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Abstract

Overflow metabolism refers to the production of seemingly wasteful by-products by cells
during growth on glucose even when oxygen is abundant. Two theories have been proposed to
explain acetate overflow in Escherichia coli — global control of the central metabolism and
local control of the acetate pathway — but neither accounts for all observations. Here, we
develop a kinetic model of E. coli metabolism that quantitatively accounts for observed
behaviors and successfully predicts the response of E. coli to new perturbations. We reconcile
these theories and clarify the origin, control and regulation of the acetate flux. We also find
that, in turns, acetate regulates glucose metabolism by coordinating the expression of
glycolytic and TCA genes. Acetate should not be considered a wasteful end-product since it is
also a co-substrate and a global regulator of glucose metabolism in E. coli. This has broad

implications for our understanding of overflow metabolism.
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Introduction

Overflow metabolism refers to the production of seemingly wasteful by-products by cells
during growth on glycolytic substrates such as glucose, even when oxygen is abundant.
Overflow metabolism has been reported for most (micro)organisms: yeasts produce ethanol (a
phenomenon known as the Crabtree effect [1]), mammalian cells produce lactate (the
Warburg effect in cancer cells [2]), and bacteria produce small organic acids such as acetate
[3]. This ubiquitous phenomenon has been extensively investigated because of its
fundamental and applied importance, but its origin and regulation remain to be clarified.
Acetate production by Escherichia coli has been studied for decades as a model of overflow
metabolism. The recent rise of systems biology, which combines experimental techniques and
mathematical modelling to achieve a mechanistic understanding of processes underlying the
function of biological systems [4, 5], has provided a quantitative understanding of the cause
of acetate overflow in E. coli. Acetate production is considered to result from an imbalance
between E. coli’s capacities to produce and assimilate acetyl-CoA, the main precursor of
acetate. Stoichiometric models suggest that this imbalance could be caused by various cell-
level constraints, such as energy conservation [6, 7], recycling of cofactors [8, 9], membrane
occupancy [10, 11], and resource allocation [12, 13]. These models — and the underlying
theories — capture the essence of the overflow process and successfully predict the growth rate
dependence of acetate production in E. coli [12-14].

However, none of these theories explain why increases in extracellular acetate concentration
can interrupt or even reverse the acetate flux in E. coli [15], which is able to co-consume
glucose and acetate even when glucose is abundant. Cell growth is not affected when acetate
production is abolished [15, 16], suggesting that this overflow is neither necessary for E. coli
to sustain fast growth nor strictly imposed by the proposed constraints. This phenomenon
cannot be reproduced by stoichiometric models since they do not account for metabolite
concentrations. Kinetic models are therefore a necessary step towards a comprehensive
understanding of the dynamics, control and regulation of metabolic systems. For example, a
kinetic model of the Pta-AckA pathway has successfully been used to predict the reversal of
the acetate flux at high acetate concentrations [15], a significant advance compared to
stoichiometric models of acetate overflow. This effect is caused by thermodynamic control of
the acetate pathway by the concentration of acetate itself, a mechanism that operates
independently of enzyme expression. Still, thermodynamic control does not imply that

enzymes exert no control whatsoever over acetate flux, though the degree of this control
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remains to be clarified. Moreover, this local mechanism does not explain the toxic effect of
acetate on microbial growth [17, 18].

In this work, we used a systems biology approach to clarify the origin, control and regulation
of acetate overflow in E. coli over the broad range of acetate concentrations this bacterium
experiences under laboratory and industrial conditions as well as in its environmental niche
[8, 19-26].

Results
Construction of a kinetic model of E. coli metabolism

Following a top-down systems biology approach [5], we constructed a coarse-grained kinetic
model of E. coli metabolism that links acetate metabolism with glucose uptake and growth
(Figure 1A). This model includes three processes: i) glucose transport and its conversion into
acetyl-CoA by the glycolytic pathway, ii) utilization of acetyl-CoA in the TCA cycle (energy
conservation) and anabolic pathways (production of building blocks) for growth, and iii)
acetate metabolism, i.e. the reversible conversion of acetyl-CoA into acetate via
phosphotransacetylase (Pta), acetate kinase (AckA), and an acetate exchange reaction
between the cell and its environment.

