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Fig. 1: Correlation of the RNA/protein ratio (r) with growth rate (λλλλ) for various 
strains of Escherichia coli. A, Comparison among E. coli strains grown in minimal 

medium: Strain B/r (Ref. (10) , square), 15τ-bar (Ref. (13), diamond), and EQ2 (this 
work, filled circles). The growth rate is modulated by changing the quality of nutrients as 
indicated in the legend. The fraction of total protein devoted to ribosome-affiliated 

proteins ( Rφ ) is given by the RNA/protein ratio as R rφ ρ= ⋅ ; see Table S1. B, The 

RNA/protein ratio for a family of translational mutants SmR (up-triangle) and SmP 
(down-triangle) and their parent strain Xac (circle) (25), grown with various nutrients (see 
legend and Table S2). Translational inhibition of the parent Xac strain via exposure to 
sub-lethal doses of chloramphenicol (circled numbers; see legend table) gave similar 
RNA/protein ratio as those of the mutant strains grown in medium with the same nutrient, 
but without chloramphenicol (light blue symbols). Dashed line is a fit to Eq. [2]. Inset: 

Linear correlation of κt values obtained for the Xac, SmR and SmP strains (Table S2) 
with the measured translation rate of the respective strains (14). (r2=0.99).  

[Scott et al. Science 2010]

FIGURE 2  Amounts and synthesis rates of molecular components in bacteria growing exponentially at
rates between 0.6 and 2.5 doublings per h. The values of the RNA-to-protein (R/P; panel a) and DNA-to-
protein (G/P; panel b) ratios were calculated from lines 1, 2, and 3 in Table 2. The ribosome efficiency
(i.e., the protein synthesis rate per average ribosome; panel c, left ordinate) was calculated from the number
of ribosomes per cell (line 15, Table 3) and the rate of protein synthesis per cell. The latter was obtained
from the amount of protein per cell (line 10, Table 2) using the first-order rate equation. The peptide chain
elongation rates (panel c, right ordinate) are 1.25-fold higher than the ribosome efficiency values and
account for the fact that only about 80% of the ribosomes are active at any instant. The fraction of the total
RNA synthesis rate that is stable RNA or mRNA (rs or rm; panel d) is from line 5, Table 3. The rates of
stable RNA and mRNA synthesis per amount of protein (rs/P or rm/P; panel e) were calculated from lines 9
and 10, Table 3, divided by the amount of protein per cell (line 10, Table 2). The ppGpp per protein value
(ppGpp/P; panel f) is from line 11, Table 3. The cell age at which chromosome replication is initiated at
oriC (ai in fractions of a generation; panel g) is calculated from C and D (lines 23 and 24, Table 3) and
equation 14 in Table 5. The protein (or mass) per cell at replication initiation (panel h) was calculated from
the initiation age (ai, panel g) and the cell mass immediately after cell division (age zero; i.e., a = 0), using
equation 17 in Table 5. The latter was obtained from the average protein or mass content of cells (lines 10
or 13, respectively, Table 2), using equation 16 of Table 5. The number of replication origins at the time of
replication initiation (Oi, panel i) was obtained from the values of C and D (Table 3), using equation 15 of
Table 5. The initiation mass (panel j), given as protein (or mass) per replication origin at the time of
replication initiation, was obtained as the quotient of the values for Pi (or Mi) and Oi shown in panels h and
i.

RNA Polymerase Synthesis and Function.

RNA polymerase concentration. The instantaneous rate of transcription in the cell depends on the
concentration of RNA polymerase, αp, measured as the fraction of total protein that is RNA polymerase
core enzyme (three subunits, α2, β, and β′). The values of αp increase with the growth rate and reflect the control of
the synthesis of the β and β′ subunits of RNA polymerase. Since the α subunit is in excess in E. coli (see Table 4),
the amount of core enzyme would seem to be limited by the amount of β and β′ subunit polypeptides. The
synthesis of these subunits is under dual transcriptional control (i) at the level of initiation at an upstream promoter
and (ii) at the level of termination-antitermination at an attenuator in front of the rpoB gene (6, 7, 40–42, 52). Both
controls are growth rate dependent, but the mechanisms mediating these controls are poorly understood. The

[Bremer & Dennis 1996]

[Teixeira & Neijssel, J Biotech 1997]
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[Klumpp & Hwa, Curr Op Biotech 2014]

[Scott & Hwa, Curr Op Biotech 2011]
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maximal reaction rates, rmax) leads to constant metabolite con-
centrations, cj (homeostasis). The reactions catalyzed by the
PTS, 6-phosphofructokinase (PfkA), pyruvate kinase (PykF),
and pyruvate dehydrogenase have high flux control coefficients

(12). Therefore, it can be expected that the respective enzyme
levels are regulated. It is known that most of the glycolysis
genes that are less transcribed (Fig. 4) are repressed by the
global regulator protein Cra; these include pfkA, fbaA, pgk,

FIG. 4. Time series of DNA microarray and metabolic-flux analyses of the central carbon metabolism in E. coli K-12 W3110 during
glucose-limited fed-batch growth with a constant feed rate. The time courses of the transcript levels are given for samples T1 to T8 relative to the
reference sample in the batch phase (R) (Fig. 1). Green, mRNA level lower than in the reference state. Red, higher mRNA level. Statistical
significance (P ! 0.05) is indicated by asterisks. The metabolic fluxes are given for the !0.3 h (batch), 3.9 h, and 7.7 h (fed batch) (Fig. 1). Fluxes
are mean values from the stoichiometric metabolite balancing of five independent cultivations and are given as molar percentages of the glucose
influx. Notation is according to reference 27.

