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S1. Observational data and further Results 
S1.1 Cell state and genetic parameters at 1 and 2.5 doub/h 
Table S1. Genetic parameters for E. coli growing at 1 and 2.5 doub/h, 37°C. Values not in parentheses are for 2.5 doub/h. 
Values in parentheses are for 1 doub/h, with the rest of the values being identical to those at 2.5 doub/h. Note that all 
concentrations have been multiplied by the average cell volume Vcell(μ0) of a WT cell growing in the given medium, i.e. μ0=2.5 
doub/h  (and 1 doub/h). Cell volumes are given in Table S2. Using these units for Km,i , Lm,i and di when solving the equations of 
state for a genetically perturbed cell generates concentrations (e.g. nRNAp,free, nribo,free etc.) also in these units, i.e. concentration 
times Vcell(μ0). Values in bold are estimates (see respective footnotes and main text). 
  

Gene class  Units r-proteina bulkb rrnc 

m d Map location MU (min) see footnote d 66 (417) uniformly 

distributed genes 

C 84.5;  D 72.1;  G 56.1;  H 5.1; 

B 89.8;  E 90.5;  A 86.5 
max

iV e Maximum transcription initiation rate ini/min 33 3.04 (1.71) 110 

max
iU f Maximum translation initiation rate ini/min - 80 - 

Km,i 
g
 Promoter-RNAp holoenzyme binding 

affinity 

molec/cell 501 (264) 501 (264) 797 (1440) 

Lm,i 
h
 RBS-30S ribosome subunit binding 

affinity 

molec/cell - 6144 (3226) 

 

- 

1/ 2,
fun

iT
i
 mRNA half-life min - 6.8 (1.28) - 

Li  
j Gene class length base pairs 21252 1000 6623 

cp  
k Peptide chain elongation rate aa/sec 21 (16) 21 (16) - 

ci  
l RNA chain elongation rate nuc/sec 55 (45) 1.37 (4.09) 85 

 
 

a This class is analogous to the constitutive gene class of [1], where we consolidated all r-protein genes into a single operon (c.f. 
footnote d). Note that r-protein is assumed to be constitutive as transcription of most r-protein operons is not growth rate regulated [2]. 
b
 Bulk gene class gene dosage Dbulk, maximum transcription initiation rate, Vmax

bulk, and transcription elongation rate, cbulk, are a 
consolidation of repressable (r) and pause (ps) promoter classes of [1] such that the bulk gene class is mathematically equivalent to the 
sum of these two promoter classes in terms of transcription and translation (see below). 
c rrn gene class is a consolidation of P1 and P2 rrn promoter classes in [1]. 
d To convert from MU (min) (0<MU<100 min) to units relative to oriC  (0<m<1) see table 5 in [3]. rrn map locations were taken from 
[4]. Bulk protein genes are assumed to be uniformly distributed across the chromosome: m = (0,1,…, Nbulk-1)/Nbulk. The number of 
bulk genes, Nbulk, was ascertained using Eq. S7 for the gene dosage: ( ) ( )

1
( (1 ) ) /( )

0
( ) 2 2 1 2 1 2 ,   μ μμ μμ

−
− + −+ −

=

= = − − =∑
bulk

i bulk

N
C m D C NC D C

bulk i bulk
i

D m i N , and 

solving for Nbulk, where Dbulk = Dr + Dps
  and Dr and Dps are the gene dosage of repressable and pause promoter classes respectively, 

taken from tables 1 and 2 of [1]: Dbulk(2.5 doub/h) = 251 and Dbulk(1 doub/h) = 771. Gene concentrations di(μ) in Eq. 2 can be 
calculated using Eq. 3: ( )

( )1 2
ln 2

i
jm C

i
jini

d
V

μμ −= ∑ , where ( ) ( ) 0
1 ( )1

0ln 2 2 C D
ini cellV V μμ− +−=  (see Eq. S8) is evaluated for a high enough μ0. For 

example, for μ0 = 2.5 doub/h, ( ) 1 3ln 2 5.45( )iniV mμ− −=  (see Table S2 for WT cell volumes). In practice, for genetic perturbation 

simulations it is convenient to use concentration in units of concentration·Vcell(μ0), where μ0 is chosen to be the growth rate of a WT 
cell in the given environment. Thus ( )

( )
0 ( )

0( ) 2 2
i

jm CC D
i cell

j
d V μμμ μ −+= ∑ . The factor 0 ( )2 C Dμ +  is 6.54 for 2.5 doub/h and 2.43 for 1 doub/h (C 

and D are given in Table S2). The only exception to this rule is in the calculation of gene concentration for the r-protein gene class. 
Since the 19 operons of r-protein were concatenated on a single operon, in order to capture a more realistic growth rate dependence of 
the gene concentration, the following formula was used: ( ) ( )

( ) ( )
0

19 19

0
1 1
2 2

r protein r protein
j jm C m C

r protein r protein
j j

d d μ μμ μ
− −− −

− −
= =

= ∑ ∑  where dr-protein(μ0)= drrn(μ0)/7, 

μ0 = growth rate of WT cell in the given medium, drrn(μ0)=Drrn(μ0)/Vcell(μ0) and ( ) ( )( )7 (1 )
0

1
2

rrmC m D
rrn

j
D μμ − +

=

= ∑ . For example, Drrn(μ0 = 2.5 

doub/h) = 36.0  and Drrn(μ0 = 1.0 doub/h) = 15.1 (also c.f. table 2 of [1] and table 3 of [3]); Dr-protein(μ0 = 2.5 doub/h) = 5.14 and Dr-

protein(μ0 = 1.0 doub/h) = 2.16;  r-protein map locations are: 74.27, 74.38, 74.15, 74.84, 90.02, 90.05, 71.33, 38.75, 0.45, 20.72, 59.14, 
4.09, 95.33, 69.16, 72.77, 49.15, 82.11, 24.71, 83.68 min [2].  
e Maximum transcription initiation rates for the r-protein and rrn gene classes are given by the constitutive and rrn promoter classes 
respectively in tables 1 and 2 of [1]. The maximum transcription initiation rate for the bulk gene class is given by 
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( )max max max
bulk r r ps ps bulkV D V D V D= +  where Vmax

r and Vmax
ps are the maximum transcription initiation rates of repressable and pause promoter 

classes respectively, taken from tables 1 and 2 of [1] and Dbulk is defined in footnote d. 
f The maximum translation initiation rate for the bulk gene class, max

bulkU , was chosen to be an arbitrarily value above observed 
translation initiation rates and below the maximum physical limit set by close packing of ribosomes. See also S1.1.1 and main text. 
g RNAp holoenzyme-promoter binding affinity for r-protein and for bulk gene classes are given by the constitutive and 
repressable/pause binding affinities given in tables 1 and 2 of [1]. The binding affinity for the rrn gene class, Km,rrn, was calculated 
based on ( )max

, , ,= +rrn rrn RNAp free RNAp free m rrni V n n K , where nRNAp,free is the free RNAp concentration and irrn is the observed number of 

initiations per rrn operon, given in table 3 of [1]. Km values are given in units of concentration times the volume of a WT cell in the 
given medium. To convert to μM: Km(μM) = Km(molec per cell)/Vcell((μm)3)/602. Vcell is given in Table S2. Note that for constitutive 
promoters: Km(1 doub/h; molec/cell) = Km(2.5 doub/h; molec/cell)Vcell(1 doub/h)/Vcell(2.5 doub/h).  
h Ribosome binding affinities were calculated as described in the main text and S1.1.1. To convert to μM use formula given in footnote 
g. It was assumed that bulk mRNA expression parameters, max

bulkU  and ,m bulkL , are fixed and growth rate independent and were based on 

estimation at 2.5 doub/h (c.f. S1.1.1). Therefore Lm(1 doub/h; molec/cell)= Lm(2.5 doub/h; molec/cell)Vcell(1 doub/h)/Vcell(2.5 doub/h). 
i Since mRNA half-life can alter due to translation-degradation coupling (see main text and S2.7), the actual genetic parameter is not 

1/ 2,
fun

iT , but rather the mRNA half-life in the absence of ribosomes, ,0
1/ 2,

fun
iT . ,0

1/ 2,
fun

iT is a combination of the Michaelis-Menten parameters of 

mRNA degradation (Wmax
i, Jm,i) and the mRNA binding affinity of RNase E to its own mRNA, J1 (c.f. S2.5.2 and S2.7). For mRNA 

decay via the 5' competition model (Eq. R3 in S2.5.2) this parameter is given by ( ),0 max
1/ 2, , 1 ln 2fun

i m i iT J J W⎡ ⎤= ⎣ ⎦
 and according to this 

model it can be calculated from ( ) 1,0
1/ 2, 1/ 2, , ,( ) 1 ( )fun fun

i i ribo free m iT T WT n WT L
−

= + , where nribo,free(WT) is the WT concentration of free 

ribosomes and 
1/ 2, ( )fun

iT WT  is the WT mRNA half-life of the i-th gene class  (see S2.5.2, S2.6, S2.7 and main text for further details).   

Determination of 1/ 2,
fun

iT : total intensity of all mRNA in E. coli MG1655 in LB broth at 37°C was measured to decay exponentially with 

a half-life of 6.8 min [5] (the exact growth rate of the culture was not given). This value was taken as the bulk mRNA half-life. This 
approximation is valid if r-protein half-life is close to the total mRNA half-life. To check this, using data published online 
(mRNA_half_lives.txt, [5] online), the average mRNA intensity weighed half-life of all genes was 8.6 min (where intensity was 
approximated by the average difference at t=0, 2-fold method; setting, as the authors, HL>40min to 40min [5]). The average intensity 
weighted half-life of all r-protein genes was 8.2 min, close to the average mRNA half-life of all genes. For 1 doub/h, max

bulkU  and ,m bulkL  

were assumed to be fixed at their value at 2.5 doub/h, and 
1/ 2,

fun
iT  was estimated to minimize the error with respect to the wild-type cell 

state at 1 doub/h (see S1.1.1). 
j For the r-protein gene class, Lr-protein is taken to be the sum of all r-proteins gene lengths for MG1655. Genes are listed in [6] pp. 60-
61. L7 is discarded since it is identical to L12 (only N-acetylated). L26 is discarded since it is identical to S20 and appears only once 
in the 70S ribosome [6] p. 61. Note that the number of amino acids in a 70S ribosome is slightly higher (=22332/3) since L7/L12 
appears in four copies in the final ribosome [6] p. 61. Bulk gene class length is based on tables 1 and 2 of [1] (for comparison, 
according to [7] the average is 1100 bp). rrn gene length is calculated as follows: There are 4566 bp of rRNA in a 70S ribosome (table 
1 in  [3]); precursor rRNA length is 6000bp (table 1 in [3]); The length of the rrn gene class includes transfer RNA (tRNA) coding 
genes since rRNA and tRNA are stoichiometrically fixed at a ratio of 14:86 at all growth rates (table 1 of [3]; [8]). Although this fixed 
proportionally appears to be disrupted in perturbed cells [9], we currently do not take this correction into account. Since this gene class 
includes tRNA transcription and any overhead in the precursor rRNA, the total gene class length is: (total rRNA + total tRNA) + 
(precursor overhead) = 4566/0.86  + (6000 – 120 – 4566) = 6623bp where 120bp is the average tRNA gene length inside rrn operons 
(which is subtracted because it is already included in the 14% tRNA). 
k See table 3 in [3]. By redefining cp for the i-th gene class as: ( )( )max

, 1p i p p i ic c c LU= +
 one can take into account ribosomes bound 

to the RBS of the i-th gene class mRNA, which was neglected in Eq. 2v. For Umax
i = 80 ini/min, for example, this correction is quite 

small (21→20 aa/sec and 16→15.4 aa/sec) but it may be consequential for low values of Umax
i. This correction was included in the 

simulations for the bulk protein gene class.  
l r-protein mRNA chain elongation rate and rRNA chain elongation rate are given by the constitutive promoter class mRNA 
elongation rate and rrn promoter class rRNA chain elongation rate respectively in tables 1 and 2 in [1]. Bulk gene class mRNA chain 
elongation rate is given by  ( ) 1max max max

bulk bulk bulk r r r ps ps psc D V D V c D V c
−

= + where Dbulk is defined in footnote d and Vmax
bulk, Vmax

r and Vmax
ps are 

defined in footnote e and cr and cps are the transcription elongation rate for repressable and pause genes respectively defined in tables 1 
and 2 of [1]. By redefining ci

 to be ( )( )max1i i i i ic c c LV′ = +  one can take into account RNAp bound to promoters, which was 

neglected in Eq. 2iv. This correction is substantial for repressable genes due to their low Vmax. In the simulations this correction was 
implemented for the pause and repressable gene classes (cr and cps). By correcting cr and cps one obtains cbulk=  1.36  (3.58) nuc/sec for 
2.5 (1.0) doub/h. We note that mRNA chain elongation rate in table 2 of [1] should be 55 nuc/sec and not 45 nuc/sec, due to a 
misprint. 
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Table S2. Cell state and additional parameters (in gray) for various growth conditions. Measurements are for E. coli 
at 37°C according to data from [1] table 4 and from [3] tables 2 and 3. Number of molecules per cell are measured as 
average number per cell, i.e. number per unit of volume of culture divided by the number of cells in that culture, as defined 
by [3]. To convert to μM: 3( M) (molec/cell) 602 [ ]μ μ⎡ ⎤≅ ⋅⎣ ⎦celln N V m . Mass and volume of bulk proteins and ribosomes: 
Bulk protein mass is calculated assuming 108 D/aa (Dalton per amino acid; table 2 in [3]), mbulk=1000 bp/3*108=36 kD. 
Ribosome mass is calculated to include tRNA, and assuming 324 D/RNA nuc (table 2 in  [3]), and with 4566 RNA nuc per 
70S ribosome (table 1 in [3]). Thus: mribo=22332/3*108+4566/0.86*324=2.52MD (where 22332/3 is the number of amino 
acids present in a 70S ribosome- see Table S1 footnote j). Assuming a macromolecule specific density of 1 ml/g [10] we 
find that the specific volumes of bulk proteins and ribosomes (including tRNA overhead) are vbulk=  5.98 *10-8 (μm)3 and 
vribo= 4.18*10-6 (μm)3 respectively.  