This initial model included 2 compartments, 6 species, 6 reactions and 24 parameters. The
value of 14 parameters were taken directly from the literature [15, 27, 28]. To estimate the
remaining parameters, we performed three growth experiments on **C-glucose (15 mM) plus
different concentrations of **C-acetate (1, 10 and 30 mM), as detailed in ref. [15]. These
experiments were designed to demonstrate that E. coli simultaneously produces acetate from
glucose and consumes it from the environment [15]. They provide information on the forward
and reverse fluxes of acetate between the cell and its environment [15], and thereby improve
the calibration of the model. The model was extended with isotopic equations to account for
the propagation of *C label [15, 29], and parameters were estimated by fitting concentration
time courses of glucose, biomass, and acetate and *3C-enrichment of acetate (see Materials
and methods). This initial model (model 1) did not fit the data satisfactorily (Figure 1B,
Figure 1-figure supplement 1, Materials and methods). Adding inhibition of the glycolytic
pathway by acetate (model 2) to account for the reduction in glucose uptake at high acetate
concentrations improved the fits of the biomass, glucose, and acetate concentration profiles,
but not of the acetate labelling profiles (Figure 1-figure supplement 2). Similarly, adding
inhibition of the TCA cycle by acetate (model 3) slightly improved the fit of the acetate
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labelling profile, but not of the glucose and biomass concentration profiles (Figure 1-figure
supplement 3). A sufficiently accurate fit was only achieved when both pathways were
inhibited (model 4; Figure 1B, C). These modifications suggest the existence of an unknown
regulatory program that makes E. coli sensitive and responsive to acetate concentration, and
provide a mechanistic rationale for the reported “toxicity” of acetate to E. coli [15, 17, 18,
30].

Acetate regulates glucose uptake, glycolysis, and the TCA cycle at the transcriptional level

A key hypothesis required for the model to fit the experimental data is that acetate inhibits the
flux capacity of both the glycolytic pathway and the TCA cycle in E. coli. In this model, the
aim of the simplified description of inhibition by acetate was to represent the integrated
response of E. coli metabolism to acetate, with no a priori knowledge of the underlying
molecular mechanism(s). To determine whether this inhibition actually occurs in vivo at the
transcriptional level, we monitored gene expression in E. coli grown on glucose (15 mM) plus
acetate at different concentrations (0, 10, 50 or 100 mM).

Transcriptomic results revealed a global and progressive remodelling of gene expression at
increasing acetate concentrations (Figure 2A-B). We noted that the presence of acetate
modulates the expression of genes involved in various biological functions: motility, biofilm
formation, translation, stress response, metabolism, and transport of carbohydrates, amino
acids and ions (Figure 2C). Importantly, the observed changes in gene expression cannot
result solely from the inhibition of growth by acetate, as shown by comparing gene expression
levels on glucose plus 100 mM acetate with those on glucose alone at the same growth rate
(0.35 h™) (Figure 2B).

At the level of the central metabolism (Figure 2D), acetate reduces the expression of all genes
that code for the glucose phosphotransferase system (PTS) (ptsGHI, crr), without inducing
the expression of alternative systems of glucose internalization and phosphorylation (galP,
mglABC, glf, glk, manXYZ) that could have compensated for reduced PTS activity and the
corresponding inhibition of glucose uptake [31, 32]. Expression of upper glycolytic genes
remained stable, with the exception of two isoenzymes that were overexpressed in the
presence of acetate: fbaB, a gluconeogenic enzyme, and pfkB, which contributes little to
phosphofructokinase activity on glucose (< 10%) [33-36]. In contrast, the expression of most
of the lower glycolysis genes (pgk, gapA, gpmA, eno, pykF, aceE) was reduced by 15 to 40 %
at 100 mM acetate. At this concentration, acetate also inhibits the expression of virtually all
TCA cycle genes (glItA, acnAB, icd, Ipd, sucABCD, sdhABCD, fumABC, mdh) by 30 to 67 %.
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In terms of acetate metabolism, the expression of pta and ackA, which code for enzymes in
the Pta-AckA pathway, remained remarkably stable at all acetate concentrations. Expression
of pyruvate oxidase (poxB) was increased by a factor of 8 in the presence of acetate, though
this promiscuous enzyme contributes to acetate metabolism mainly in the stationary phase and
apparently not under our conditions [15, 30, 37, 38]. Expression of acetyl-CoA synthetase
(acs) — which converts acetate to acetyl-CoA with a high affinity — decreased with increasing
acetate concentration, indicating that under glucose excess, the presence of acetate does not
activate acetate recycling through the Pta-AckA-Acs cycle [15, 39].