7008 LEMUTH ET AL. APPL. ENVIRON. MICROBIOL.

[Lemuth et al. AEM 2008]
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rate at which the sole carbon source (glucose) is consumed,
with acetate formation occurring only after glucose consump-
tion surpasses some threshold rate. The presence of heterolo-
gous NADH oxidase had the effect of increasing the critical
glucose consumption rate (qS

crit) at which acetate first ap-
peared and thereby delaying the entry of E. coli into respi-
rofermentative overflow metabolism (Fig. 1). This transition
between respiratory and respirofermentative metabolism
occurred at a qS

crit of 0.8 g/g dry cell weight (DCW) h for
NOX! and 1.2 g/g DCW h for NOX". The expression of
NADH oxidase therefore increased by 50% the value of qS

crit.
During respirofermentative metabolism, NOX" exhibited a
lower effluent acetate concentration and a lower specific ace-
tate formation rate (qA) than NOX! at any given qS. Biomass
yield (YX/S) from glucose (g dry cell weight/g glucose con-
sumed) was 0.42 to 0.48 g/g for NOX! during respiratory
metabolism but decreased during respirofermentative metab-

olism, consistent with a portion of the glucose carbon being
diverted from biomass synthesis to acetate formation. For
NOX", YX/S remained 0.28 g/g at glucose consumption rates
above 0.5 g/g DCW h (Fig. 1).

The specific oxygen consumption rate (qO2) was twice as
great for NOX" as for NOX! at any given value of qS (Fig. 2),
consistent with additional oxygen being required for increased
oxidation of NADH to NAD. NOX" also yielded a specific
CO2 evolution rate (qCO2) that was about 50% greater than
that of NOX! for any qS (Fig. 2), suggesting greater flux
through CO2-forming pathways (e.g., the TCA cycle) for
NOX". The results show that in the presence of NADH oxi-
dase, cells diverted less carbon to biomass and acetate and
more carbon to CO2 at any given rate of glucose consumption.
A carbon balance for NOX! was within #8% under all con-
ditions, while for NOX" the carbon balance was within #15%
(data not shown), assuming identical biomass composition
(and thus identical expression of biosynthetic genes). The re-
dox balance closed for NOX! within #9%, while for NOX"

this balance was only within #30% (data not shown).
Intracellular response due to NADH oxidase overexpres-

sion. Since the expression of heterologous NADH oxidase in
E. coli would be expected to influence the steady-state intra-
cellular NADH and NAD concentrations, the concentrations
of each cofactor were determined at each steady state for both
strains. For both NOX! and NOX", the intracellular concen-
tration of NAD changed less than 30%, while the NADH
concentration changed more than 10-fold between the lowest
and highest glucose consumption rates. Moreover, the NADH
concentration increased more quickly for NOX! at lower val-
ues of qS than for NOX". For example, at a qS of about 0.10 g/g
DCW h, the NADH concentration was 0.03 $mol/g DCW for
both strains, while at a qS of about 1.0 g/g DCW h, the NADH
concentration was 0.53 $mol/g DCW for NOX! but only 0.11
$mol/g DCW for NOX". These changes are reflected in the
NADH/NAD ratios (redox ratios) (Fig. 3). At any given value
of qS, the redox ratio was always greater for NOX! than for
NOX". The redox ratio remained at 0.01 to 0.02 for both
strains during respiratory metabolism but increased just prior

FIG. 2. Steady-state respiration for NOX! (open symbols and
dashed lines) and NOX" (solid symbols and lines). The steady-state
qO2 (‚,Œ) and qCO2 (ƒ,!) values are shown as functions of qS.

FIG. 1. Steady-state physiological profiles of E. coli in the presence
of heterologous NADH oxidase. YX/S (!, }) and qA (E, F) values are
compared for NOX! (open symbols and dashed lines) and NOX"

(solid symbols and lines) as functions of the specific glucose consump-
tion rate. The highest dilution rate studied was about 80% of $max for
both strains. The arrows indicate for each strain the critical specific
glucose consumption rates at which acetate formation commenced.

FIG. 3. In vivo molar concentration ratio of NADH/NAD for
NOX! (!) and NOX" (■) as functions of qS. The critical value of the
NADH/NAD ratio at which acetate formation commences is about
0.06 for both NOX! and NOX" (indicated by vertical lines). qA values
are also shown for NOX! (E) and NOX" (F) as functions of qS.
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[Vemuri et al. AEM 2006]
Figure SI-6.   
 

 
Triplicate glucose-limited chemostat experiments of E. coli growth at various dilution 
rates (Vemuri et  al., 2006). 

[Vemuri et al. AEM 2006]
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