 
 

State variable Meaning Units    

μ Growth rate doub/h 2.5 2.0 1.0 

Nbulk
a Average number of bulk proteins per 

cell 

molec/cell 5.76·106 4.57·106 2.29·106 

NRNAp
c Average total number of RNAp core 

enzymes (mature and immature) per 

cell 

molec/cell 11400 8000 2800 

NRNAp,free
b Average number of free functional 

RNAp core enzymes per cell 

molec/cell 886 389 144 

Nribo
c Average total number of ribosomes 

per cell (mature and immature) 

molec/cell 72000 45100 13500 

Nribo,free
d Average number of free functional 

ribosomes per cell 

molec/cell 4719 4100 1942 

Vcell
e
 Cell volume (μm)3 1.2 0.97 0.63 

C  c C period min 42 43 50 

D c D period min 23 24 27 

 
 
a

c(1 )3P /bulk r p bulkN Lα α< >= − − , where Pc is the amount of protein per cell (in amino acid residues) (table 2 in [3]), αr is the 
percent of r-protein per total protein (table 3 in [3]), αp is the percent of RNAp per total protein, (table 3 in [3]) and Lbulk is the 
length of the bulk protein gene class (in base pairs), given in Table S1. 
b Data for 1 and 2.5 doub/h is taken from [1]. For 2 doub/h see calculation in S1.2. Note that the σ70 subunit is present at 20% 
to 40% of the level of core polymerase [11,12] (ββ'α2σ70 is the major form of holoenzyme in exponential growth responsible 
for transcription initiation of all rRNA, tRNA and most mRNA operons [11]) but it is most likely in excess over free core, 
and thus newly formed core is expected to be rapidly converted into holoenzyme [12]. This can be seen from the following 
calculation (also c.f. [12]): by measurement of the β and β' subunit concentration in minicells (minicells are DNA-less 
portions of bacterial cytoplasm pinched off during aberrant cell divisions in certain bacterial mutants [1]) it has been 
estimated that the concentration of cytoplasmic β and β' subunits of RNAp is about 17% of the value in whole cells [12]. At 
2.5 doub/h the percentage of immature RNAp is about ( )1 8.3%ατ−− =RNApe  (see Eq. S13) leaving 17%-8.3%=8.7%=991 free 
core enzymes per cell at this growth rate (also see [1]; the amount of core enzyme is limited by the concentration of β and β' 
since α subunit is in excess [3]).  Since σ70 is released prior to the start of RNA chain elongation, the number of σ70 bound to 
promoters has an upper limit which is the number of RNAp molecules bound to the promoter. For 2.5 doub/h this number is 
estimated to be 216 RNAp molecules (table 2 in [1]). Therefore the number of free σ70 units is (20% to 40%)*11400 – 216 = 
2064 to 4344 molec/cell, in excess of the number of free core polymerase = 991 molec/cell. 
c  See table 3 in [3] 
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d
, , ,- - (2 )μτ β−= = −ribo

ribo free ribo ribo bound ribo imm r riboN N N N N , where βr is the fraction of active ribosomes (table 3 in [3]), Nribo,bound is 
the number of ribosomes per cell that are bound to mRNA, τribo is the average assembly time of a ribosome (~5 min [3]) and 
Nribo,imm is the number immature ribosomes per cell (c.f. S2.5.1). Free ribosome concentration at 2.5, 2 and 1 doub/h 
correspond to 6.5, 7, 5.1 μM respectively. [13] estimated (neglecting nonfunctional ribosome units) an upper bound of 8.5 
μM. Also as a comparison, in glucose-amino acid medium, it has been estimated that there are approximately 750 free 
ribosomes [14]. Note that a free 30S subunit can associate with a free 50S subunit to form a 70S subunit, and only free 30S 
subunits can initiate translation [6] pp. 203-204. Therefore free 70S ribosomes can in principle sequester free 30S units. 
However such sequestering is limited by the initiation factor IF3. IF3, binding of which – along with IF1 and IF2 – is a 
perquisite for subsequent attachment of the 30S subunit to mRNA and fMet-tRNAf, prevents association of the 30S-IF3 
complex with the free 50S subunit [6] p. 203, 206. It has been proposed that IF3 (in fact all three factors) are present at high 
enough concentration to saturate the free 30S subunits [15]. To see how this may be so we note the following: At 2.5 doub/h 
there is approximately one IF3 molecule per five ribosomes (and this ratio is more or less growth rate independent [16]). At 
2.5 doub/h this amounts to 72000/5=14400 IF3 molec/cell. From this we should subtract the number of IF3 molecules bound 
to mRNA. The number of IF3 molecules bound to mRNA can be estimated as follows: If p is the probability that an mRNA 
RBS is occupied, then the number of RBSs that engage 30S subunits would be p·Mtot, where Mtot is the total number of 
mRNA molecules per cell. Since a ribosome occupies the RBS for a time U-1

, where U is the average translation initiation rate 
of total mRNA, and since an IF3 molecule is ejected before peptide chain elongation commences [6] after some average time 
T<U-1, then the average number of IF3 molecules bound at any given time to any mRNA would be NIF3,bound,~U·T· p·Mtot, and 
where U(2.5 doub/h) = 45 ini/min ([1] figure 3d), and T ~ 30-1 sec ([6] p.208). 1/ 2 ln 2= ⋅chem

tot mRNAM T r  where rmRNA is the 
mRNA synthesis rate. At 2.5 doub/h rmRNA=23.4·105

 nucl/min/cell/1000bp=39 mRNA/sec/cell [3] table 3 (assuming 1000 bp 
per mRNA). For 

1/ 2 6.8 min≈chemT  (Table S1), 23000 molec/celltotM ≈  and for p~0.5 we have 
3, ~ 300 per cellIF boundN . 

Therefore the number of free IF3 molecules is ~14400-300=14100 per cell > free 30S subunits per cell ≈ 4700. This noted, it 
has also been estimated that in vivo there are about 8%  70S single (free) ribosomes present [17]. 
e Data for 1 and 2.5 doub/h is taken from [1]. For 2 doub/h volume was interpolated based on the method proposed in [1]: 

Vcell(2 doub/h)=VM(2 doub/h)*MC(2 doub/h) where VM is volume per mass and MC is mass per cell (in OD460 per cell) from [3] 

table 2. VM , which changes only moderately with growth rate, was linearly interpolated for 2 doub/h given that VM(μ=1.33 

doub/h)= 0.32 mm3 per OD460 and VM(μ=2.14 doub/h)=0.25 mm3 per OD460 [1]. 
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S1.1.1 Reconstruction of the wild-type cell state at 1 and 2.5 doub/h 

 

The equation of state are consistent with expected cell state at 2.5 doub/h and prediction of 

bulk mRNA translation initiation is within the observed range. 

The cell state (nribo , nribo,free, nbulk, nRNAp, nRNAp,free and μ) at 2.5 doub/h is given in Table S2. Note that 

nribo,free was estimated based on known fraction of active ribosomes in the cell and an estimate of the 

number of immature ribosomes (Eq. S13) and is within reasonable agreement with reported 

estimates (see Table S2 footnote d). As mentioned in the main text, most of the genetic parameters 

estimated for 2.5 doub/h are based on the genetic parameters of [1] chosen to fit observations of 

transcription in the cell. The only unknown genetic parameters that must be estimated are bulk gene 

class translation related parameters: max
bulkU , ,m bulkL  and cribo

1. To estimate these parameters we shall 

reverse the problem: given the WT cell state in a rich environment, we will attempt to estimate the 

unknown genetic parameters. max
bulkU  has an upper physical bound of ~115 ini/min (=cp/dmin), where 

dmin≈11 codons [18] is the minimal distance between two translating ribosomes set to the diameter 

of a ribosome. Therefore for a given max ( 115 ini/min)bulkU ≤ , and assuming an arbitrary value for n0
2

, we 

searched for the optimal ,m bulkL  and cribo that minimized the mean square error between the calculated 

cell state and the given WT cell state. Next we solved the equations of state numerically for the best 

estimate. The error in estimation of the WT cell state for various values of max
bulkU  are given in Table 

S3 along with the optimal ,m bulkL  and estimated (arbitrary) cost, cribo. We find that 34 ini/minbulkU ≈ . 

This value can be compared to the average translation initiation rate of lacZ ~19 ini/min [18,19] or 

the average translation initiation rate of total mRNA at 2.5 doub/h, which is ~45 ini/min (c.f. [8] 

figure 3d). The latter value is expected to be higher than the value obtained here due to the 

contribution of r-protein mRNAs that are thought to have an efficient RBS [8]. We found that 

, 1 10 Mm bulkL μ= ÷ , depending on the value chosen for max
bulkU . It is interesting to note that in vitro 

measurements of 30S-mRNA binding affinities are of the order of 0.1 μM [13],  although 

conclusions based on comparison of these two figures would be tentative since we are not comparing 

the same mRNAs. Regarding the error in estimation, we note that since it is really the product 

1/ 2,
fun

bulk bulkT U that matters in the equations, any uncertainty in  1/ 2,
fun

bulkT  will be translated into bulkU .  

 

 
                                                 

1 cribo does not constrain this solution, since for a given WT nribo and nbulk and a given (small enough) n0, there is always a 
cribo which will satisfy the cost-criterion equation. 
2 At 2 doub/h this parameter was determined by fitting to the experimental data of Squires. 
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Testing the model at 1 doub/h. Reversing the problem once more, given the WT cell state in a poor 

medium we can predict the genetic parameters for a poor medium. We will assume that the bulk 

mRNA is constitutive with fixed expression parameters, using the values obtained for 2.5 doub/h. 

We will also assume that the concentration n0 is growth rate independent. We find that in order to 

reproduce the cell state at 1 doub/h we must allow flexibility in 1/ 2,
fun

bulkT
3. The optimal 1/ 2,

fun
bulkT  that 

minimizes the mean square error with respect to the WT cell state at 1 doub/h are given in Table S3. 

We see that according to this model, the average functional half-life of bulk mRNA in poor media is 

reduced by a factor of ~5.3 with respect to its value in rich media. Given the mRNA synthesis rate in 

the cell [3], this predicts ~1750 mRNAs per cell not very far from a measured value of 1380 at 1.5 

doub/h [20]. The reduction in mRNA half-life relative to the rich medium may be due to the fact that 

different genetic networks are switch on in a poor vs. rich environment. It is also possible that the 

expectation values assumed for max
bulkU  and ,m bulkL  will drift. Note that we predict 30 ini/minbulkU ≈  that 

can be compared with the average rate for total mRNA in E. coli at 1 doub/h which is ~20 ini/min.  

 
Table S3. Reconstruction of the WT cell state for 1 and 2.5 doub/h, 37°C. Variables denoted in bold were allowed to 

vary in order to minimize the MSE with respect to the WT cell state. The error is cell state was not greater than 6%.  All 

concentrations are given in molec/cell, where Vcell is 1.2 and 0.63 (μm)3  at 2.5 and 1 doub/h respectively (Table S2).  

n0=2.77 mM. The nonlinear least squares problem was solved using the Levenberg-Marquardt method implemented in 

Matlab 7. See main text and S1.1.1 for further explanations. 

 

  

 

 

                                                 
3 Similar results can be shown if the mRNA half-life is assumed to be constant (=6.8 min) and Lm,bulk is allowed to vary. 

max
bulkU  

(ini/min) 

Lm,bulk
 

(·102) 

cribo 1/ 2,
fun

bulkT  

(min) 

bulkU

(ini/min) 

μ

doub/h 

nbulk 

(·106)  

nribo
 

(·104)   

nRNAp
 

(·103)   

nRNAP,free nribo,free

(·103)   

40 9.57 (1.3 μM) 49 6.8 33 2.5 5.60  7.33  11.4 916  4.72  

80 61.4 (8.5 μM) 53 6.8 35 2.5 5.85  7.33  114 916  4.72  

40 5.03 (1.3 μM) 85 1.2 32 1  2.15  1.30  2.8 143  1.94  

80 32.3  (8.5 μM) 90 1.3 30 1 2.23  1.30  2.8 143  1.94  
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S1.2 Reconstruction of E. coli WT genetic parameters at 2 doub/h 
To obtain the genetic parameters of WT E. coli at 2 doub/h, we first need to reconstruct the genetic 
parameters as defined by [1] for WT E. coli at 37°C growing at μ=2 doub/h following the logic of 
those authors. Using these genetic parameters one can calculate the genetic parameters for the gene 
classes defined in this report. Bulk mRNA half-life was set to 6.8 min (Table S1). Finally Lm,bulk and 
cribo were estimated (given an arbitrary value of n0) so that the mean square error with respect to 
observed WT cell state at 2 doub/h  (Table S2) was minimized (implementing the same procedure 
used to estimate Lm,bulk and cribo for 2.5 doub/h – see main text and S1.1.1). The final genetic 
parameters obtained at 2 doub/h reflect many different parameters measured or estimated for WT E. 
coli at 2 doub/h, including: promoter strengths of the different gene classes, mRNA and rRNA 
synthesis rate, cell state, percent of inactive RNAp, average translation initiation rate of total mRNA, 
mRNA and rRNA elongation rates, tRNA/rRNA ratio, percent of translating ribosomes, RNAp and 
ribosome assembly times, the C period and E. coli’s genome (gene map locations and gene lengths). 
In order to estimate the genetic parameters at 2 doub/h we first have to reproduce the transcription 
related parameters as defined by [1] for 2 doub/h based on the rational of [1]. These parameters are 
given in Table S4. 

 
Table S4. Transcription related parameters for 2 doub/h, 37°C. Transcription related parameters as defined in [1], 
obtained here for 2 doub/h. Values in bold were estimated. See S1.2 for further explanations. 

 
a
 Promoter classes as defined by [1]. 

b The average number of copies of the rrn operon per cell, Drrn(μ),  is given by Eq. S7: 
( )7 (1 )

1
( ) 2

μ
μ

⎛ ⎞− +⎜ ⎟
⎝ ⎠

=

=∑
rrn

jC m D

rrn
j

D , where ( )rrn
jm  are the 

rrn operon map locations given in Table S1. 
c According to [1], [Pconstitutive]=1.5[Prrn], in order to fit to (1) transcription of all r-proteins and (2) mRNA synthesis rate. This is 
consistent with the length of the r-protein gene class given in Table S1: the total DNA per chromosome associated with this gene 
class is roughly 40.4/(27/7=gene dosage per gene)*(2000 bp) = 20,948 = total length of constitutive class coding genes, compared 
with Lr-protein= 21252 (Table S1). 
d Estimated value - see S1.2. 
e According to [1], based on known fractions of intermittently inactive RNAp in the cell [Ppause] = 6[Prrn]. 
f  Estimated in [8]. Assumed to be growth rate independent [1]. 
g As measured for the spc ribosomal promoter, which is a representative promoter for this class (see [1]). 
h As measured for β-lactamase promoter, which is taken to be a representative promoter for this class (see [1]). 
i Maximum initiation rate was set to be ten fold lower than the Vmax  for the constitutive gene class, assuming pause genes are 
blocked 90% of the time [1]. 
j See table 3 in [3]. 
k Constitutive promoter binding affinities scale according to cell volume with respect to their values at 2.5 doub/h and are taken 
from [1]. Volumes are given in Table S2. 
l Taken from table 5 of [21]: KP1:KP2 at (2.14 doub/h) = 0.49:1, i.e. 1240=0.49*2531. 
m See tables 1 and 2 in [1]. 

Genetic parameter Units P1 a P2 a constitutive a repressable a pause a 

(2 doub/h)i cell iD V d= ⋅  average copies per cell 27 b 27 b 40.4 c 408.4 d 161.8 e 

max
iV  ini/min 110 f 110 f 33 g 1.5 h 3.3 i 

ci nuc/sec 85 j 85 j 52 j 52 j 0.89 d 

Km,i molec/cell 1240 l 2531 k 405 k 405 k 405 k 

Li base pairs 6000 m 6000 m 2000 m 1000 m 1000 m 
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There are two remaining genetic parameters that need to be fixed: The average number of 

repressable promoters per cell, Drepressable, and mRNA chain elongation rate of pause genes cpause. To 

find the best solution we searched for Drepressable and cpause that while satisfying the RNAp 

conservation equation (Eq. S4) minimized the error in estimation of rRNA synthesis rate rrRNA (Eq. 

S2) and mRNA synthesis rate rmRNA (Eq. S3). rrRNA=0.86*rs(μ=2 doub/h), where rs is the stable 

rRNA synthesis rate (see footnote c in table 3 of [1]). nRNAp is given in Table S2 and nRNAp,free was a 

variable that was solved for. sRNA and mRNA synthesis rates are given in table 3 of [3], and 

equations S1-S4 are given in [1]. Note that all concentrations were multiplied by the average cell 

volume at 2.0 doub/h so that concentration is given in units of molec per cell. Minimization was 

preformed using Matlab’s nonlinear least squares optimization routine that implements the trust-

region reflective Newton method. 

 

                                           (S1)         

max

, ,

1

1
1

1   i=1,3,4,5
  where  , 70 (5100 / 50)

   i=2

i i i
m i RNAp free

i i i

x
i ocl

ocl

V pV
K n

V V p

p p e x V
p

⎛ ⎞
= ⎜ ⎟⎜ ⎟+⎝ ⎠
′=

⎧
′= = − −⎨

⎩

                                      

                                                                                             (S2)         
2

1

  rRNA s i i i
i

r r D LV
=

≡ =∑                        

                                                                                            (S3)         
5

3

   mRNA m i i i
i

r r D LV
=

≡ =∑   

                     (S4)         

5
max

, ,
1 , ,

/
,

11
1

where   (2 1)

i
RNAp RNAp free RNAp immature i i

i i m i RNAp free

t
RNAp immature RNAp

Ln n n D V
c K n

n n τ

=

⎛ ⎞⎛ ⎞
= + + + ⎜ ⎟⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠

= −

∑       

 

Where i=1 P1; i=2 P2; i=3 constitutive; i=4 repressable; i=5 pause. To check our estimate we 

calculated the number of active (bound and transcribing) RNAp molecules per cell (Eq. S5) and the 

rrn P1-P2 initiation rate (Eq. S6). Experimental values are given for these parameters in table 3 of 

[3]. 