These data confirm our hypothesis that acetate gradually modulates both the flux capacity of
E. coli to produce acetyl-CoA from glucose and its capacity to utilize acetyl-CoA as a source
of energy and of anabolic precursors for growth. Acetate does not appear to influence the flux

capacity of the acetate pathway itself, which is also consistent with the proposed model.
Testing the model

We tested the model by predicting the response of E. coli to new perturbations and comparing
the results with experimental data (Figure 3).

First, we checked that the model could reproduce the established growth-rate dependence of
acetate production in E. coli. We modified the model to simulate glucose-limited chemostat
experiments (by adding reactions for glucose feed and medium outflow), and we predicted the
steady-state glucose and acetate fluxes at different dilution rates (from 0.1 to 0.5 h™%). Since
the present model cannot account for the activation of acetyl-CoA synthetase — involved in
acetate assimilation — under glucose limitation [39], model simulations were compared to
experimental data collected on a Aacs strain [14]. The simulated profiles of acetate production
as a function of growth and glucose uptake rates were in excellent agreement with
experimental data (Figure 3A), indicating that the model accurately captures the effects of
glucose limitation on growth and acetate fluxes.

Second, we evaluated the response of E. coli to changes in acetate concentration. We
simulated steady-state acetate, glucose and growth fluxes under glucose excess over a broad
range of acetate concentrations (between 100 uM and 100 mM) [15]. The growth and glucose
uptake rates decreased monotonously with increasing acetate concentrations, in agreement
with the experimental data (Figure 3B). The acetate flux profile was also well described by
the model, with a progressive decrease of acetate production with increasing acetate
concentration, and a reversal of the acetate flux above a threshold concentration of about 10
mM. As observed experimentally, the growth rate was not affected when acetate production

6
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was abolished, confirming that acetate production is not required to maintain fast growth nor
is it imposed by any intracellular constraint.

Third, we tested the dynamic properties of the model by predicting the response of E. coli to
sudden variations in the acetate concentration, which is not possible using existing models. In
the exponential growth phase on glucose, we simulated the time courses of the changes in the
concentrations of glucose and acetate after a pulse of acetate (30 mM) or of water (control
experiment), as described in ref. [15]. Here again, the model accurately reproduces the
experimental profiles, in particular the rapid reversal of the acetate flux and reduction of
glucose uptake after the acetate pulse (Figure 3C).

Overall, the predictions of the model are in agreement with experimental findings. The model
accurately predicts the steady-state and dynamic relationships between glucose uptake,
growth, and acetate fluxes in E. coli over a broad range of glucose and acetate concentrations.
Importantly, the model was not trained on these data (i.e. they were not used to calibrate the
model), so this test is a strong validation of its predictive power.

To assess the functional importance of regulation by acetate, we predicted the response of E.
coli to the same perturbations with alternative models (i.e. without inhibition of the glycolytic
and/or TCA cycle pathways, models 1-3). The simulations in the absence of inhibition are
qualitatively different (Figure 3-figure supplements 1-3). For instance, model 1 predicts a
constant glucose uptake flux at all acetate concentrations, and even, contrary to observations,
an increase in the growth rate with the acetate concentration. We compared the predictive
accuracy of all the models by calculating the variance-weighted sum of squared residuals
between the simulated and experimental data (Figure 3-figure supplement 4). The most
accurate predictions for all perturbations are those from the model with dual inhibition (model
4), followed by those from the single-inhibition models (models 2 and 3) and finally those
produced by the no-inhibition model (model 1). The predicted data are thus only qualitatively
and quantitatively consistent with observations when inhibition by acetate is included,

indicating that the regulatory role of acetate in E. coli is functionally important.
Intracellular control of acetate flux is distributed around the acetyl-CoA node

