6) 0.032±0.009 (6) 

+8 M Cm 0.23±0.04 (4) 0.473±0.042 (2) 0.19±0.02 (6) 0.013±0.009 (6) 

+12 M Cm 0.14±0.01 (3) 0.524±0.079 (2) 0.10±0.03 (6) 0.007±0.003 (6) 

cAA+gluc 1.00±0.05 (5) 0.287±0.009 (3) 0.90±0.04 (6) 0.054±0.003 (6) 

+2 M Cm 0.87±0.05 (5) 0.340±0.012 (3) 0.78±0.04 (3) 0.046±0.003 (3) 

+4 M Cm 0.67±0.04 (5) 0.374±0.015 (2) 0.60±0.03 (3) 0.040±0.004 (3) 

+8 M Cm 0.43±0.06 (5) 0.471±0.028 (2) 0.45±0.04 (3) 0.031±0.002 (3) 

+12 M Cm 0.28±0.05 (5) 0.577±0.013 (4) 0.32±0.03 (3) 0.019±0.002 (3) 

RDM+glyc 1.31±0.07 (3) 0.414±0.058 (3) 1.33±0.05 (6) 0.034±0.008 (6) 

+2 M Cm 0.90±0.13 (2) 0.476±0.063 (3) 0.68±0.04 (4) 0.016±0.012 (4) 

+4 M Cm 0.46±0.01 (3) 0.618±0.081 (3) 0.45±0.05 (4) 0.010±0.005 (4) 

+8 M Cm 0.20±0.04 (3) 0.715±0.065 (3) 0.24±0.03 (4) 0.011±0.005 (4) 

+12 M Cm 0.11±0.03 (3) 0.785±0.100 (3) 0.23±0.07 (4) 0.010±0.004 (4) 

RDM+gluc 1.58±0.15 (3) 0.466±0.033 (3) 1.66±0.05 (6) 0.022±0.002 (6) 

+2 M Cm 1.18±0.10 (3) 0.500±0.037 (3) 1.22±0.07 (4) 0.016±0.005 (4) 

+4 M Cm 0.89±0.08 (3) 0.584±0.050 (3) 0.89±0.07 (4) 0.012±0.002 (4) 

+8 M Cm 0.31±0.12 (3) 0.691±0.114 (3) 0.43±0.04 (4) 0.008±0.004 (4) 

+12 M Cm 0.13±0.02 (3) 0.769±0.029 (3) 0.24±0.02 (4) 0.009±0.004 (4) 

a. Abbreviations: M63+glyc - M63+0.5% (v/v) glycerol; M63+gluc - M63+0.5% (w/v) 

glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino acids; cAA+gluc - 

M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; RDM+glyc - Neidhardt's rich 

defined media+0.5% (v/v) glycerol; RDM+gluc - Neidhardt's rich defined media +0.5% 

(w/v) glucose.  

b. EQ2 and EQ3 exhibit the same growth rate and RNA/protein ratio for a given growth 

medium. 

c. Error is displayed as ≤ standard deviation among replicates. Number of replicates 

(done on different days) is shown in parentheses.  

d. -galactosidase (LacZ) activity measured using a modification of Miller’s assay (see 

SOM Methods). Activity was converted to g of -galactosidase enzyme (lyophilized 

powder, Sigma), and normalized to total protein (Bovine Serum Albumin (BSA) used as 

the standard). 

e. Cm – chloramphenicol. 
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Table S4 – Phenomenological parameters inferred from 
experimental data (Fig. 2A) 

 

Medium
a Growth rate 

 (/h) 
 max /r g g  b

Linearity 

coefficient 

(r
2
)

c
 

 max

R /g g   d

M63+glyc 0.40±0.03 0.668±0.056 0.93 0.508±0.043 

M63+gluc 0.57±0.02 0.670±0.066 0.96 0.509±0.050 

cAA+glyc 0.71±0.03 0.613±0.053 0.98 0.466±0.040 

cAA+gluc 1.00±0.05 0.668±0.030 0.96 0.508±0.023 

RDM+glyc 1.31±0.07 0.773±0.058 0.96 0.587±0.044 

RDM+gluc 1.58±0.15 0.793±0.032 0.97 0.603±0.024 

Average NAh 0.72±0.13 NA 0.547±0.099 

Medium
a
  Q /g g   e

 c (/h)
f 

(Eq. [5]) 

 c /g g   g

(Eq. [6]) 

n  

(g/g/h)
b
 

M63+glyc 0.492±0.043 2.61±0.28 0.44±0.04 0.85±0.14
M63+gluc 0.491±0.050 2.62±0.32 0.44±0.05 1.32±0.23 

cAA+glyc 0.534±0.040 2.37±0.26 0.40±0.04 1.86±0.34 

cAA+gluc 0.492±0.023 2.61±0.18 0.44±0.02 2.54±0.26 

RDM+glyc 0.413±0.044 3.09±0.30 0.52±0.04 3.45±0.83 

RDM+gluc 0.397±0.024 3.18±0.21 0.54±0.03 4.44±0.69 

Average 0.453±0.099 2.85±0.60 0.48±0.10 NA 

a. Abbreviations: M63+glyc - M63+0.5% (v/v) glycerol; M63+gluc - M63+0.5% 

(w/v) glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino acids; 

cAA+gluc - M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; RDM+glyc - 

Neidhardt's rich defined media+0.5% (v/v) glycerol; RDM+gluc - Neidhardt's 

rich defined media+0.5% (w/v) glucose. 