 

 
4

max
,

1 , ,

1  
1

i
b elong i i

i i m i RNAp free

LR D V
c K n=

⎛ ⎞
⎜ ⎟⎜ ⎟+⎝ ⎠

∑                                                         (S5)  

1 2     rrni V V≡ +                                                                                                          (S6) 
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where Eq. S5 and S6 are from [1]. The results for this optimization are given below: 
 

cpause=0.888 nuc/sec 

Drepressable=408.44 genes/cell 

NRNAp,free =389 molec/cell 

 

Compare to experiment: 

rRNAsynthRate= 5.7104e+006 vs. observed=5.7104e+006. Error=3.21e-010 % 

mRNAsynthRate = 1.87e+006 vs. observed=1.87e+006. Error=2.476e-010 % 

 

Additional experimental information: 

BoundElongRNAp = 1814.2 vs. observed=1929. Error=-5.96 % 

i_rrn=35.3017 vs. observed=39. Error=10.48 % 

# of pausing RNAp per gene = 30.86 

Percent inactive RNAp=61.41 % 

 

The estimated cpause(2 doub/h)=0.89 nuc/sec is slightly lower than the estimated value of [1] for 1 

doub/h (cpause=1 nuc/sec) and for 2.5 doub/h (cpause=1.3 nuc/sec). However, repeating this algorithm 

for 1 doub/h yields also cpause(1 doub/h)=0.89 nuc/sec and with much lower errors for mRNA and 

rRNA synthesis rates (essentially 0) compared with the respective errors reported in table 3 of [1] for 

1 doub/h: (1.09-0.99)/0.99=10.1% for stable RNA synthesis rate and (0.99-0.91)/0.91=8.9% for 

mRNA synthesis rate. The error in predicting active RNAp and rrn initiation rate is 6% and 10.5% 

respectively, compared, for example, with the respective errors of (0.3-0.29)/0.3=3.3% and (58-

50)/58=13% obtained by [1] for 2.5 doub/h. 

 

The following table summarizes the CGGR genetic parameters at 2 doub/h. 
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Table S5. Genetic parameters for E. coli growing at 2 doub/h, 37°C.  See also footnotes in Table S1 and S1.2 for 

further explanations. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
a See footnote e Table S1. r-protein and rrn maximum transcription initiation rates are given in Table S4. 
b See table 3 in [3]. By redefining cp to include 30S subunits bound to the RBS we obtain 20→19.1 aa/sec. Also see footnote 

k in Table S1. 
c Km(2 doub/h; molec/cell) = Km(2.5 doub/h; molec/cell)Vcell(2 doub/h)/Vcell(2.5 doub/h), where values for Km and Vcell are 

taken from Tables S1 and S2 respectively. 
d Vmax for the bulk promoter is calculated according to data from Table S4- see footnote e in Table S1 for formula. 
e Based on total mRNA half-life measurement for LB broth at 37°C [5] (see Table S1 footnote i).  
f Bulk mRNA chain elongation rate, cbulk, was calculated according to data from Table S4- see footnote l in Table S1 for 

formula. By redefining cr and cps to include RNAp bound to the promoter we obtain cbulk=  1.78  nuc/sec. See footnote l, Table 

S1. 
g 30S ribosome subunit binding affinity was estimated by finding the cribo and Lm,bulk that minimize the mean square error 

between the predicted and observed WT cell state at 2 doub/h (Table S2), given n0 = 2.80*106 molec/WT cell (see S1.1.1 for 

example at 2.5 doub/h). The estimated cost was cribo≈38 bulk protein per ribosome. n0 was chosen so that the predicted cost 

is the cost that gives the best fit for the data of Asai et al.. See main text for further explanations regarding cribo. 
h r-protein and rrn map locations are given in Table S1. The number of bulk genes was calculated as explained in footnote d 

of Table S1 (with Dr and Dps for the calculation of Dbulk given in Table S4). Gene concentrations are calculated according to 

the formulae given in Table S1 footnote d with μ0=2.0 doub/h, Drrn (2 doub/h) = 27 copies per cell (Table S4), Dr-protein(2 

doub/h) = 27/7 copies per cell (c.f. Table S4) and Dbulk(2 doub/h)≅ 571 copies per cell. 
i The binding affinity for the rrn gene class, Km,rrn, was calculated as explained in Table S1 footnote g, where free RNAp 

concentration, nRNAp,free, is given in Table S2 and irrn, the number of initiations per rrn operon for 2 doub/h, is given in table 3 

of [1]. 

Gene class  Units r-protein bulk rrn 

m h Map location MU (min) see footnote 191 uniformly 

distributed genes 

see footnote 

max
iV  Maximum transcription initiation rate ini/min 33 a 2.01d 110 a 

max
iU  Maximum translation initiation rate ini/min - 80 a - 

Km,i Promoter-RNAp holoenzyme binding 

affinity 

molec/cell 405 c 405 c 708 i 

Lm,i RBS-30S ribosome subunit binding 

affinity 

molec/cell -   13261 g - 

1/ 2,
fun

iT  mRNA half-life min - 6.8 e - 

Li Gene class length base pairs 21252 a 1000 a 6623 a 

cp Peptide chain elongation rate aa/sec 20 b 20 b -  

ci RNA chain elongation rate nuc/sec 52 b 1.87 f 85 b 
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WT genetic parameters were obtained for 2 doub/h 

Most wild-type parameters have been obtained from measurements at either 2 doub/h (the growth 

rate of the WT strain) or at growth rates close to this value. The remaining parameters have been 

calculated for 2 doub/h (e.g. gene concentrations are calculated based on the Cooper-Helmstetter 

equation for 2 doub/h, and the bulk protein binding affinity is calculated based on the cell state 

measured at 2 doub/h). mRNA half-life was measured for cells grown in LB broth at 37°C [5] (the 

same conditions as the inactivation strains) but the exact growth rate was specified. We note 

however that since only the multiplication of the bulk mRNA half-life and the bulk translation rate 

appear in the model, any possible error was somewhat compensated by solving for the WT binding 

affinity leading to the translation rate needed to reproduce the cell state at 2 doub/h. Therefore the 

genetic parameters in Table S5 should be applicable to a wild-type cell growing at 2 doub/h.  

 

S1.3 Genetic parameters of rrn inactivation strains at 2 doub/h 

For each inactivation strain we define one gene class representing all functional rrn operons and a 

separate gene class for each inactivated operon. The first task is therefore to determine the genetic 

makeup of each mutant. 

 

Linage of rrn inactivation strains 

In most rRNA inactivation instances, the rRNA promoter was left intact but a large part of the rRNA 

(and tRNA) coding region was removed. The exception is rrnE (in Δ2-Δ6) which was completely 

deleted. A promoterless cat gene which expresses chloramphenicol acetyl transferase (product being 

219 aa, ca. 24kD) was introduced into one of the rRNA operons (depending on the strain) in the Δ1-

Δ6 strains. lacZ (product being 1025 aa, ca. 111kD) was also expressed by rrnG in Δ5-Δ6.  

 

We assumed that all rrn operons have the same promoter constants. In support of this assumption it 

has been shown that the promoter activity is more or less correlated with distance from the origin 

(since copies closer to oriC have a higher copy number and thus have a higher level of expression) 

with the exception of rrnB and rrnH which give lower expression than expected [2,22]. The table 

below traces the lineage of all seven inactivation strains used in the experiment and indicates the 

length of each inactivated rrn operon that was transcribed, and in cases where the inactivated operon 

expressed a protein  (cat or lacZ insertions), the length of the translated portion is also specified. 
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Table S6. Lineage of the rrn inactivation strains. The following table traces the lineage of all rrn inactivation strains and indicates the length of 
each inactivated rrn operon that was transcribed, and in cases where the inactivated operon expressed a protein (cat or lacZ insertions), the length 
of the translated portion is also specified. A Δn strain indicates that n operons were inactivated. See S1.3 for further details. 
 
Δ0 =  rrn+ =TA563          source: ΔTX11 from [23] 

___________________________________________________________________________________________________________________________________________________________ 

Δ1 = ΔAc = TA566 

A transcription: 2147bp  (with P1P2-CAT fusion) 4. translation: cat+: 657bp      source : P1P2-CAT fusion BAG1 in [4]5  

___________________________________________________________________________________________________________________________________________________________ 

Δ2 = ΔEAc = TA567 

E Completely deleted           source TXΔ11 [23]. See also fig. 1 in [26] 

A transcription: 2147bp  (with P1P2-CAT fusion;  see remarks in Δ1) . translation: cat+: 657bp     source : P1P2-CAT fusion BAG1 in [4] 

___________________________________________________________________________________________________________________________________________________________ 

Δ3 = ΔEBAc = TA568 

E Completely deleted           source TXΔ11 [23]. See also fig. 1 in [26] 

B transcription: 2287(PCR:16S-23S)+119(5S) 6 =2406 bp 7        source:  pMA101, SalI-SalI deletion [22]  

A transcription: 2147bp  (with P1P2-CAT fusion;  see remarks in Δ1) . translation: cat+: 657bp      source : P1P2-CAT fusion BAG1 in [4]  

___________________________________________________________________________________________________________________________________________________________ 

Δ4 = ΔEBHAc = TA430 

E Completely deleted           source TXΔ11 [23]. See also fig. 1 in [26] 

B transcription: 2287(PCR:16S-23S)+119(5S)=2406 bp (see remarks in Δ3)     source:  pMA101, SalI-SalI deletion [22]  

H transcription: 1290(PCR:16S-23S) + 248(5S+distal tRNA) = 1538 bp 8       source: pMA103, SacII-SacII deletion [22]  

A transcription: 2147bp  (with P1P2-CAT fusion;  see remarks in Δ1) . translation: cat+: 657bp     source : P1P2-CAT fusion BAG1 in [4]  

___________________________________________________________________________________________________________________________________________________________ 

Δ5 = ΔEBHGzAc = TA476 

E Completely deleted            source TXΔ11 [23]. See also fig. 1 in [26] 

B transcription: 2287(PCR:16S-23S)+119(5S)=2406 bp (see remarks in Δ3)      source:  pMA101, SalI-SalI deletion [22]  

H transcription: 1290(PCR:16S-23S) + 248(5S+distal tRNA) = 1538 bp (see remark in Δ4)      source: pMA103, SacII-SacII deletion [22]  

G transcription: 2928(16S-23S) + 3075(lacZ+)+212(5S) = 6215 9. translation: lacZ + 3075     source pNY30, smaI-HpaI deletion in [22]  

A transcription: 2147bp  (with P1P2-CAT fusion;  see remarks in Δ1) . translation: cat+: 657bp     source : P1P2-CAT fusion BAG1 in [4] 

___________________________________________________________________________________________________________________________________________________________ 

Δ6 = ΔEBHGzADc = TA516 

E Completely deleted            source TXΔ11 [23]. See also fig. 1 in [26] 

B transcription: 2287(PCR:16S-23S)+119(5S)=2406 bp (see remarks in Δ3)      source:  pMA101, SalI-SalI deletion [22] 

H transcription: 1290(PCR:16S-23S) + 248(5S+distal tRNA) = 1538 bp (see remark in Δ4)       source: pMA103, SacII-SacII deletion [22]  

G transcription: 2928 (16S-23S) + 3075(lacZ +)+212(5S) = 6215 (see remark in Δ5)  . translation: lacZ + 3075    source pNY30, smaI-HpaI deletion in [22]  

A transcription: 1290 (rrnH PCR:16S-23S) + 213(5S) = 1503bp10       source: pNY34, SacII-SacII deletion [22] 

D  transcription: 2147bp  (with P1P2-CAT fusion) . translation: cat+: 657bp      source: W1485ΔD in [9]11 

                                                 
4  Measured from figure 1 in [4]. 
5  Linage is traced as follows:  
   (i)  BAG1 from [4] is designated CC164 in [9] and the A was inserted into the final strain.  
   (ii) A originated from the A1 strain of  [4]. 
   (iii) A1 was taken from [22] where it was designated W1485ΔA. W1485ΔA was formed by cutting rrnA at the first smaI restriction enzyme site (see figure 1 in 

[9]) and attaching to it a promoterless CAT gene from plasmid pKK232-8 [24]. pKK232-8 was also cut at smaI ([22] p. 4184, [24] p. 157). This is the first smaI 
site (see figure 1 in  [9]) since according to [4] the CAT was inserted at position 612 bp from the start of 16S. According to figure 1 of  [9] the first smaI is 
located at 605 bp position (assuming WT 16S-23S is 4719 bp [9]). This confirms that the scaling for this figure is correct. 

  (iv) pKK232-8 was designed by [24] and they used a  CAT cassette based on [25]. 
  (v) In [25] it is explained that CAT are derivatives of the Cmr gene of the bacterial transposon Tn9 and contains the complete CAT polypeptide coding sequence.  

According to [25] this is 660 bp. This is confirmed in NCBI site for pKK232-8 (=657bp). Next we need to ascertain the length of the transcribed segment. The 
actual length of the CAT cassette in pKK232-8 is longer then 660 bp since (a) the coding region actually taken in [25] was 780bp  and (b) pHH232-8 was cut at 
smaI which is upstream of the CAT cassette (figure 7 in [24]). Since the exact location of smaI was uncertain, the length of the transcribed gene was estimated 
from figure 1 in [4]. 

6 Measured from end of 23S 
7 PCR length from [9] + 5S length taken from the NCBI site. 
8 PCR length from [9] + 5S+tRNA length taken from the NCBI site. 
9 Assuming a length of 4876 bp for the 16S-23S segment of rrnG (NCBI site) and from scaling of figure 1 in [9]. The first smaI was chosen, as described in figure 1 
of [26]. LacZ length is from EcoCyc site, 5S length is from the NCBI site. 
10 Assumed to be like rrnH PCR fragment since the 16S-23S sequence length of rrnA and rrnH are both 4892 bp and the same restriction enzymes were used; 5S 
length was taken from the NCBI site. 
11 W1485ΔD in  [9] was obtained by the same procedure as W1485ΔA described above: a promotorless CAT gene was inserted into the first smaI site at 612 bp; (see 
Δ1). 
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Modeling of the rrn inactivation strains 

Each inactivation strain was modeled separately based on the genetic makeup of that strain, 

changing the genetic nature of the inactivated operons while "core parameters" remain the same.  

Below we explain what these core parameters are and why they were considered fixed in the 

inactivation strains. Since ppGpp and NTP concentrations are constant for the inactivation strains 

[4,27], the Michaelis-Menten parameters for rRNA transcription should not be altered [8]. r-protein 

Michaelis-Menten transcription parameters are constitutive [2] and therefore should also remain 

constant. Since the growth medium is fixed, we do not expect a significant shift in the pattern of bulk 

genes being expressed. Also, since the concentration of ppGpp is constant, ppGpp induced pausing 

[1], which would affect the pause gene class (Table S4) and thus the bulk gene class, is not expected 

to occur. Thus bulk protein parameters are expected to be more or less fixed as well. Parameters 

which directly depend on growth rate, and will change in the inactivation strains, like gene 

concentration (Eq. 3), are taken into account by the model. The effect of translation-degradation 

coupling on mRNA half-lives (i.e. increased mRNA half-life when the ribosome binding site (RBS) 

is occupied thereby preventing binding of the endonuclease - [28,29]) was taken into account in the 

kinetic model by assuming that only mRNA with a vacant RBS can be degraded (c.f. S2.7). The 

elongation rate for non rRNA genes has been shown to be constant in the inactivation strains [4]. 