We used a metabolic control analysis of this kinetic model to determine the degree of control

exerted by each reaction on acetate flux (Figure 4). Flux control coefficients (Cbl) quantify the
impact of small changes in the rate of each reaction (typically from a change in the enzyme
concentration E) on each flux (J) [40, 41].
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Metabolic control analysis revealed that rather than being controlled entirely from within the
acetate pathway, acetate flux is controlled to a similar degree by the acetate pathway (with a
flux control coefficient of 0.76), glycolysis (0.88), and the TCA cycle (—0.64). The balance
between acetyl-CoA production and demand (i.e. between glycolytic and TCA fluxes)
therefore has a strong effect on acetate production. As expected, this control is positive for
glycolysis (since it produces acetyl-CoA) and negative for the TCA cycle (since it consumes
acetyl-CoA). Still, acetate flux is controlled to a large extent from within the acetate pathway,
mainly by AckA (0.69), with a small contribution from acetate transport (0.07). Overall,

acetate flux control is distributed around the acetyl-CoA node.
Intracellular flux control patterns shift with the acetate concentration

Since control of acetate flux is distributed around the acetyl-CoA node, we tested how flux
changes around this node might affect its control properties. Given that the concentration of
acetate is a major determinant of acetate flux (Figure 3), we performed metabolic control
analyses for a broad range of acetate concentrations (from 0.1 to 100 mM).

The control exerted by the acetate pathway on acetate flux decreases non-linearly as the
acetate concentration increases (Figure 5A), highlighting a progressive shift of the control
from inside to outside the acetate pathway. This is contrary to the classical behaviour in which
the control exerted by a metabolic pathway increases as it becomes saturated, i.e. where the
flux reaches the capacity of the uptake pathway at high substrate concentrations [42, 43]. The
control exerted by the acetate pathway gradually shifts towards the glycolytic and TCA
pathways (Figure 5B, C). Discontinuous control patterns are observed for the latter pathways
at a concentration of about 10 mM, i.e. around the concentration threshold at which the
acetate flux switches from production to consumption and is zero [15]. The sum of the control
coefficients of the glycolytic and TCA blocks, which represent the overall control exerted by
E. coli metabolism on the acetate flux (Figure 5D), increases with the acetate concentration
and compensates for the decrease in control from the acetate pathway. The ratio of the control
coefficients of glycolysis and the TCA cycle show that control shifts from the glycolytic
pathway to the TCA cycle as the acetate concentration increases (Figure 5E).

Overall, these results reveal how intracellular flux control patterns are strongly modulated by
the extracellular concentration of acetate, with the control exerted by the acetate pathway
being transferred progressively to the glycolytic and TCA pathways as the acetate

concentration increases.
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Here again, we tested the impact of regulation by acetate on the control properties of E. coli
by comparing the results obtained with different models (Figure 5-figure supplements 1-3).
The individual control profiles of the glycolytic and TCA pathways are qualitatively similar in
all the models. However, the control profiles of the acetate pathway differ drastically in the
absence of inhibition (model 1) and with partial inhibition (models 2 and 3), from the results
with dual inhibition (model 4). In models 1-3, the control exerted by the acetate pathway
remains constant at low to moderate acetate concentrations and tends to increase at high
acetate concentrations, indicating that the progressive transfer of control from the acetate
pathway to the rest of the metabolism as a function of the acetate concentration emerges

specifically from the inhibition by acetate of both the glycolytic and the TCA cycle pathways.
Regulation of E. coli metabolism by acetate

Metabolic control analysis identified the controlling steps, i.e. the reactions that alter the
acetate flux if their rates are modified (e.g. through changes in enzyme concentrations).
However, more information is needed to understand the mechanisms involved in flux
responses to perturbations of an external parameter such as the acetate concentration. Indeed,
while a metabolic reaction may exert some control on a given flux, this does not necessarily
mean that it is involved in the observed flux response. For instance, AckA exerts some control
on the acetate flux, but its expression appears to be constant at all acetate concentrations
(Figure 2), hence it does not regulate the acetate flux at the transcriptional level.