b. Slope and y-intercept ( n1/ and maxr , respectively, from Eq. [2]) were fit to the 

data in Fig. 2A using weighted-least squares to account for error in the growth 

rate and RNA/protein measurements (47). Error is displayed as ≤ the error 

associated with the linear fit. 

c. Linearity coefficient from the straight-line fit used to determine rmax. 

d.  max

max 0.76R r     ; see Eq. [S1]. 

e. max

Q R1   . 

f. From Eq. [5],  c t max 0r r    . Error is displayed as ≤ the error propagated 

from the individual errors in t , maxr  and 0r .  

g. From Eq. [6],  c max 0r r    . Error is displayed as ≤ the error propagated 

from the individual errors in maxr  and 0r . 

h. NA – Not applicable. 
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Table S5 - Translational inhibition –  

Other antibiotics and historical data (Fig. S2) 

 

Medium
a
 

Growth rate 

 (/h) 

RNA/protein 

(g/g) 
Source Symbol

glc+cAA 0.96 0.38 

+0.5 M Tet
b
 0.91 0.40 

+1 M Tet 0.70 0.46 

+2 M Tet 0.56 0.47 

+4 M Tet 0.17 0.70 

This study 

glyc+cAA 0.75 0.31 

+0.5 M Tet 0.60 0.37 

+1 M Tet 0.42 0.38 

+2 M Tet 0.28 0.56 

+4 M Tet 0.15 0.61 

This study 

 

glc+cAA 0.98 0.34 

+2 g/L Kan 0.89 0.35 

+4 g/L Kan 0.92 0.34 

+8 g/L Kan 0.67 0.40 

This study 

 

glc minimal (30°C) 0.667 0.325 

+0.5 M Cm 0.593 0.384 

+1 M Cm 0.524 0.413 

+2 M Cm 0.361 0.454 

+3 M Cm 0.305 0.585 

+4 M Cm 0.190 0.622 

+6 M Cm 0.125 0.640 

Harvey and Koch 

(Ref. (16)) 

 

MOPS+AA 1.05 0.38 

MOPS+AA 1.05 0.37 

+0.001 mM IPTG 0.97 0.42 

+0.001 mM IPTG 0.96 0.42 

+0.01 mM IPTG 0.90 0.39 

+0.01 mM IPTG 0.86 0.41 

+0.03 mM IPTG 0.69 0.52 

+0.03 mM IPTG 0.63 0.50 

+0.1 mM IPTG 0.52 0.57 

+1.0 mM IPTG 0.39 0.62 

Cole et al. (Ref. (41)) 

 

MOPS+AA 1.13 0.37 

+ 0.07 mM IPTG 1.08 0.36 

+ 0.08 mM IPTG 1.04 0.36 

+ 0.09 mM IPTG 0.94 0.42 

+ 0.10 mM IPTG 0.92 0.41 

+ 0.50 mM IPTG 0.65 0.46 

+ 1.00 mM IPTG 0.38 0.58 

Olsson et al.  

(Ref. (42)) 

 



-25- 

Table S5 (cont.)  

Transcription inhibition using rifampicin (Fig. S2) 

 

Medium 
Growth rate 

 (/h) 

RNA/protein 

(g/g) 
Source Symbol

glyc+cAA 0.78 0.25 

+6 M Rif 0.57 0.27 

+8 M Rif 0.40 0.26 

+10 M Rif 0.30 0.24 

+12 M Rif 0.15 0.24 

This study 

 

glycerol 0.40 0.17 

+6 M Rif 0.30 0.19 

+8 M Rif 0.21 0.21 

+10 M Rif 0.09 0.22 

+12 M Rif 0.06 0.21 

This study 

 

 

a. Abbreviations: M63+glyc - M63+0.5% (v/v) glycerol; M63+gluc - M63+0.5% (w/v) 

glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino acids; cAA+gluc - 

M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; RDM+glyc - Neidhardt's rich 

defined media +0.5% (v/v) glycerol; RDM+gluc - Neidhardt's rich defined media +0.5% 

(w/v) glucose.; glc minimal – phosphate buffered medium with glucose and NH4
+
, 

supplemented with several amino acids and vitamins (see Ref. (16) for details); 

MOPS+AA – MOPS buffered medium with glucose and NH4
+
, supplemented with 

amino acids and vitamins (see Refs. (41, 42) for details).  

b. Tet – tetracycline; Kan – kanamycin; Cm – chloramphenicol; IPTG – Isopropyl β-D-

1-thiogalactopyranoside; Rif – rifampicin. 
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Table S6 – Data in Fig. S4 

 

Both mutant strains (EQ3 and EQ39) express LacZ from a PLtetO1 promoter on the 

chromosome (see SOM Methods), but the autoregulated strain (EQ39) includes a 

negative feedback loop provided by PLtetO1-tetR, where TetR is the tet-repressor 

inhibiting PLtetO1. 