The rRNA elongation rate was shown to be constant for strains with increased rRNA gene dosage 

[30] and increases in the inactivation strains [4]. For simplicity, in Fig. 2 and Fig. 3 the rRNA 

elongation rate was assumed to be constant. For Fig. 4, relevant to the discussion of the feedback 

response, rRNA elongation rate was assumed to increase linearly for the inactivation strains so as to 

match measured values for this parameter [4]. The C period and peptide chain elongation rates, 

appearing in Eq. 3 and Eq. 2v respectively, were also assumed to be constants. The change in the C 

period between 2 doub/h and 1 doub/h (≈growth rate of the Δ6 strain) corresponds to a <10% error 

in gene concentration according to Eq. 3 for m=1 (and the difference decreases for smaller values of 

m). It has also been suggested that the C period, as well as the D period, are "regulated such that 

their values are relatively independent of the cell environment" [31]. The peptide chain elongation 

reduces by 20% when going from a rich medium (2 doub/h) to a poorer medium (1 doub/h). 

Although it is not entirely understood why this happens, it has been suggested that this is due to the 

fact the in a poor environment, peptide chain elongation becomes limited by the extent of tRNA 

charging [3], and therefore this effect is not expected to occur when the medium is unlimited and is 

fixed. As for the lacZ and cat genes that were inserted into some of the inactivated operons, lacZ 

translation initiation rate is approximately growth rate independent ([8], figure 4.2c) and was 

estimated based on measurements at 1.25 doub/h, 37°C [19] (see below). lacZ binding affinity was 
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estimated based on this value. lacZ mRNA half-life was also measured for these conditions [19]. cat 

translation parameters were assumed to be identical to those of lacZ. cat mRNA half-life depends on 

the growth medium but apparently not on the growth rate [32,33] and its value was taken from a 

measurement by [4] for LB glucose medium at 37°C. 

 

cat and lacZ half-life, translation initiation frequency and costs 

cat mRNA half-life was measured to be 1.75 min (presumably at 2.49 doub/h LB glucose medium 

37°C) [4]. This half-life depends on the growth medium but apparently not on growth rate [32,33]. 

lacZ mRNA half-life is 1.5 min at 1.25 doub/h 37°C [19] (also functional half-life 1.3 min in M9 + 

.4% glucose 37°C [34]). 

UlacZ= 18.75 ini/min measured at 1.25 doub/h 37°C [19] and is approximately growth rate 

independent ([3] figure 2c). Assuming max 80 ini/minlacZU =  then at 2 doub/h: 

max

, ,
801 4100 1 13393 molec/cell

18.75
lacZ

m lacZ ribo free
lacZ

UL n
U

⎛ ⎞ ⎛ ⎞
= − = − =⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
 (similar to the bulk RBS binding 

affinity) 

cat translation parameters max
, and  cat m catU L  were assumed to be identical to lacZ parameters. 

For the unconstrained Φ model, the cost of lacZ and cat were assumed to scale according to the mass 

of their product relative to the ribosome cost, including contribution of precursor rRNA. For 

example, clacZ = cribo·mlacZ/mribo with overhead. 

 

Genetic parameters of the seven rrn inactivation strains  

For each inactivation strain, the map locations for the functioning rrn operons that comprise the rrn 

gene class were updated. In addition, we defined a new gene class for every rrn operon that was 

inactivated. The following set of tables summarizes the genetic parameters for the seven inactivation 

strains. The gray boxes indicate the fields that have been changed from one strain to the next. Note 

that we distinguish between the length of a gene class that is transcribed and the length of a gene 

class that is translated. r-protein and bulk gene class genetic parameters remain the same for all 

strains. 
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Table S7. Genetic parameters for the rrn inactivation strains at 2 doub/h, 37°C. Strain names are indicated in bold. A Δn strain 

indicates that n rrn operons were inactivated. The table for the Δ0 (i.e. wild-type) strain is simply Table S5. Changes with respect to 

the previous strain are denoted in gray. See S1.3 for further details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene class  Units  r-protein  bulk  rrn 

m Map location  MU (min)  

see Table S5 

C(84.5), D(72.1), 

G(56.1), H(5.1), 

B(89.8), E(90.5), 

A(86.5) 

max
iV  Maximum transcription initiation rate ini/min 33  2.01 110  

max
iU  Maximum translation initiation rate ini/min - 80  - 

Km,i Promoter-RNAp holoenzyme binding 

affinity 

molec/cell 405  405  708  

Lm,i RBS-30S ribosome subunit binding 

affinity 

molec/cell - 13261 - 

1/ 2,
fun

iT  mRNA half-life min - 6.8  - 

Li transcr.  Gene class length transcribed base pairs 21252 1000  6623  

Li transl. Gene class length translated base pairs 21252 1000 0 

cp Peptide chain elongation rate aa/sec 20 20  -  

ci RNA chain elongation rate nuc/sec 52  1.87  85  

Gene class rrn Load 1 

m C(84.5), D(72.1), 

G(56.1), H(5.1), 

B(89.8), E(90.5)  

A(86.5) 

max
iV  110  110  

max
iU  - 80 

Km,i 708  708  

Lm,i - 13261 

1/ 2,
fun

iT  - 1.75 

Li transcr.  6623  2147 

Li transl. 0 657 

cp -  20  

ci 

 

 

 

 

 

 

 

 

Δ1 = ΔAc = TA566 
 

85  85  

Δ0 = ΔTX11  
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Gene class rrn Load 1 Load 2 

m C(84.5), D(72.1), 

G(56.1), H(5.1), 

B(89.8) 

A(86.5) E(90.5) 

max
iV  110  110  110  

max
iU  - 80 - 

Km,i 708  708  708  

Lm,i - 13261 - 

1/ 2,
fun

iT  - 1.75 - 

Li transcr.  6623  2147 0 

Li transl. 0 657 0 

cp -  20  -  

ci 

 

 

 

 

 

 

 

 

Δ2 = ΔEAc = TA567 
 

85  85  85  

Gene class rrn Load 1 Load 2 Load 3 

m C(84.5), D(72.1), 

G(56.1), H(5.1) 
A(86.5) E(90.5) B(89.8) 

max
iV  110  110  110  110  

max
iU  - 80 - - 

Km,i 708  708  708  708  

Lm,i - 13261 - - 

1/ 2,
fun

iT  - 1.75 - - 

Li transcr.  6623  2147 0 2406 

Li transl. 0 657 0 0 

cp -  20  -  -  

ci 

 

 

 

 

 

 

Δ3 = ΔEBAc = TA568 
 

85  85  85  85  

Gene class rrn Load 1 Load 2 Load 3 Load 4 

m C(84.5), D(72.1), 

G(56.1) 
A(86.5) E(90.5) B(89.8) H(5.1) 

max
iV  110  110  110  110  110  

max
iU  - 80 - - - 

Km,i 708  708  708  708  708  

Lm,i - 13261 - - - 

1/ 2,
fun

iT  - 1.75 - - - 

Li transcr.  6623  2147 0 2406 1538 

Li transl. 0 657 0 0 0 

cp -  20  -  -  -  

ci 

 

 

 

 

 

 

Δ4 = ΔEBHAc = TA430 
 

85  85  85  85  85  
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S1.4 Genetic parameters of strains with increased rrn gene dosage 

When rrn gene dosage was increased beyond seven copies per chromosome, additional rrn operons 

were added at the origin (m=0). All other genetic parameters were assumed to be identical to those of 

the WT strain (Table S5). A discussion of why these genetic parameters can be assumed to remain 

unchanged is given in S1.3.  

 

 

Gene class rrn Load 1 Load 2 Load 3 Load 4 Load 5 

m C(84.5), D(72.1) A(86.5) E(90.5) B(89.8) H(5.1) G(56.1) 

max
iV  110  110  110  110  110  110  

max
iU  - 80 - - - 80 

Km,i 708  708  708  708  708  708  

Lm,i - 13261 - - - 13393 

1/ 2,
fun

iT  - 1.75 - - - 1.5 

Li transcr.  6623  2147 0 2406 1538 6215 

Li transl. 0 657 0 0 0 3075 

cp - 20  -  -  -  20  

ci 

 

 

 

 

 

 

Δ5 = ΔEBHGzAc = TA476 
 

85  85  85  85  85  85  

Gene class rrn Load 1 Load 2 Load 3 Load 4 Load 5 Load 6 

m C(84.5) A(86.5) E(90.5) B(89.8) H(5.1) G(56.1) D(72.1) 

max
iV  110  110  110  110  110  110  110  

max
iU  - - - - - 80 80 

Km,i 708  708  708  708  708  708  708  

Lm,i - - - - - 13393 13261 

1/ 2,
fun

iT  - - - - - 1.5 1.75 

Li transcr. 6623  1503 0 2406 1538 6215 2147 

Li transl. 0 0 0 0 0 3075 657 

cp - - - - -  20  20  

ci 

 

 

 

 

 

Δ6 = ΔEBHGzADc = TA516 
 

85  85  85  85  85  85  85  
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 S1.5 Mean square errors with respect to the Squires data 

   

 

 

 

 

 

 

 

 

 

                                                                                                                                                            
 
 
Figure S1. Mean square errors with respect to the 
Squires data. (A) Unconstrained CGGR MSE. Square root 
of the mean square error (MSE) as a function of cribo in 
estimation of the growth rate and the rRNA to total protein 
ratio measured by Asai et al. [9]. This graph was computed 
as follows: for a given n0, optimal Lm,bulk and cribo that 
minimize the square error between an estimated WT cell 
state and the observed WT cell state were obtained (see 
S1.1.1). Next, for those optimal Lm,bulk and cribo values, the 
growth rate curve and the rRNA/total protein curve were 
calculated for the various rrn inactivation strains (c.f. S1.3) 
and the MSEs were calculated between these two curves and 
the data points, yielding two errors for a given n0 (or 
equivalently cribo). Next, n0 is increased and the process is 
repeated. The minimum MSE for the rRNA to total protein 
ratio (which displayed more sensitivity to cribo than the 
growth rate) was obtained for cribo=37.6 (n0=2.8·106 
molec/WT cell). Circles mark the cost for which Φ would be 
fixed in an unconstrained CGGR model (i.e. when i i bulkc v v= − , which is equivalent to the constrained CGGR model with h=0). (B) Constrained 
CGGR MSE. Square root of the MSE in estimation of the growth rate and the rRNA to total protein ratio as a function of Mbulk and the Hill coefficient h, 
for a model where Ф is assumed to be fixed, and ( )max 1 h

p p bulk bulkc c M n⎡ ⎤= +⎣ ⎦ . This graph was computed as follows: for a given max
pc  and h, optimal 

Lm,bulk and Mbulk that minimize the square error between the estimated WT cell state and the observed WT cell state were obtained. Note that this square 
error included the error between the estimated WT cp and the observed WT value of cp at 2 doub/h (20 aa/sec). The error in prediction of the WT cell state 
was on the order of a few percent (data not shown). Next, for those optimal Lm,bulk and Mbulk values, the growth rate curve and the rRNA/total protein curve 
were calculated for the various rrn inactivation strains and the MSE was calculated between these curves and the data points. Next, 

max
pc  is increased and 

the process repeated. The minimum Hill coefficient to yield a solution that did not diverge in growth rate for high rrn copy numbers was h=2 (see e.g. Fig. 
S2 for fit with h=1). For h=2, Mbulk was chosen to minimize the growth rate error yielding: Mbulk=7.4·106 molec/WT cell (

max 73pc =  aa/sec). Solutions that 
minimized the rRNA/total protein MSE (corresponding to the minimum possible value for 

max
pc , i.e. 21 aa/sec≅ ) diverged in growth rate for copy 

numbers greater than 7 (see Fig. S3). In addition, the MSE did not improve for higher Hill coefficients, as shown. Note that the minimization procedure in 
(A) and (B) are equivalent if we map Mbulk ↔ cribo, 

max
pc ↔ n0 . (C) Simplified 3-state model MSE. Square root of the MSE in estimation of the growth rate 

and the rRNA to total protein ratio as a function of cribo for the simplified model. Stars indicate minima. Circles indicate the same as in (A).  The minima 
almost coincide and were obtained for 38.2  2.8riboc ± . In both (A) and (B), as in Fig. 2 to Fig. 4, max

bulkU  was set to 80 ini/min and the rRNA chain 
elongation rate, crrn, was assumed to be constant. 

cribo 
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Figure S2. Fit for the constrained CGGR model with Hill coefficient h=1. Comparison of the constrained CGGR model with 
Hill coefficient  h=1 to (A) growth rate measurements and (B) rRNA to total protein ratio measurements of Asai et al [9].  Mbulk  
was chosen such that the product of growth rate error and rRNA to total protein error was minimal, yielding 65.7 10= ⋅bulkM  
molec/WT cell (

max
pc =45 aa/sec). For MSE see Fig. S1B. Note that for h=1, growth rate diverges with copy number. rRNA chain 

elongation rate, crrn, was assumed to be constant in this simulation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S3. Fit for the constrained CGGR model with higher Hill coefficients. Comparison of the constrained CGGR model 
with Hill coefficients of 2, 4, 6, 8 and 10 to (A) growth rate measurements and (B) rRNA to total protein ratio measurements of 
Asai et al [9]. We show the h=2 case for both max

pc =73 aa/sec (Mbulk=7.4·106 molec/WT cell; as in Fig. 2) and max
pc =21 aa/sec. 

For all other cases, max
pc  was set to 21 aa/sec and corresponds to the minimum possible value for Mbulk., a value that according to 

Fig. S1B minimizes the MSE for the rRNA to total protein ratio. This figure demonstrates that all solutions with max
pc =21 aa/sec 

diverge in growth rate for rrn copy numbers greater that 7. Higher Hill coefficients (>10) appear to be numerically unstable or 
insolvable for high copy numbers. Legend to both figures is given in (A).  
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S1.6 Free RNAp and free ribosome homeostasis 

The fact that predictions of the unconstrained CGGR model are independent of the exact crowding 

scenario chosen is due to a self-adjusting mechanism where free RNAp and free ribosomes change 

in a way that tends to compensate for changes in the binding affinities. Figure S4A illustrates this 

point for transcription binding affinities in the transition state limited scenario (assumed to be 

optimal at the WT Ф). As the rRNA copy number is reduced, the macromolecular volume fraction, 

Ф, decreases, causing binding affinities to weaken. However, an increase in free RNAp compensates 

for this reduction. Since it is the ratio free RNAp with respect to the binding affinity that determines 

the transcription rate, the observed transcription rate is relatively unchanged, as can be seen by 

comparing to a solution where binding affinities were assumed to be independent of Ф. This 

conclusion gives a physical interpretation to the robustness of transcription related observables to 

changes in RNAp binding affinities noted by Bremer et al. [1]. The degree to which free RNAp can 

be increased is probably limited, and at some point it is expected that the negative transcriptional 

regulation circuit of rpoBC will kick in. A similar effect is observed for the diffusion limited model 

and for ribosome binding affinities as well (Fig. S4B-D).  
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Figure S4.  Free RNAp and free ribosomes with respect to corresponding binding affinities for various crowding 
scenarios. (A) Model prediction for nRNAp,free , nRNAp, free/Km,i and Φ for the transition state limited and no crowding 
scenarios as a function of the rrn operon copy number.  In the no crowding scenario the plots for nRNAp,free and nRNAp, 

free/Km,i  coincide. (B) Same as (A) but for the diffusion limited scenario. (C) Model prediction for nribo,free and nribo,free/Lm,i 
for the transition state limited and no crowding scenarios as a function of the rrn operon copy number. (D) Same as (C) 
but for the diffusion limited scenario. All curves are normalized to WT values at copy number 7. Note that in the 
diffusion limited scenario, when rRNA operons are inactivated, free RNAp concentration actually decreases. The reasons 
for this are that first, although the rRNA operons are inactivated, they continue to be partly transcribed (c.f. S1.3). 
Second, as rRNA operons are inactivated, growth rate is reduced (Fig. 2A), which tends to slightly increase gene 
concentrations via Eq. 3 (c.f. Fig. S7B). Finally, there is the contribution of increased transcription initiation. When 
rRNA operons are increased beyond seven copies per chromosome, free RNAp concentration increases mainly because 
transcription initiation is reduced due to diminished binding affinities. See main text and S1.6 for further explanations. 
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S1.7 Further predictions  

 

 

 

 

 

 

 

 

 
Figure S5. Predictions for bulk protein and ribosome concentrations as a function of the rrn operon copy number.  
(A) Total concentration of ribosomes (ribosomes per unit volume) in the constrained and unconstrained CGGR models as a 
function of the rrn operon copy number. (B) Concentration of bulk protein (proteins per unit volume) in the constrained 
and unconstrained CGGR models as a function of the rrn operon copy number. Solid lines are for fixed rrn chain 
elongation rate, crrn=const, and dashed lines are for crrn ≠const, as described in the main text. All curves are normalized to 
WT cell state values (at copy number = 7).  