To identify the regulatory routes that are actually involved in the response of E. coli to

changes in acetate concentration, we used the concept of response coefficients (R/{‘;ﬁf), which
express the dependence of a system variable (here the acetate flux, Jice) on an external
effector (the concentration of acetate). The partitioned response relationship [40, 44] allows

the flux response to a perturbation in acetate concentration channeled through a given reaction

i (”iR/];fee) to be quantified, as detailed in the Materials and methods section. Since acetate
regulates more than one reaction, the partitioned response coefficients provide a quantitative
understanding of the different routes through which the acetate flux is regulated by the acetate
concentration. We calculated the partitioned response coefficients of the acetate flux to the
acetate concentration via i) the acetate pathway, which represents the contribution of direct
metabolic regulation, and via ii) the glycolytic and iii) the TCA pathways, where acetate acts
indirectly by modulating the flux capacity (Figure 6A). As expected, regulation is minimal

when acetate does not significantly modulate the acetate flux, i.e. at low and high acetate
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concentrations, and is maximal at concentrations that strongly modulate its flux (Figure 6B-
D). Setting the response threshold of 0.1 — i.e. that a relative change of x % in the acetate
concentration should lead to a relative flux response of at least (0.1 X x) % via the regulatory
route considered —, we determined that acetate acts as a regulator over a range of
concentrations spanning three orders of magnitude (between 0.2 and 100 mM).

Based on the regulatory strength of each interaction, we determined the relative contribution
of each interaction to the observed flux response (Figure 6E), revealing two distinct modes of
regulation that depend on the acetate concentration and remain remarkably stable over a broad
range of concentrations. At low acetate concentrations (< 10 mM), the main regulatory route
(50-60%) is direct metabolic regulation via the acetate pathway, with the remaining flux
response being accounted for by indirect regulation through the TCA cycle (35-40%) and
glycolysis (5-10%). This regulatory pattern remains stable before changing abruptly at ~10
mM when the acetate flux reverses. Above this threshold, direct regulation by acetate
accounts for about 40% of the observed flux response, glycolysis, about 20%, and the TCA
cycle, roughly 40%. This pattern then remains stable up to 100 mM.

These results provide a comprehensive and quantitative understanding of acetate flux
regulation by acetate through the coordinated effects of direct and indirect mechanisms, with

distinct regulatory programs at low and high acetate concentrations.

Discussion

Two independent theories have been proposed to explain acetate overflow in E. coli, but
neither global regulation of central metabolic pathways nor local control of the acetate
pathway can account for all observations. Using a systems biology strategy, we reconcile
these two theories, clarify how acetate flux is controlled and regulated, and establish the
pivotal role acetate plays as a global regulator of glucose metabolism in E. coli.

The kinetic model of E. coli metabolism developed in this work links acetate metabolism with
glucose uptake and growth. This model suggested the existence of a global regulatory
program whereby the extracellular concentration of acetate determines the flux capacity of the
glycolytic and TCA pathways, whose inhibition was required to explain the dynamic profiles
obtained in *C-labeling experiments. This inhibition was also necessary (and sufficient) to
predict the steady-state and dynamic responses of E. coli to a broad range of perturbations. In
this coarse-grained model, the simplified formalism used to consider acetate inhibition
represents the integrated regulatory response of E. coli metabolism to acetate, regardless of

10
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the underlying molecular mechanisms. Regulation may indeed take place through a variety of
mechanisms acting at the (post-)transcriptional, (post-)translational, and metabolic levels.
These regulatory networks are tightly intertwined and act concertedly to ensure a coordinated
response of E. coli to perturbations on the seconds to minutes time scale [15, 45-49].
Transcriptomics experiments confirmed that acetate regulates the flux capacity of these two
pathways at the transcriptional level by modulating the expression of most of their genes. This
is a highly efficient way for cells to adjust their fluxes while maintaining metabolite
homeostasis [40, 41]. The metabolic response of E. coli to changes in acetate concentration
thus involves a global reorganization of its metabolism from the transcriptional to the flux
levels, contrary to what has been suggested [30] and providing a mechanistic rationale for the
reported “toxicity” of acetate. The coordinated regulation of the glycolytic and TCA pathways
cannot be explained by the actions of known transcriptional regulators, suggesting that these
regulators act in concert or that there are additional regulators present.