 

Nutrient limitation 

EQ39  

(negative autoregulation) 

EQ3  

(constitutive expression) 
Medium

a
 

Growth rate 

 (/h) 

-gal/protein
b
 

(g/g) 

Medium 
Growth rate 

 (/h) 

-gal/protein 

 (g/g) 
RDM+gluc 1.39 0.0052 RDM+gluc 1.65 0.020 

RDM+glyc 1.15 0.0059 RDM+glyc 1.30 0.036 

cAA+glyc 0.82 0.0055 cAA+gluc 0.90 0.054 

M63+glyc 0.44 0.0063 cAA+glyc 0.70 0.057 

Glycine 0.26 0.0054 M63+gluc 0.57 0.067 

 M63+glyc 0.40 0.082 

Translational limitation 

EQ39  

(negative autoregulation) 

EQ3  

(constitutive expression) 
Medium 

Growth rate 

 (/h) 

-gal/protein 

(g/g) 

Medium 
Growth rate 

 (/h) 

-gal/protein

(g/g) 
cAA+gluc 0.96 0.0043 cAA+gluc 0.90 0.054 

+4 M Cmc 0.61 0.0048 +2 M Cm 0.78 0.046 

+8 M Cm 0.46 0.0044 +4 M Cm 0.60 0.040 

+10 M Cm 0.33 0.0043 +8 M Cm 0.45 0.031 

+12 M Cm 0.27 0.0046 +12 M Cm 0.32 0.019 

a. Abbreviations: Glycine – M63-based (with 20 mM glycine as the sole nitrogen source) 

+0.5% (v/v) glycerol; M63+glyc - M63+0.5% (v/v) glycerol; M63+gluc - M63+0.5% 

(w/v) glucose; cAA+glyc - M63+0.5% (v/v) glycerol+0.2% (w/v) casamino acids; 

cAA+gluc - M63+0.5% (w/v) glucose+0.2% (w/v) casamino acids; RDM+glyc - 

Neidhardt's rich defined media+0.5% (v/v) glycerol; RDM+gluc - Neidhardt's rich 

defined media +0.5% (w/v) glucose. 20ng/ml of the inducer chlortetracycline (cTc) was 

added to the growth medium for EQ39 (6). 

b.-galactosidase (LacZ) activity measured using a modification of Miller’s assay (see 

SOM methods). Activity was converted to g of -galactosidase enzyme (lyophilized 

powder, Sigma), and normalized to total protein (BSA standard). 

c. Cm – chloramphenicol. 
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Table S7 - Table of bacterial strains used in this study 

 

Strain Genotype 
Derived 

From 
Comments Origin 

EQ1 MG1655 wild type  Wildtype F. R. Blattner 

TK200 lacI lacY EQ1 Constitutive LacZ Kuhlman et al. (48) 

EQ2 
lacI lacY  

(spr-tetR-lacIq) 
TK200 

Constitutive LacI and 

TetR 
This study. 

EQ3 
lacI lacY  

kmr:PLtetO1-lacZ at the lac 

locus 

EQ1 Constitutive LacZ This study. 

EQ39  

ΔlacY, ΔlacI, 

kmr:rrnBT:PLTet-O1-lacZ 

at the lac locus, 

bla:PLTet-O1-tetR at the attB 

site 

EQ1 

LacZ regulated by TetR 

which is under negative 

feedback regulation 

Klumpp et al. (6) 

GQ6 

(CH337) 

XAC wild type 

prolac, argE(amber)rpoB, 

gyrA, Ara, aroE (Tn10) 

 

Parent strain for 

translational mutants 

SmR and SmP 

via Diarmaid Hughes 

(2, 3) 

GQ8 

(CH341) 

(UK285) 

XAC rpsL141 Smr XAC 
Streptomycin resistant - 

SmR 

via Diarmaid Hughes  

(2, 3) 

GQ9 

(CH349) 

(UK317) 

XAC Smp XAC 
Streptomycin 

pseudoresistant - SmP 

via Diarmaid Hughes 

(2, 3) 

EQ30 

lacI lacY galK ryhB  

(bla- PLlacO1-dnxylR) 

pZE32Pu-lacZ  

pZS4Int1  

EQ1 

Over-expresses LacZ 

using an activator 

controlled by LacI 

This study. 

EQ23 

lacI lacY galK ryhB  

(bla- PLlacO1-dnxylR) 

pZS4Int1  

EQ1 
Negative control for 

EQ30 
This study. 

 

All strains derived from K12 MG1655 strain of Escherichia coli.  
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