 
  

 

 

 

 

 

 

 

 

 
      

      

 
 

Figure S6. Breakdown of the ribosome synthesis equation to components for the diffusion limited scenario. (A) 
Variables in units of concentration. drrn - rrn gene concentration (total rRNA operon copy number per unit volume); Vrrn 
- rrn initiation rate per operon (init/min/operon);  nribo - ribosome concentration (ribosomes per unit volume), and μ - 
growth rate. These parameters are tied by Eq. 2iii: α = drrn·Vrrn /nribo . (B) Variables in units of molec/cell. Drrn - rrn gene 
dosage (total rRNA operon copy number per cell); Nribo - number of ribosomes per cell. These parameters are tied by Eq. 
2iii: α = Drrn·Vrrn/Nribo. This simulation is for the diffusion limited scenario assuming that the rRNA chain elongation rate, 
crrn, is variable, as described in the main text. All curves are normalized to WT cell state values (at copy number = 7). 

0 5 10 15 20
0

0.5

1

1.5

2

2.5

3

rrn copy number

Diffusion limited scenario

 

 
Drrn

Vrrn

Nribo
Vrrn,tot=Drrn*Vrrn

μ

B 
0 5 10 15 20

0

0.5

1

1.5

2

2.5

3

3.5

rrn copy number

Diffusion limited scenario

 

 
drrn

Vrrn

nribo
Vrrn,tot=drrn*Vrrn

μ

A  



 25

S2. Model - supplementary information 
S2.1 RNAp autoregulation  

Functional RNAp (the holoenzyme) is composed of a core enzyme unit (ββ'α2) associated with a σ 

subunit [11].  The amount of RNAp in the cell is limited by the amount of β and β' subunits, 

transcribed from the rpoBC operon [3,11]. Once the core enzyme is assembled, it is expected to be 

rapidly converted into holoenzyme due to excess of free σ over free core [12] (see also Table S2 

footnote b).  

 

The autoregulation of rpoBC is rather complex involving both free functional holoenzyme and core 

subunits [11], possibly operating on different timescales (see below). In the present model though, 

we assumed to a first order approximation an ideal negative autoregulation [35] that fixes the total 

concentration of RNAp at some growth rate independent value. In what follows we attempt to give 

the rational behind this assumption. 

 

rpoBC is cotranscribed with genes for the ribosomal proteins L10 and L7/12 and is negatively 

autoregulated both at a transcriptional and at a translation level [3,11]. Although the details of these 

mechanisms are still being elucidated [1], the immerging picture [11] is that transcription is 

negatively autoregulated by free holoenzyme and translation is negatively autoregulated by the 

immature enzyme (β or β'), where the former may be regulated by ppGpp [3]. To be more specific, 

transcription of rpoBC is negatively autoregulated by upstream L10 and L12 promoters [11,36-38] 

apparently via the holoenzyme (and not a specific subunit)  [11,37] and is possibly regulated by 

ppGpp [3]. In addition there is a read-through attenuator located upstream of rpoBC which also 

negatively autoregulates transcription of rpoBC via free RNAp [1,36-42], particularly during times 

of physiological stress [38]. There may also be a weak promoter just downstream of this attenuator 

[1,43]. Translation of rpoBC is also negatively autoregulated  [11,38,39,44,45] by β or β' alone 

[11,38], presumably regulating excess levels of these subunits when these subunits are not 

incorporated into the core enzyme [11]. It has also been suggested that ppGpp may have some 

function in regulating the level of free RNAp in the cell [1].  

 

As explained in the previous paragraph, the translation regulation mechanism regulates free β and β' 

subunits. Since these subunits are present in the pool of immature holoenzyme, it may be that the 

function of the translational regulation is to regulate the pool of immature holoenzyme, keeping it 

more or less at a fixed concentration. Since the pool of immature RNAp is proportional to the total 
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concentration of RNAp (cf. Eq. 2iv) (with a mild dependence on growth rate), it seems plausible that 

the translational regulation aims to keep the concentration of total RNAp constant. In principle, to 

determine the overall regulation of rpoBC, one would need to quantify the response function of both 

transcription and translation regulation levels and solve the dynamic coupling between the two. For 

the purpose of this model though we will assume that in a rich environment, the translation control 

mechanism is the dominate one and the concentration of total RNAp is therefore fixed.  

 

This rather crude approximation can be partly supported by the following facts: In experiments that 

manipulate the level of the β and/or β' subunits the  translational control mechanism response is 

stronger than the transcriptional control mechanism response [11,36,39] indicating that when the 

translational control circuit is insufficient to meet the requirements of β and β' subunits, 

transcriptional regulation may also be activated [39]. This can possibly be understood by noting that 

the translational loop can respond on a faster time scale than the transcriptional loop. Second, in a 

rich environment one expects ppGpp levels to be small and fixed [4], thus ppGpp should have little 

or no effect on the transcriptional regulation of upstream promoters. Finally, according to [1] free 

RNAp concentration changes more significantly than total RNAp concentration as a function of 

growth rate (albeit at different environments). Yet despite our assumption we keep in mind that 

significant changes in free RNAp concentration may also incur a response of the rpoBC 

transcriptional control mechanism and moderate these changes. 
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S2.2 Gene concentration 

S2.2.1 Growth rate dependence of gene concentration 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S7. Gene dosage and gene concentration as a function of growth rate. (A) Gene dosage and (B) gene 

concentration for the rrn gene class and bulk gene class. C and D periods were interpolated based on data from table 2 of 

[3] as a second order polynomial in μ-1. For this simulation we assumed that 66 evenly distributed bulk genes are 

expressed (c.f. map locations in Table S1). The initiation volume, Vini, was assumed to be fixed [46-48]. See also main 

text and S2.2 for further explanations. 

 

For reference, we quote the formula for the average number of genes per cell in an exponential 

culture (i.e. gene dosage) ([49], [3] table 5): 

( ) ( )( )12 C m D
mD μμ − +=                                                            (S7)                   

 

where C is the C period (the time required to replicate the chromosome, ~40 min), D is the D period 

(the time between termination of a round of replication and the following cell division, ~20 min) and 

m is the genetic map location (0 ≤ m ≤ 1).  The formula for the average cell volume in an exponential 

culture is given by [50]: 

( ) ( )2 ln 2C D
cell iniV V μμ +=                                                       (S8) 

 

Where Vini is the initiation volume, defined as the ratio of the cell volume at the time of replication 

initiation and the number of origins per cell at that time. Eq. 3 is given by the ratio of these two 

expressions: ( ) ( ) ( )m m celld D Vμ μ μ= . 
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S2.2.2 The initiation volume  

Experimental observations [3,47,48] and recent theoretical considerations relating to the replication 

initiation mechanism in E. coli [40,46] suggest that the initiation volume can be regarded as fixed 

and independent of genetic perturbations. We briefly consider the facts that support this conclusion. 

Experimentally, the initiation volume of E. coli is observed to be largely constant above a given 

growth rate (for example, for E. coli B/r this is true for μ above about 1 doub/h [47]). This appears to 

be intimately related to the replication initiation mechanism. Recent advances in the study of  the 

replication initiation mechanism in E. coli have led to more detailed models of replication initiation 

([40,46] and references quoted therein) that support the notion that the initiation volume should be 

fixed and largely growth rate independent [46]. Based on those models we showed that the initiation 

volume is inversely proportional to the total concentration of DnaA (the protein that regulates 

replication initiation) and other constants that at least to a first order approximation are growth rate 

independent. DnaA is negatively autoregulated ([46,51,52] and references quoted therein) and has 

been observed to be growth rate independent [53]12. Although the mechanism of negative 

autoregulation is quite complex, for the present discussion we assume that it is ideal [35] and that its 

function is to simply keep the concentration of DnaA constant [46].  This suggests that the initiation 

volume is fixed presumably due to the negative autoregulation of DnaA and should be independent 

of genetic perturbations, unless these perturbations specifically target the replication initiation 

system. A more detailed discussion of these findings will be given elsewhere (Tadmor & Tlusty, in 

preparation). 

     

     S2.3 Genetic vs. environmental perturbations 

The goal of the CGGR model is to calculate the cell state for genetically perturbed cells in a constant 

environment. Since these perturbations necessarily affect the growth rate, we need to clarify the how 

genetic parameters can be affected by growth rate. This clarification is especially important since in 

the literature the term "growth rate dependence" is often used in reference to the cell response to a 

change in medium composition (e.g. tables 2 and 3 in [3]). Thus we must distinguish between 

dependence arising from changes in the environment and a dependence arising from other factors. 

 

The genetic parameters (defined in Table S1) can be coupled directly to the growth rate μ, coupled 

indirectly to μ or uncoupled. Promoter concentration (di) is coupled directly to μ due to the 
                                                 

12 Specifically in E. coli B/r, DnaA concentration displays a slight growth rate dependence that is opposite to the growth 
rate dependence of the initiation mass [47,53]. This result is expected based on the inverse relation derived between the 
initiation volume and the concentration of DnaA. 
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replication initiation mechanism (Eq. 3). Indirect coupling can arise in response to genetic 

perturbations or environmental perturbations. The origin of the former coupling can be due, for 

example, to possible crowding effects (e.g. in the unconstrained CGGR model) which may affect for 

example binding affinities Km,i, Lm,i (e.g. Eq. S11 or S12) and in the relatively weak translation-

degradation coupling modulating functional mRNA half-life, 1/ 2,
fun

iT  (c.f. Eq. S15). Environmental 

coupling is not relevant for the situation we are considering because the environment is considered 

to be fixed (see below). For a discussion on how genetic parameters and constants can possibly be 

affected by perturbation of the rrn operon copy number refer to S1.3. 

 

To see how environmental coupling could possibly affect the genetic parameters, we consider the 

case of cells in exponential growth at 37°C and we analyze possible effects of changing the nutrient 

composition on genetic parameters. Possible effects can include the following: (i) The number of 

bulk genes expressed will change. For example, cells growing in an amino acid poor medium will 

"switch on" genetic networks responsible for synthesis of amino acids, vitamins, cofactors, stress 

related proteins etc. [54] thus increasing the number of bulk genes being expressed [1,54]. Another 

aspect of this coupling is that the genetic parameters of the bulk protein gene class are essentially 

ensemble averages of the many different mRNAs being expressed. As the growth medium changes, 

the expression pattern of bulk genes changes, and expectation values may drift. In addition, gene 

expression of certain genes may be affected by changes in the nutrient composition of the 

environment (e.g. the cat gene [32]) and therefore the Michaelis-Menten parameters and half-life of 

individual genes may shift, thereby affecting the ensemble averages. (ii) mRNA half-life may be 

influenced by the growth medium, if, for example, the growth medium has an effect on the 

frequency of ribosome loading [55]. This is a result of the translation-degradation coupling [28] (iii) 

The rrn promoter equilibrium constant Km is thought to be subject to regulation via ppGpp [8]. It has 

been suggested that the objective of this regulation is to keep cp at its maximal value [8], although 

other theories postulate that in vivo,  cp is below its maximal value [56]. (iv) The peptide chain 

elongation rate cp exhibits a certain growth rate dependence (see Table S1/table 3 in [3]).  (v) mRNA 

chain elongation also exhibits a certain growth rate dependence [1,3]. mRNA transcription is 

affected by pausing of RNAp and is thought at least in part to be ppGpp dependent [1]. (vi) The level 

of RNAp may also be modulated by ppGpp [1,3,8]. 
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S2.4 Crowding  

S2.4.1 Overview of crowding effects 

Crowding may have many consequences on biological processes in vivo such as 

increasing/decreasing reaction rates [57-62], subdiffuison [63,64], effects on protein folding and 

protein assembly [65-67], aggregation stimulation [67,68], non-steric interactions and the response 

of the cell osmotic changes  [69-72]. We give a brief review of how crowding can affect a simple 

association reaction. 

 

Crowding effects on association reactions: 

It is expected that in the limit of high Φ all association reactions (such as holoenzyme-promoter 

association or 30S-RBS association) become diffusion limited [60]. In the limit of low Φ, the 

forward reaction rates of transition state limited association reactions are expected to increase due to 

volume exclusion effects or decrease if the reaction is diffusion limited  [60]. Thus, the overall 

forward reaction rate for transition state limited reactions is expected to exhibit a maximum [57-61]. 

Yet the possibility may also exist that increased crowding (due to, e.g., genetic perturbations) will 

increase the activity of free ions such as K+, which tend to weaken binding affinities [69-73] and 

possibly even invoke an osmotic response. Nevertheless, it has been proposed that the overall 

forward rate kf for the basic association reaction *+ →A B AB C  is approximated by [57-61]: 

 

( ) ( ) ( )1 11 0 0 g
f ts enck k k e

− −− − ΦΓ +                                   (S9) 

 

where 0 0,ts enck k  and g are constants, Γ is the nonideality factor given by *A B ABγ γ γΓ = , γi is the activity 

coefficient of component i, and AB*
 is the transition state complex. The first term in Eq. S9 has a 

thermodynamic origin that reflects how entropy is affected by crowding and is appropriate when the 

reaction is transition state limited. For steric interaction γi>1 [74] and specifically for DNA-protein 

type interactions (where B would be the DNA) we expect that 1AγΓ ≈ >   [10,69]. Note that the 

activity coefficient increases non-linearly with the radius of the tracer molecule due to an increase in 

excluded volume (and therefore a decrease in available volume)13: ,i tot available iV Vγ ≡ where Vtot 

denotes total volume, and Vavailable,i denotes the volume available for species i [60]. The second term 

has a hydrodynamic origin that reflects the decrease of the diffusion constant with increased 

crowding, and is appropriate for a diffusion limited type reaction [57]. Since all reactions become 
                                                 

13 Since the 30S subunit is larger than the holoenzyme (840 kD vs. 435 kD) it is expected that the nonideality factor 
associated with it will be greater (see Fig. S8A).  
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diffusion limited at a high enough Φ [60], reactions that are transition state limited at low Φ are 

expected to exhibit a maximum in kf
14. If the dissociation constant is not greatly affected by 

crowding [74] then the equilibrium constant (in units of concentration) should exhibit a minimum.  

 

Experimental reports on the effects of crowding are ample. The equilibrium constant of reactions has 

been observed to increase by up to 30 fold under crowded conditions and the forward rates of some 

protein-DNA interactions have also been observed to be greatly increased [62,75-77]. It has also 

been proposed that the equilibrium constant for the LacI-operator and RNAp-promoter interaction is 

increased due to crowding, rendering such reactions robust to environmental perturbations [10,69]. 

Effects of crowding on diffusion have been observed in vitro [63,78,79] and were modeled as 

stretched exponentials. In vivo diffusion coefficients inside the cytoplasm of E. coli appear to be 

greatly reduced compared to in vitro diffusion in non-crowded solutions [80]. In addition, a bimodal 

distribution exhibiting a maximum has also been observed in vitro for the forward rates [60,76].  

 

Although many research efforts have been devoted to the subject of crowding (see e.g. [57,59,74,81-

83] and recent reviews: [60,84,85]), prediction of crowding effects on biochemical processes in vivo 

remains challenging and implications are still being elucidated. For this reason we considered two 

different crowding scenarios: 

 

(1) The transition state limited scenario, where it is assumed that holoenzyme-promoter and 30S-

RBS binding affinities have been evolutionary tuned to be maximal at the macromolecular volume 

fraction of WT E. coli growing at 2 doub/h. The WT macromolecular volume fraction at this growth 

rate was measured to be Φ=0.34 [10]. In the limit of high Φ, binding affinities were assumed to 

decay exponentially with Φ [57,59,79] in accordance with Eq. S9.  