Transcriptional regulation occurs in a few minutes [45, 47, 48, 50], which is sufficiently fast
to explain most observations (Figures 1, 3A, 3B). However, the immediate decrease in
glucose uptake flux in response to a pulse of acetate (Figure 3C) suggests the existence of
additional regulatory mechanisms that act on a faster time scale. These mechanisms could
operate at the post-transcriptional level (possibly via the carbon storage regulator system [51]
or the BarA/UvrY two-component system [52]), at the post-translational level (possibly via
protein acetylation by acetyl-phosphate [53, 54]) and/or directly at the metabolic level itself
(possibly via a-ketoglutarate [55] or ATP [56], which control the glycolytic flux). Further
work will be required to identify the complete regulatory network of sense and response to
acetate in E. coli. This work may be facilitated by the coarse grained model developed here as
well as by more detailed kinetic models of E. coli metabolism [27, 28, 57]. These models
should help to computationally evaluate the biological relevance of detailed regulatory
mechanisms, as illustrated here.

Our results confirm that the direction of the acetate flux is controlled thermodynamically and
is fundamentally determined by the extracellular concentration of acetate. Moreover, we
found that intracellular control of the acetate flux is distributed around the acetyl-CoA node,
i.e. between the glycolytic, TCA, and acetate pathways, such that none of the three processes
can be regarded as the sole kinetic bottleneck. The inhibition of the glycolytic and TCA
pathways by acetate gives rise to unusual control properties. The intracellular flux control
pattern is indeed determined by the concentration of acetate itself, with a progressive shift of

control from the acetate pathway to the rest of the metabolism when the acetate concentration
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increases. This means that metabolic engineering interventions aiming at minimizing acetate
production in biotechnology should rebalance the flux capacity of both the glycolytic and the
TCA pathways, possibly via global metabolic regulators, while accounting for the
concentration-dependent effect of acetate on intracellular control patterns. The proposed
model may thus be used to guide rational design of optimized strains for synthetic biology
applications.

This study also identifies the regulatory scheme involved in E. coli’s response to changes in
acetate concentration, which largely determines the acetate flux itself as well as the cell’s
physiology. We demonstrate that this scheme involves direct metabolic regulation of the
acetate pathway in combination with indirect — at least partly transcriptional — regulation of
the glycolytic and TCA pathways, and we show how this equal contribution of direct and
indirect regulatory mechanisms explains the diverse patterns of acetate flux observed and
forms part of E. coli’s global physiological response to changing acetate concentrations. The
distinct regulatory patterns at high and low acetate concentrations also determine the
metabolic status of acetate as a co-substrate or by-product of glucose metabolism. This work
shows that the regulation of acetate flux is far more subtle than previously considered.

These results call for a reconsideration of the role of acetate, and more generally of overflow
metabolism, in E. coli. Acetate should not be considered a terminal, wasteful product of
glucose metabolism since it may equally be a co-substrate of glucose. Moreover, it is also a
key regulator that induces a global remodeling of E. coli physiology and modulates several
cellular functions (motility, biofilm formation, transport, metabolism, translation). Acetate
regulates E. coli metabolism over a range of concentrations spanning three orders of
magnitude, and its regulatory action involves a combination of direct and indirect
mechanisms. In the laboratory, E. coli is typically grown on glucose at low acetate
concentrations, which enhances its production. In the intestine however, E. coli’s
environmental niche, the concentration of acetate is high (between 30 and 100 mM) [24, 25]
and well above the ~10 mM threshold at which the acetate flux reverses. These levels of
acetate should thus favour its co-utilization with available sugars, suggesting that acetogenic
species may be an important source of nutrients for E. coli. Besides its importance in terms of
understanding cross-feeding relationships, this work also stresses the need to further
investigate the regulatory role of acetate (and of acetogenic species) in the intestine. This will
require a quantitative characterization of the available nutrients and of their dynamics in this