 

(2) The diffusion limited scenario, where it is assumed that all binding affinities decay exponentially.  

 

(3) For reference we also considered the (nonphysical) "no crowding" scenario: all binding affinities 

were assumed to be independent of Φ.  

 

                                                 
14 de Smit et al. [13] proposed that in vitro 30S-mRNA association may be diffusion rate limited since in vitro measured 
on rates are of the order of the diffusion limit. Yet the diffusion limit may actually be increased if the effective target size 
for the 30S subunit increases substantially as a result of 30S sliding on the DNA in the process of target (RBS) location, 
an effect suggested in [13]. 
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For (1) and (2), holoenzyme and 30S activities were calculated using an approximate statistical 

mechanics model of a hard sphere fluid mixture (water molecules + background crowders) based on 

Scaled Particle Theory (SPT) implementing Berg's method [82,83] (discussed next). 

 

Fig. S8 shows the dependence of binding affinities on the volume fraction Φ for the transition state 

limited crowding scenario (Fig. S8A) and for the diffusion limited crowding scenario (Fig. S8B). 

 

 

 

 
         

 

 

 

 

 

 

 

              Transition state limited model                                Diffusion state limited model 

 

Figure S8. Dependence of binding affinities on the volume fraction Φ for the various crowding scenarios. (A) 

Normalized inverse equilibrium constants, Km
-1 and Lm

-1 (in units of 1/M), for the RNAp holoenzyme (radius 5.57nm) 

and the 30S ribosome subunit (radius 6.92 nm) respectively, in the transition state limited model. The water molecule 

radius was taken to be 0.138 nm [82] and the radius of the background crowding agent was taken to be 3.06 nm  [10]. 

(B) Normalized Km
-1 and Lm

-1
 for the diffusion limited model (curves overlap). All curves were normalized to values at 

the WT volume fraction of Φ=0.34. See S2.4.3 for more details. 
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S2.4.2 Calculation of activity coefficients and binding affinities as a function of Φ 

Minton, one of the pioneers of the field of crowding, suggested early on to use Scaled Particle 

Theory (SPT) to calculate activity coefficients for biologically related environments [59,74]. 

Minton's γ however diverge as Re→0 (for fixed Φ), where Re is the radius of the background 

crowding molecule. Berg suggested that in a hard-sphere description one would expect γ→1 when 

Re approaches the size of the solvent molecules [82]. This contradiction is due to the fact in Minton's 

hard sphere description, the background water molecules and small cosolvents were treated as a 

continuum [85]. In a model proposed by Berg [82], the solvent was treated as a separate component 

in a hard-sphere mixture. Berg's description insures that the activity coefficient of a tracer 

γtracer(Re=Rwater)=1 for any Rtracer. This remedied the divergence problem and also predicted 

considerably lower values for γ (Fig. S9). Guttman et al. compared Berg's and Minton's approaches 

for calculating γ. Those authors concluded that Berg's description gives a better fit to experimental 

data, as Berg himself suggested [82,83]. Guttman et al. also proposed a more precise way of 

determining the volume occupation of water ΦW than Berg's approximation – see below (Fig. S9 and 

S10). 
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Figure S9. Dependance of activity coeficients on the crowder radius. SPT calculation of activity coeffiecients based 

on Minton (red), Berg (blue) and Guttmann et al. (green).  

 

Method of Berg [82]: 

Next we summarize the formulae used to calculate the activity coefficients via Berg and Guttman et 

al.. 

The activity coefficient for the i-th species is given by 

ln ( , , ) ( , ,0)i g a b g a bγ = Φ −                                                    (S10) 
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where g(a,b,Φ) is the reversible work required to create a cavity of size Ri in a hard-sphere mixture 

(water molecules + background crowders). 

( )

( )
( )

2
2 32 1 2

3 2
3 3 3

2 21
1 4
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6 12 18 4( , , ) ln(1 )  
1 1 31
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B i i i
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RW is the radius of a water molecule = 0.138 nm [82]. 

Re is the radius of a background crowding agent = 3.06 nm [10]. 

Ri is the tracer molecule radius (5.57 nm for RNApσ or 6.92 nm for the 30S ribosome subunit– see 

estimates below). 

[ ]0

 is the volume fraction of water molecules and is given (to first order in ) by

( , ) 1 ( )

Φ Φ

Φ Φ = Φ −Φ −Φ
W

W Wa f a
 

0 ( , 0) 0.363W W aΦ = Φ Φ = =   is the volume occupancy of the solvent molecules in pure solvent [82]. 
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0 0
2 00
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W W
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f a a
aa

−Φ ⎧ ⎫⎡ ⎤−Φ⎪ ⎪+ Φ + −Φ +⎨ ⎬⎢ ⎥Φ⎪ ⎪⎡ ⎤+ Φ ⎣ ⎦⎩ ⎭⎣ ⎦

 

The pressure term in g (fourth term) cancels in the subtraction in Eq. S10 since it is assumed that 

( ) ( )0, ,0W WP PΦ Φ = Φ  (the pressure is assumed to be constant). 

 

Method of Guttman et al. [83] 

Guttman et al. suggested that an exact solution for ΦW can be obtained by solving for ΦW directly: 

( )
( ) ( )

( )

( ) ( )

3
0 1 2 2

2 3
3 3 3

3 31
0 8

!
0

3 36,
1 1 1

where 

and from the formula

, ,0 slove for .

W

W e

W W W

S S S SP
S S S

S a R

P P

π

−

⎛ ⎞
⎜ ⎟Φ Φ + +
⎜ ⎟− − −⎝ ⎠

Φ +Φ

Φ Φ = Φ → Φ

 

Since the equilibrium constants in the transition state limited and diffusion limited scenarios are 

dominated by the exponential decay at high Φ, the difference between the methods in estimating the 

equilibrium constants was negligible, and Berg's method is computationally less intensive. 
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Figure S10. Dependence of activity coefficients on the volume fraction. Difference in γ as calculated by Berg  [82] 

and Guttman et al. [83]. At Φ=0.45 the difference is only ca. 16% and at Φ=0.5 the difference is ca. 26%. Rw=0.138 nm, 

Ri=5.57 nm, Re=3.06 nm. Berg also notes that his approximation works well up to Φ≅ 0.5. 

 

Finally we note that a more elaborate model of crowding than the one presented here may represent 

the background species not as spheres with a single effective radius, but as a combination of radii 

appropriate for the different gene class products (ribosomes, bulk proteins, load genes etc.). Such a 

background may prove to be a more dynamic and truer to reality background than the background 

used here. 
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S2.4.3 Crowding scenarios 

S2.4.3.1 The transition state limited scenario 

The binding affinities for this scenario were calculated based on the following model: 
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                               (S11)   

where Eσ70 is the RNAp holoenzyme (with a σ70
 subunit)15 and 30S is the 30S ribosome subunit. 

0 0
, ,,m i m iK L  are the estimated WT in vivo binding affinities (Table S5). The two conditions following 

the definition of ,m iK  and ,m iL  are used to determine 0 0
, ,,  chem i diff iK K and 0 0

, ,,  chem i diff iL L respectively. We 

assumed that 70 7.13E Sg gσ = = 16. 30,E Sσγ γ  were calculated according to Eq. S10 and the method of 

Berg for REσ=5.57 nm and R30S=6.92 nm17. Φ for WT E. coli at 2 doub/h has been estimated to be 

0.34, assuming the specific macromolecule volume of v=1 g/ml [10]. 

 

A plot of normalized Km
-1 and Lm

-1 vs. Φ, is given in Fig. S8A, based on Eq. S9, assuming Km~kf
-1, 

AγΓ ≈  (A=holoenzyme/30S) and g=7.13. We find that Km(0)/Km(0.34)=73 and Lm(0)/Lm(0.34)=683, 

which is plausible compared to experimental values. For example, for the nick translation reaction 

for E. coli via Pol I, Keq was increased by a factor of 30  [75] and here the holoenzyme (435 kD) and 

30S subunit (840 kD) are more massive than Pol I (103 kD). 

 

 

 

 
                                                 

15  This is the major form of holoenzyme during exponential growth [11].. 
16  The decay coefficient g was calculated based on the observation that D/D0 is independent of the tracer size [79] and 
the fact that for GFP in vivo D/D0~7.7/87 =exp(-0.34g) [80], thus g~7. 
17  REσ=5.57 nm and R30S=6.92 nm were determined from the molar masses of the macromolecules and assuming a 
specific volume of v=1 g/ml [10], as described in [81]. The masses are given by: 

( )34 1
2 703 3 (108 Dalton/aa) ' 8258 bp 2*990 bp+ 1839 bp =0.435 MDalton

σσ π ββ α σ= = = + = =
EEM R v  and  

( ) ( )34 1
30 303 330S r-protein+16S rRNA (108 Dalton/aa) 9327 bp (324 Dalton/RNA nuc) 1542 nuc 0.835 MDaltonS SM R vπ= = = + =

[6]. 
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S2.4.3.2 The diffusion limited scenario 

The binding affinities for this scenario were calculated based on the following model: 
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Assuming as in Eq. S11 that 70 7.13E Sg gσ = = . See Fig. S8B. 

 

In the simulations presented in main text we assumed the same crowding scenario for all gene 

classes. We note that for the transition state limited model this assumption is problematic for the cat 

protein since it is not native to E. coli and thus has not been optimized by evolution for the WT E. 

coli cytoplasm. 
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S2.5 Derivations 

S2.5.1 Approximation of immature pool sizes 

Both RNAp holoenzyme and ribosomes are multi-complex structures that have finite assembly times 

(note the delay boxes in Fig. 1A). In the case of ribosomes, there is also the time required for rRNA 

and tRNA maturation. Therefore a finite fraction of the total units that is synthesized is sequestered 

in pools of immature complexes. We have estimated this fraction using time delay equations. 

Assuming that the synthesis rate of the limiting constituents of these complexes (β/β’ for RNAp and 

rRNA for ribosomes) grows approximately exponentially with time (see below), then the fraction of 

immature complexes is given by (see derivation below): 

 

( ) ( ) 1
( ) ( ) ( )

imm imm

tot imm func

N t N t e
N t N t N t

ατγ −= = −
+

                                               (S13) 

 

where Nimm(t) is the number of immature molecules per cell, Nfunc(t) is the number of assembled and 

functional complexes per cell and τ is the assembly time. Thus, when τ→ 0 then Nimm→0 (i.e. 

assembly is instantaneous, pools do not accumulate) and when τ→∞ (the product is never 

assembled) Nimm→Nfunc  (i.e. entire product is always in the immature state). Note that γ is time 

independent.  The assembly time for RNAp and ribosomes is approximately 3 min [1] and 5 min [3] 

respectively.  Therefore at 2.5 doub/h, ~8% and ~13% of total RNAp and ribosome respectively are 

sequestered in immature pools. It has been suggested in [1] that 1eατγ = − . In the limit τ<<Tcycle 

(Tcycle=log2/α) both solutions agree to first order: γ ατ= , but for τ→∞, the solution of [1] diverges 

which physically is nonsensical. 

 

Derivation 

Given that it takes on average τ minutes to assemble a multi-complex, designated as X, we wish to 

find the percentage of X that is immature. 

Let Nimm(t) be the number of immature X per cell, Nfunc(t) be the number of functional units of X and 

let b(t) be the synthesis rate (molecules per min) of the limiting constituent in the assembly of X (for 

RNAp holoenzyme this would be the β and β’ subunits and for ribosomes this would be rRNA). 

The size of immature pool is given by the following delay equations: 

 

( )     ( ) ( )

( )     ( )
imm

func

i N b t b t

ii N b t

τ

τ

= − −

= −
                                             (S14)  
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Eq. S14-i implies that the limiting constituent of X (e.g. β and β’) leave the pool after τ minutes at 

the rate at which they were formed and become products (X) in Eq. S14-ii. The immature pool of X 

is replenished at the current rate of synthesis of the limiting constituent of X: b(t). At steady state 

exponential growth, we shall assume that the synthesis rate b(t) is given by ( ) t
ob t b eα=  where α= μ 

log(2) and μ is the doubling time. For β and β’ this approximation is consistent with our 

approximation that the total concentration of RNAp (and hence β and β’ subunits) is constant, thus β 

and β’ must accumulate exponentially in the cell. For rRNA, rrn genes are scattered at various 

locations in the chromosome (albeit not uniformly) therefore gene dosage increases steadily with 

time, which we approximate as an exponential increase. Since the concentration of free RNAp is 

also relatively constant in time (due to periodic boundary conditions) this implies that synthesis rate 

of rRNA (=DrrnVrrn) can be roughly approximated to be exponential in time. 

 

 Imposing the boundary conditions 
1
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( ) 2 (0)
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we find that 
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Therefore the percent of immature X is simply 
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S2.5.2 The steady state rate equations 

 Table S8 summarizes the notation used in the reaction equations (R1)-(R3) and in the following derivation. 

 
 

 

 

 

 

Table S8. Notation used for derivations. 

Definition of notation used for reaction 

equations (R1), (R2) and (R3) and for the 

kinetic rate equations derived below. 

Index (i) Gene class 

1 Bulk 

2 r-protein 

3 sRNA = rRNA + tRNA 

4 RNAp 

Reaction equations 

P free functional RNAp (holoenzyme) 

R free functional ribosome 30S subunit/ functional ribosome  

RNase free RNase E 

Protease free Protease 

Mi°RNase RNase E bound to 5’ end of i-th gene class mRNA 

di i-th promoter 

Pdi RNAp-promoter complex for i-th gene class 

PMi RNAp-nascent mRNA(=Mi) complex for i-th gene class 

Mi ribosome binding site (RBS) for i-th gene class mRNA 

RMi 30S-RBS complex for mRNA of i-th gene class 

RXi ribosome-nascent peptide chain(=Xi) complex for product of i-th gene 

class 

Xi protein of i-th gene class 

X1 = B  (bulk protein);  X2 = r-protein; X4 = RNAp 

Genetic Parameters and associated variables 

Vmax
i maximum rate of transcription initiation of the i-th gene class  [8] 

Umax
i maximum rate of translation initiation of the i-th gene class mRNA [13] 

Wmax
i maximum rate of degradation of the i-th gene class mRNA once RNase E 

is bound to the 5’ end of the mRNA 

tc,i average time to transcribe gene class i (=Li/ci), where ci is the RNA chain 
elongation rate of the i-th gene class 

tl,i average time to translate gene class i (=Li/3cp), where cp is the peptide 
chain elongation rate 

Km,i RNAp(holoenzyme)-promoter equilibrium constant 

Lm,i 30S-RBS equilibrium constant 

Jm,i RNase E – 5’ end of i-th gene class mRNA equilibrium constant 

J1 RNase E – 5’ end of RNase E mRNA equilibrium constant 

τfun,i functional lifetime of mRNA (
1/ 2, , ln 2τ=fun

i fun iT ) 

τchem,i chemical lifetime of mRNA (
1/ 2, , ln 2τ=chem

i chem iT ) 

γi degradation rate of protein i 
di gene concentration of i-th gene class 
mj

(i) map location of the j-th gene in i-th gene class 
State variables 
[P], nRNAp,free concentration of free functional RNAp 

[R], nribo,free concentration of free functional ribosome 30S subunits 

Ptot, nRNAp  concentration of total RNAp 

Rtot, nribo concentration of total ribosomes 

[B] concentration of bulk protein  
1/μ doubling time of cell, α=μlog(2)=cell dilution rate 

Other parameters/variables 
cribo production cost of one ribosome (in units of # of bulk proteins) 

n0 minimum cell density 

C C period 

Vini initiation volume 

vi Volume of species i 

Φ macromolecule volume fraction = Vmacromolecule/Vcell 



 41

Reaction equations 

The three basic reaction taking place in the cell are: (R1) stable RNA (ribosome) synthesis, (R2) 

bulk protein synthesis, (R3) mRNA degradation (see also Fig. 1). Superscript symbols represent 

incoming reactants and subscript symbols represent outgoing products. 

 

max, ,
[ ] [ ]

1

rRNA+tRNA  elongationtranscription initiation

(R1)   sRNA (ribosome) synthesis 

[ ] [ ]  [ ]  [ ] [ ]

(R2)  Bulk pro

+ +
⎯⎯⎯→+ ⎯⎯⎯→ ⎯⎯⎯→←⎯⎯⎯ rrn

m rrm c rrnrrn
rrn rrn rrn d P

K tVP d Pd P RM

max,

,

[ ]  [ ]

[ ]

,,1

mRNA  elongation transcription initiation

tein synthesis

[ ] [ ]  [ ]  [ ] [ ]

[ ]  

+ +

+

⎯⎯⎯→+ ⎯⎯⎯→ ⎯⎯⎯⎯→ ⇒←⎯⎯⎯

⎯

bulk

m bulk bulk

m bulk

bulk bulk d bulk P

R
bulk

c bulkK V

L

tP d Pd P M

M

bulkM

max
, [Protease]

[ ]
1

peptide chain elongation protein degradtranslation initaiton

 [ ]  [ ] [ ] [ ]   [protease] decay fragments  γ+
+

⎯⎯→ ⎯⎯⎯→ ⎯⎯⎯→ + ⎯⎯⎯→ +←⎯⎯⎯ bulk

l bulki bulk
bulk M

tURM R R BB

max,

tion

(R3)  mRNA decay via the 5' competition model   

[ ] [RNase E]  [ RNase E]  [RNase E] decay fragments             
                          

⎯⎯⎯→+ ⎯⎯⎯→ +←⎯⎯⎯
m bulk bulk

bulk bulk

J WM M
                                                

 

Notation is as follows: P is the free functional RNAp holoenzyme, R is the free functional 30S 

ribosome subunit or functional ribosome18, B is the bulk protein. di and Mi represent the free 

promoters and free RBSs respectively (and also the final rRNA or mRNA product) belonging to the 

i-th gene class. PMi  denotes the transcribing complex of gene class i, RB denotes the translating 

complex for bulk protein. All symbols represent concentrations. 

 

Conservation equations: 

(B.1) 4 4 4 4
max max

, ,
1 1 1 1

[ ] [ ] [ ] [ ] (1 )[ ] [ ] [ ]tot
i i c i i i c i i i

i i i i
P P Pd P P t V Pd P t V Pd

= = = =

= + + = + + +∑ ∑ ∑ ∑M  (total RNAp concentration) 

(B.2)
3 3 3 3

max max
, ,

1 1 1 1
[ ] [ ] [ ] [ ] (1 )[ ] [ ] [ ]tot

i i l i i i l i i i
i i i i

R R RM R R t U RM R t U RM
= = = =

= + + = + + +∑ ∑ ∑ ∑X (total ribosome concentration) 

(B.3) [ ] [ ]    tot
i i id d Pd= +  (total promoter concentration) 

(B.4) [ ] [ RNase] [ ] =[ ] [ ]    
with or without RNase E

tot
i i i i i iM M M RM M RM= + + ∅ +

∅ ≡
(total mRNA concentration) 

                                                 
18  In this notation there is no distinction between a 30S subunit and a functional ribosome. This is because functional 
ribosomes are assumed to dissociate in vivo into the 30S and 50S subunits due to high concentrations of IF3 that prevents 
30S-50S association (see Table S2 footnote d). Thus [R] is both the free 30S subunit and the product of rRNA + r-
protein assembly. 
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Where in (B.1) and (B.2) we neglect RNAp and ribosome 30S subunit bound to the promoter (this 

can be included by redefining ci and cp - see footnotes k and l in Table S1). 

 

Rate equations: 

(B.5) max

,

[ ] 1[ ] [ ] i i
i i i

c i

d P V Pd P
dt t

α
⎛ ⎞

= − +⎜ ⎟⎜ ⎟
⎝ ⎠

M M  

(B.6) max[ ] [ ][ ] ( )[ ]   i
i i i i i

d Pd k P d k V Pd
dt

α−= − + +  

(B.7) max

,

[ ] 1[ ] [ ]  i
i i i

l i

d R U RM R
dt t

α
⎛ ⎞

= − +⎜ ⎟⎜ ⎟
⎝ ⎠

X X  

(B.8) ( )
,

[ ] 1 [ ] [ ]   i
i i

l i

d X R X
dt t

α γ= − +iX  

( )max
1 1

,

[ ] 1 [ ] [ ] [ ] [ ][ ] [ ][RNase] [ RNase]i
i i i i i i i i i

c i

d M P M U l RM l M R j M j M
dt t

α − −= − + + − − +M  

(B.9) ( )max
1 1

[ RNase] [ ][RNase] [ RNase] [ RNase]i
i i i i

d M j M W j M M
dt

α−= − + −  

(B.10) ( )max max

,

[ ] [ ] [ RNase] 1 [ ] [ ] [ ] [ ][ ] [ RNase]i i i
i i i i i i i i i

c i

d M d M d M P M U l RM l M R W M
dt dt dt t

α −

∅
≡ + = − ∅ + + − −M  

(B.11) max[ ] [ ][ ] ( )[ ]i
i i i i i

d RM l R M l U RM
dt

α−= − + +  

(B.12) max

,

[ ] [ ] 1 [ ] [ RNase]
tot

toti i i
i i i i

c i

dM d M d RM P M W M
dt dt dt t

α∅
= + = − −M  

(B.13) 
1,2,4, ,

[ ] 1 1[ ] [ ] [ ] [ ][ ] [ ]rrn i i i i i
ic rrn l i

d R P R l RL l M R R
dt t t

α−
=

⎡ ⎤
= + + − −⎢ ⎥

⎢ ⎥⎣ ⎦
∑M X  

We will assume that no appreciable protein degradation occurs on a cell cycle time scale, i.e. i iα γ>>   

[66] in (B.8). 

 

Adiabatic approximations 

From (B.6): 

max

[ ] [ ][ ] [ ]i
i i i

i i

d Pd k P d Pd
dt

k V α−

= −Γ

Γ = + +

 

Assuming [ ],[ ]id P  change on a timescale >>1/Γ (we assume they change on a cell cycle timescale), 

we can solve this equation under the adiabatic approximation: 
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1[ ] [ ][ ](1 )t
i i iPd k P d e−Γ= −

Γ
 

and for timescales > 1/Γ 
1[ ] [ ][ ]i i iPd k P d
Γ

 

where 1/Γ  is governed by the fastest rate. To estimate Γ we note that  Km,bulk=0.7 μM [1], Vmax
bulk= 3 

ini/min [1] and k-1, bulk is set by the diffusion limit: k1,bulk~109 (M sec)-1  [86] then 

1,bulk1/ ~1/ ~ mseck−Γ . 

Therefore 

(B.14) 
,

1[ ] [ ][ ]SS
i i

m i

Pd P d
K

 

Where ( ) ( )max max
,m i i i i i i iK k V k k V kα− −≡ + + ≅ +  

Next 

max

max

[ ] [ ][ ] ( )[ ]i
i i i i i

i i

d RM l R M l U RM
dt
l U

α

α

−

−

= − + +

Σ ≡ + +

 

A similar adiabatic assumption is made on [RMi]. Assuming [R] and [Mi] vary on a timescale >>1/Σ 

(again, we assume they change on a cell cycle timescale), then on a timescale > 1/ Σ  we have from 

(B.11): 

(B.15)  
,

1[ ] [ ][ ]SS
i i

m i

RM R M
L

 

Where ( ) ( )max max
,m i i i i i i iL l U l l U lα− −≡ + + ≅ +  

and as before, 1/ Σ  is governed by the fastest rate. To estimate Σ we note that Lm,bulk~7 μM (Table 

S3), Umax
bulk~100 ini/min (Table S1) and l-1,bulk is set by the diffusion limit: l1,bulk~109 (M sec)-1 [86] 

then 1,1/ ~1/ ~ msecbulkl−Σ . 

[Pdi] assumes pseudo-steady state on a timescale > ~1 msec, and assuming it changes on a timescale 

>>1/tc,i ~ minutes then we have on a timescale > ~1/tc,i  pseudo-steady state conditions for (B.5): 

(B.16) max
,[ ] [ ]i c i i iP t V PdM  

Similarly, [RMi] assumes pseudo-steady state on a timescale > ~1msec, and assuming it changes on 

a timescale >>1/tl,i <1 min then we have on a timescale > 1/tl,i pseudo-steady state conditions for 

(B.7): 

(B.17) max
,[ ] [ ]i l i i iR t U RMX  
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Decay of mRNA 

We would like to show that tot
iM decays exponentially and obtain an expression for the chemical 

half-life for this mRNA. 

max

,

[ ] [ ] 1 [ ] [ RNase]
tot

toti i i
i i i i

c i

dM d M d RM P M W M
dt dt dt t

α∅
= + = − −M  

Assuming RNase complexes [ RNase]iM  reach pseudo steady state in (B.9) we have 

( )
,

max
,

,

,

, ,

,

1[ RNase] [ ][RNase]

Thus

[ ] [ RNase]
[RNase]

1 [ ][ ] [ ] [ RNase] [ ] [ ][ ] [ RNase] [ RNase] 1 [ RNase]
[RNase]

[ RNase]
[

i i
m i

m i i i i

m i
i i

m itot
i i i i i i i i i

m i m i

m itot
i i

M M
J

J j W j

J
M M

J RM M RM M M R M M M M
L L

J
M M

−

=

= +

=

⎛ ⎞
= + + = + + = + +⎜ ⎟⎜ ⎟

⎝ ⎠

=
,

1

,

,

[ ]1 1
RNase]

[ ]                [ RNase] 1 1
[RNase]

m i

m i tot
i i

m i

R
L

J RM M
L

−

⎡ ⎤⎛ ⎞
+ + ⇒⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

⎡ ⎤⎛ ⎞
= + +⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 

Inserting this result into (B.12): 

max

,

, , , ,

,

1 [ ] [ RNase]

we obtain

1 1 1 1[ ] [ ]

Where  is the effective chemical life-time of the mRNA:

α

α
τ τ

τ

= − −

⎛ ⎞
= − + ≅ −⎜ ⎟⎜ ⎟

⎝ ⎠

tot
toti

i i i i
c i

tot
tot toti

i i i i
c i chem i c i chem i

chem i

dM P M W M
dt t

dM P M P M
dt t t

M

M M

 

(B.18) , ,
, max max

, 1 ,

1 [ ] 1 [ ]1 1 1 1
[RNase]

m i m i
chem i

i m i i m i

J JR R
W L W J L

τ
⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞

≡ + + = + +⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
 

where in the last equality we used the fact the RNase E is negatively autoregulated (see main text 

and S2.7).  

[PMi] assumes pseudo steady state on a time scale of ~min. Assuming [PMi] changes on a timescale 

>> , ~ minchem iτ  then tot
iM reaches pseudo steady state.  Therefore we can assume (B.12) reaches 

pseudo steady state: 



 45

(B.19) 
max

max max
,

1[ RNase] [ ] [ ]i
i i i

i c i i

VM P Pd
W t W

M  

or 

(B.20) 

max

, max [ ]
[ ]

[RNase]

i
m i i

i
i

VJ Pd
WM =  

max

, max

, ,

[ ]
1 [ ][ ] [ ][ ]

[RNase]

i
m i i

i
i i

m i m i

VJ Pd
WRRM R M

L L
≈ =  

max

, max
max max

, ,
,

[ ]
[ ][ ] [ ]

[RNase]

i
m i i

i
i l i i i l i i

m i

VJ Pd
WRR t U RM t U

L
=X  

 

Derivation of Michaelis-Menten kinetics 

Using the promoter conservation equation (B.3): 

,

1[ ] [ ][ ]

[ ] [ ]     

SS
i i

m i
tot
i i i

Pd P d
K

d d Pd

⎫= ⎪⇒⎬
⎪= + ⎭

 

(B.21) ,
,

[ ][ ]
[ ]

tot
SS toti

i i k i
m i

d PPd d
P L

θ= ≡
+

 

 

Total mRNA 

Note that the total mRNA concentration of gene class i is given by 

( ), , max max
, , ,

, ,

[ ] [ ]chem i chem itot tot
i i i c i i chem i i i k i

c i c i

M P V t Pd V d
t t

τ τ
τ θ= = =M  

 

Total ribosomes 

1,2,4

[ ] [ ][ ]tot
i i

i

d RM d RdR d R
dt dt dt dt=

⎛ ⎞= + +⎜ ⎟
⎝ ⎠

∑ X  

max

,

[ ] 1[ ] [ ]  i
i i i

l i

d R U RM R
dt t

α
⎛ ⎞

= − +⎜ ⎟⎜ ⎟
⎝ ⎠

X X  

max[ ] [ ][ ] ( )[ ]i
i i i i i

d RM l R M l U RM
dt

α−= − + +  

1,2,4, ,

[ ] 1 1[ ] [ ] [ ] [ ][ ] [ ]rrn i i i i i
ic rrn l i

d R P R l RM l M R R
dt t t

α−
=

⎡ ⎤
= + + − −⎢ ⎥

⎢ ⎥⎣ ⎦
∑M X  
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,

1 [ ]
tot

tot
rrn

c rrn

dR P R
dt t

α= −M  

Next, from (B.16) and (B.21) and the equation just derived we find that 

(B.22) max
,

tot
tot tot

rrn rrn k rrn
dR V d R

dt
θ α−  

 

Total bulk concentration 

( )
,

[ ] 1 [ ] [ ]   i
i i

l i

d X R X
dt t

α γ= − +iX  

and for i=1: 
,

[ ] 1 [ ] [ ]
l bulk

d B R B
dt t

α= −B  

Assuming pseudo steady state value for [RB] we find that 

(B.23) 
max

,max
,max

, 1

[ ] [ ] [ ]m bulk totbulk
bulk bulk k bulk

m bulk bulk

J Vd B RU d B
dt L J W

θ α= −  

Where we assumed [RNase]=J1 due to negative autoregulation of RNase E. 

Note that the equation above can be written as (multiplying and dividing by ,[ ] D bulkR L+ ) 

, max max max max
, , , , ,max

, 1

[ ] 1 [ ]1 [ ] [ ]m bulk tot tot
bulk bulk bulk k bulk l bulk fun bulk bulk bulk bulk k bulk l bulk

bulk m bulk

Jd B R U V d B U V d B
dt W L J

θ θ α τ θ θ α
⎡ ⎤⎛ ⎞

= + − = −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
  

where  

(B.24)  ,
, max

1 ,

1 [ ]1τ
⎛ ⎞

≡ +⎜ ⎟⎜ ⎟
⎝ ⎠

D bulk
fun bulk

bulk D bulk

J R
W J L

 

We identify τfun,bulk as the functional half-life (divided by ln 2) of the mRNA, and max
,bulk l bulkU θ  as the 

translation initiation rate. Therefore max
, ,fun bulk bulk l bulkUτ θ will be the average number of proteins synthesized 

from a single mRNA, and max
,bulk l bulkV θ  the mRNA synthesis rate. See S2.7 for further comments. 

 

Conservation equations revisited 

The conservation equation for RNAp at steady state is given by (c.f. Eq. B.1): 
4 4

max max
, ,

1 1
[ ] [ ] [ ] [ ]

= =

+ ≈ +∑ ∑tot SS
c i i i c i i i

i i
P P t V Pd P t V Pd  

This equation can now be written as 

(B.25) 
3

max
, ,

1

[ ]tot tot
c i i i k i

i

P P t V d θ
=

+∑  
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Where we neglect the contribution of RNAp (see main text). 

The conservation equation for ribosomes at steady state is given by (c.f. Eq. B.2): 

max max
, ,

1,2,4 1,2,4
[ ] [ ] [ ] [ ]

= =

+ ≈ +∑ ∑tot SS
l i i i l i i i

i i
R R t U RM R t U RM  

Now since r-protein production rate is regulated so that it matches rRNA production rate, we have 
!

max max
,

,2 ,

1 1r protein  production rate= [ r-protein] [ ] rRNA production rate = [ M ] tot
r protein r protein rrn rrn rrn k rrn

l c rrn

R U RM P V d
t t

θ− −− = = = ⇒

 
!

max max
,2 , ,[ ] tot

l r protein r protein l protein rrn rrn k rrnt U RM t V d θ− − =  

Where this equality is satisfied by virtue of the regulation of r-protein translation initiation rate and 

half-life [2,8]. Therefore we obtain the following conservation equation for ribosomes: 

 (B.26)  
max

,max max
, , , ,max

1,4 , 1

[ ][ ] θ θ−
=

+ +∑ m itot tot toti
l i i i k i l r protein rrn rrn k rrn

i m i i

J VRR R t U d t V d
L J W

 

 

Final rate equations 

 

    totP   const≈  

   
max

,max
,max

, 1

[ ] [ ] [ ]θ α
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

m bulk totbulk
bulk bulk k bulk

m bulk bulk

J Vd B RU d B
dt L J W

 

(B.27)     max
,

tot
tot tot

rrn rrn k rrn
dR V d R

dt
θ α= −  

   
3

max
, ,

1
[ ]tot tot

c i i i k i
i

P P t V d θ
=

+∑  

   
max

,max max
, , , ,max

1,4 , 1

[ ][ ] m itot tot toti
l i i i k i l r protein rrn rrn k rrn

i m i i

J VRR R t U d t V d
L J W

θ θ−
=

+ +∑  
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Steady state equations (d/dt=0) 

 
totP   const≈  

max
,max

,max
, 1

1 [ ][ ] θ
α

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
m bulk totbulk

bulk bulk k bulk
m i bulk

J VRB U d
L J W

 

max
,

1tot tot
rrn rrn k rrnR V d θ

α
=  

3
max

, ,
1

[ ]tot tot
c i i i k i

i
P P t V d θ

=

+∑  

( ), , ,[ ]tot tot tot
l RNAp l bulk l r proteinR R t P t B t Rα −+ + +  
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S2.6 Summary of the CGGR model equations 

S2.6.1 The unconstrained CGGR  

 

0
,

Neg. auto reg. of RNAp                             (1)     const

1Bulk synthesis                                            (2)     

Load genes synthesis          

τ
α

≈

=

RNAp

bulk bulk bulk bulk bulk fun

n

n V U d

0
     ,

1                        (3)       

1Ribosome  synthesis                                  (4)     

RNAp conservation                            

τ
α

α

=

=

load i load i load i load i load i fun

ribo rrn rrn

n V U d

n V d

, , ,

, ,   

       (5)    

                                                                                    

− − −= + + +

+ +

RNAp RNAp free c bulk bulk bulk c r protein r protein r protein

c rrn rrn rrn c load i load i l

n n t d V t d V

t V d t V d  

, , , ,   

(1 )

Ribosome conservation                             (6)     

                                              

ατ

α

−

−

+ −

⎛ ⎞
= + + + +⎜ ⎟

⎝ ⎠

∑

∑

RNAp
oad i RNAp

i

ribo ribo free l bulk bulk l r prot ribo l load i load i
i

e n

n n t n t n t n

0   

                                        (1 )

Cost criterion                                             (7)     

Cooper-Helmstetter model assuming const

ατ−+ −

= + +∑

ribo
ribo

bulk ribo ribo load i load i
i

e n

n n c n c n

( )

( )

( )

0
1 ( )

0 0

,0
, max

1

ant initiation volume: 
1 2    ( ,C=const;  see Eq. 3)

ln 2
and where  

ln 2 constant 2 / ( ) ,  growth rate (see  Table S1 footnote d)

1 constant

μ

μ

μ

μ μ

τ

−

− +

=

≡ = =

≡ = =

∑
i

jm C
i ini

jini

C D
ini cell

m i
i fun

i

d V
V

V V WT

J
W J

( ) ( )

1

,
,

,

, , , ,

  

,max

, ,

( )
( ) 1        (see Eq. S15/B.24)

,       (see Eq. S11 or S12)
where  

+ 

;   

τ
−

⎛ ⎞
+⎜ ⎟⎜ ⎟

⎝ ⎠
= Φ = Φ

Φ ≡ +

= =
+

∑

ribo free
fun i

m i

m i m i m i m i

ribo ribo bulk bulk load i load i
i

RNAp free
i i i

RNAp free m i

n WT
WT

L

K K L L

v n v n v n

n
V V U

n K
,max

,

ribo free
i

m i

n
U

L
 

 

For a list of notation used see Table S8. 

For convenience all concentrations were multiplied by the WT cell volume, Vcell(μ0). In the 

simulation, Vcell(μ0) was defined to be the effective volume for which Φ(WT)=0.34.  
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S2.6.2 The constrained CGGR 

 

0
,

Neg. auto reg. of RNAp                             (1)     const

1Bulk synthesis                                            (2)     

Load genes synthesis          

τ
α

≈

=

RNAp

bulk bulk bulk bulk bulk fun

n

n V U d

0
     ,

1                        (3)       

1Ribosome  synthesis                                  (4)     

RNAp conservation                            

τ
α

α

=

=

load i load i load i load i i load fun

ribo rrn rrn

n V U d

n V d

, , ,

, ,   

       (5)    

                                                                                    

− − −= + + +

+ +

RNAp RNAp free c bulk bulk bulk c r protein r protein r protein

c rrn rrn rrn c load i load i l

n n t d V t d V

t V d t V d  

, , , ,   

(1 )

Ribosome conservation                             (6)     

                                              

ατ

α

−

−

+ −

⎛ ⎞
= + + + +⎜ ⎟

⎝ ⎠

∑

∑

RNAp
oad i RNAp

i

ribo ribo free l bulk bulk l r prot ribo l load i load i
i

e n

n n t n t n t n

  

                                        (1 )

Constant macro. molec. volume fraction   (7)     const

Cooper-Helmstetter model assuming constant init

ατ−+ −

Φ ≡ + + =∑

ribo
ribo

ribo ribo bulk bulk load i load i
i

e n

v n v n v n

( )

( )

( )

0
1 ( )

0 0

,0
, max

1

iation volume: 
1 2    ( ,C=const; see Eq. 3) 

ln 2
and where  

ln 2 constant 2 / ( ) ,  growth rate (see also Table S1 footnote d)

1 constant

μ

μ

μ

μ μ

τ τ

−

− +

=

≡ = =

≡ = =

∑
i

jm C
i ini

jini

C D
ini cell

m i
i fun

bulk

d V
V

V V WT

J
W J

( )

1

,
,

,

max
,

, ,max max

, , ,

( )
( ) 1       (see Eq. S15/B.24)
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Since the equations of state for both models are a set of coupled nonlinear equations, in principle 

more than one solution may exist (which may or may not be biologically relevant). Therefore the 

initial guess for the WT genome configuration (and also WT+1) was in the proximity of the WT cell 

state. After the WT genome configuration was solved, strains with increasing or decreasing rrn copy 

number were solved. For each new strain, the solution for the previous strain (with a copy number 

closer by 1 to the WT copy number) was used as an initial guess. The equations were solved 

numerically with the trust-region dogleg method implemented in Matlab 7.  
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S2.7 mRNA degradation  

S2.7.1 mRNA degradation via RNase E 

mRNA degradation of most mRNA in E. coli is thought to be initiated by RNase E [87,88], which is 

generally considered to be the partially or fully rate-determining step in the degradation process [87-

92]. This process is assumed to follow Michaelis-Menten like kinetics [93,94]. It is thought that 

ribosomes bound to RBS protect the mRNA from degradation by preventing RNase E from binding 

to the 5' end or cleaving the mRNA (see S2.7.2; for recent reviews see [28,29,55]). An internal entry 

path for RNase E - not via 5' end-  is thought to be a less efficient [88]. In the 5' competition model 

presented in Fig. 1 and Eq. R3 in S2.5.2, ribosome protection is achieved by assuming that RNase E 

competes with 30S subunits in binding to the RBS [29,55,95] functionally inactivating it when it 

binds [55] (therefore the RNase in Eq. R3 binds only to Mi and not RMi). Another possibility is that 

mRNA becomes functionally inactive only upon cleavage, suggesting that most mRNA are 

nucleolytically inactivated as advocated in [29]. We also analyzed this scenario and found no 

fundamental difference (see S2.7.4). rRNA and tRNA molecules are protected from RNase E and 

remain intact for several generations [88]. Note that in the scheme presented in (R1)-(R3) (c.f. 

S2.5.2) we made the approximation that once a peptide chain is initiated it will continue to elongate 

until the full peptide chain is formed, i.e. there is no degradation term for RB. 

 

S2.7.2 mRNA half-life based on the 5' competition model 

By writing out the full kinetic reactions in Fig. 1B one can obtain an expression for the functional 

and chemical half-life of bulk mRNA. The full derivation is carried out in S2.5.2 and here we will 

only interpret these results. 

 

By defining Ubulk according to Michaelis-Menten kinetics in Eq. 1, we can identify in the expression 

for bulk protein synthesis (Eq. 2ii) the functional lifetime of bulk mRNA, , 1/ 2, / ln 2fun
fun bulk bulkTτ = , 

such that the protein synthesis rate is given by ,bulk bulk bulk fun bulkV U d τ  (c.f. Eq. B.24 in S2.5.2). In S2.5.2 

we also obtain an expression for the chemical lifetime ,chem bulkτ  of bulk mRNA, defined as the 

degradation rate of total bulk mRNA (Eq. B.18). Generalizing these expressions for the i-th gene 

class we obtain the following expressions  
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Where we defined ( )0 max
, , 1τ ≡fun i m i iJ J W  and with J1 is given by 

 

1 RNase E,free RNase E RNase E,boundJ n n n≡ = −                                          (S16) 

 

and where Jm,i is the binding affinity of RNase E to the i-th gene class mRNA and max
iW is the 

maximal Michaelis-Menten rate of degradation of the i-th gene class mRNA (see Fig. 1/Eq. R3). 

Thus, mRNA half-life increases with the concentration of free ribosomes. As expected, the 

functional half-life is shorter than the chemical half-life [29]. Before presenting experimental 

support for Eq. S15, we pause to further discuss this equation. It has been proposed that RNase E is 

negatively autoregulated [90,96,97] such that it adjusts its expression to that of its substrates, thus 

limiting the pool of free RNase E [96]. In the present model we assume that that this autoregulation 

is ideal [86] and therefore the free pool of RNase E ( RNase E,freen ) is held fixed at some value of J1. J1 

can be interpreted as the binding affinity of RNase E to its own mRNA. Since J1 is fixed, the true 

genetic parameter is not ,τ fun i , but rather 0
,τ fun i  ( ,

1/ 2, ln 2fun o
iT  in the main text). Therefore we can 

express the protein synthesis rate as 0
,τi i i fun iV U d , where ,max

,

= ribo free
i i

m i

n
U U

L
.  Thus at steady state 

0
,

1 τ
α

=i i i i i funn V U d  (c.f. S2.6.1). 

 

Note that had we taken the mRNA half-life to be a constant, then one would find that 

( ), , ,~ +i ribo free ribo free m in n n L  as would be expected from a Michaelis-Menten type interaction. However 

the expression above reveals that ( ), , , ,~fun i ribo free m i m in L Lτ +  and therefore , ,~i ribo free m in n L  that 

diverges from the previous result when , ,>
~ribo free m in L . This result suggests that due to the 

degradation-translation coupling, within the limits of this model, protein synthesis is linear in the 

concentration of free ribosomes. Of course as the concentration of free ribosomes increases, half-life 

increases until at some point the adiabatic approximation should fail. 

 

Equation S15 predicts that bulk mRNA half-life depends on the RBS binding affinity Lm,bulk but does 

not depend explicitly on the translation initiation frequency (e.g. it does not depend on max
bulkU ). In 

addition, mRNA half-life increases with the degree of RBS occupancy. This is in agreement with 

experimental observation examining the influence of RBS mutations on RNA decay [28]. These 
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studies suggest that mutations to the RBS that cause interference with ribosome binding, lead to 

instability of the mRNA, while mutations that improve the RBS prolong mRNA longevity (see 

discussion in [28]), just as Eq. S15 predicts. Furthermore, it is thought that ribosomes mainly protect 

mRNA from cleavage by binding to the RBS as opposed to conferring steric protection across the 

entire mRNA [28]. By binding to the RBS, ribosomes are thought to prevent access of RNase E to 

certain features at the 5' end that control access to internal RNase E cleavage sites [28]. To 

demonstrate this, it has been shown that "mutating the initiation codon so as to reduce the frequency 

of translation initiation (and thereby increase ribosomal spacing) without significantly diminishing 

the ribosome-binding affinity of the RBS and its average occupancy by ribosomes" leads to "more 

often than not … only a modest decrease in mRNA half-life" [28]. Based on these findings the 

authors conclude that "a high degree of RBS occupancy by ribosomes is usually more important for 

mRNA longevity than is close spacing of translating ribosomes" [28] (also c.f. references quoted 

therein). This is in agreement with Eq. S15 since the mRNA half-life depends on the RBS affinity 

but does not depend explicitly on the translation initiation frequency. If RBS bound , ,1 (1 )= + m i ribo freep L n  is 

the probability that a RBS is occupied, then the rate of functional inactivation (from Eq. S15) can be 

expressed as ( ),

0
, RBS vacant1 1

i funfun i pτ τ=  where RBS vacant RBS bound1p p= − , and 
,

01
i fun

τ is the functional 

(maximal) inactivation rate of mRNA in the absence of ribosomes. 

 
S2.7.3 mRNA degradation should not be affected by crowding 

One may suspect that crowding would affect the binding of RNase E (118 kD [98]) to mRNA and 

modulate the degradation rate. However, this does not appear to be the case. The equilibrium 

constant of RNase E binding to the i-th gene class mRNA, Jm,i, appearing in Eq. S15, is divided by 

the equilibrium constant of RNase E binding to it's own mRNA, J1. Since both these constants 

should be affected similarly by crowding, the mutual effects of crowding should tend to cancel out, 

thanks to the negative autoregulation of RNase E. 

 



 54

S2.7.4 Model assuming nucleolytic inactivation of mRNA  

In this degradation model we assume that RNase E bound mRNA is still functionally active, and that 

inactivation occurs only upon degradation, i.e. functional inactivation occurs upon physical 

inactivation. Thus Eq. R.2 in S2.5.2 is replaced with the following reaction 
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Where we defined
with or without RNase E                                                 ∅ ≡

 

Following a similar derivation to the one presented above it can be shown that for this scheme 

 

,
, , max

, 1

1 [ ]1 1 m i
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i m i
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W L J

τ τ
⎛ ⎞⎛ ⎞

= = + +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 

 

As expected the chemical and functional half-lives are identical [29]. As in Eq. S15, the half-life 

depends on Jm,i/J1, which is a constant (expected to be independent of Φ, c.f. S2.7.3), thus there is no 

fundamental difference between these two models. 
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S3 The simplified model 
S3.1 Analytical solution 

The analytical solution to the simplified 3-state model (Eq. 7) is given in Eq. S17.  
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     (S17) 

where 04bulk bulkn gγ ≡ . 

 

 

S3.2 Approximations made 

In the case of the rrn inactivation strains, where crowding effects are moderate and Φ<0.34, the 

following simplifying assumptions can be introduced: (i) Crowding effects can be disregarded due to 

the free RNAp/free ribosome self-adjusting mechanism (Fig. S4A) (ii) , , constRNAp free m in K ≈  (Fig. 

S4A) (iii) , ,ribo free m bulk ribon L n∝  (and thus ~bulk ribon n ) (Fig. S11) (iv) constid ≈  (Fig. S7B); (iv) lacZ and 

cat expression are neglected (together they constitute at most ~10% of the bulk protein). (iv) 

Immature pools, which are about 10% of total complex (c.f. S2.5.1), are neglected. Under these 

approximations, Eq. 2 reduces to Eq. 7.  
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Figure S11. Relation between free ribosome and total ribosome concentration. nribo,free/Lm,bulk vs. nribo for the 
unconstrained CGGR in the transition state limited scenario and the no crowding scenario, based on the simulation of rrn 
inactivation strains of Asai et al. [9].  rrn copy number was varied between 1 and 19. Concentrations were multiplied by 
the cell volume at 2 doub/h. 
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