particularly complex environment.
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Other (micro)organisms than E. coli are similarly capable of co-consuming glucose with its
metabolic by-products, even when glucose is abundant. Saccharomyces cerevisiae can co-
consume ethanol and glucose [58], and mammalian cells co-assimilate lactate with glucose
[59-61]. These similarities, which have important implications for cell energy and redox
balance, indicate that overflow metabolism should be considered a reversible process and
point to the existence of a universal phenomenon similar to the one described here for acetate
in E. coli. The quantitative systems biology approach developed in this work can be used as a
guide for future investigations of overflow fluxes, their regulation, and their biological

implications in E. coli and others (micro)organisms.
Materials and Methods
Strain and conditions

Escherichia coli K-12 MG1655 was grown in M9 medium [62] complemented with 15 mM
glucose. Sodium acetate (prepared in a 1.6 M solution at pH 7.0) was added up to the required
concentration. The cells were grown in shake flasks at 37 °C and 200 rpm, in 50 mL of
medium. For the isotope labelling experiments, unlabelled glucose was replaced by U-*Ce-
glucose (Eurisotop, France). Growth was monitored by measuring the optical density (OD) at
600 nm using a Genesys 6 spectrophotometer (Thermo, USA), and a conversion factor of 0.37
gow/L/OD unit [51] was used to determine the biomass concentration.

Transcriptomics experiments

Cells were grown in flasks in M9 minimal media with 15 mM glucose and 0, 10, 50 or 100
mM acetate. In mid-exponential growth phase (ODgoonm = 1), 4 mL of each culture was
centrifuged for 90 s at 14000 rpm, the supernatant was discarded, and the pellets were
immediately frozen in liquid nitrogen. Total RNA was extracted using a Qiagen RNAeasy
MiniKit and quantified using a Nanodrop spectrophotometer. Double-stranded
complementary DNA (cDNA) synthesis and array processing were performed by One-Color
Microarray-Based gene Expression Analysis (Agilent Technologies). The images were
analysed with the software DEVA (v1.2.1). All array procedures were performed using the

GeT-Biopuces platform (http://get.genotoul.fr). Four independent biological replicates were

analysed for each condition. For each data set, the log2 intensities obtained in the presence of
acetate were divided by the log2 intensities obtained in the absence of acetate. These ratios

were then normalized by the log2 median intensity. Genes whose expression level differed by
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a factor of 2 or more between the two conditions were used for further analysis. Gene

ontology analyses were performed using Ecocyc (https://ecocyc.org), p-values were estimated

using Fisher exact test with Bonferroni correction. The transcriptomics data can be

downloaded from the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession

number E-MTAB-9086. Theoretical expression data at a given growth rate were obtained by

extrapolating the data from ref. [63].
Metabolomics experiments

Extracellular concentrations of labelled and unlabelled glucose and acetate were quantified
during growth by 1D *H-NMR on a Bruker Ascend 800 MHz spectrometer equipped with a 5
mm QCI cryoprobe (Bruker, Germany), as detailed previously [64]. Briefly, 150 pL of
filtered broth (0.2 um, Sartorius, Germany) were mixed with 50 pL of D,O containing TSPd4
(3-(trimethylsilyl)-1-propanesulfonic acid-tetra deuterated, used as internal standard) at a
concentration of 10 mM. A sequence using presaturation (ZGPR) was used for water signal
suppression, with a 30° pulse and a relaxation delay between scans of 10 s to ensure full
signal recovery. A total of 64 scans were accumulated (64k data points with a spectral width
of 10 ppm) after 8 dummy scans. From each spectrum, we quantified glucose and unlabelled

and labelled acetate. Spectra were processed using TopSpin 3.2 (Bruker).
Model construction and analysis

All models are provided in SBML and COPASI formats in the Supplementary Information
(Supplementary File 1) and at https://github.com/MetaSys-LISBP/acetate_regulation. The

calibrated kinetic model has also been deposited in the Biomodels database
(https://www.ebi.ac.uk/biomodels) [65] with the identifier MODEL2005050001. Model
analysis was performed using COPASI [66] (v4.27) with the CoRC package (COPASI R
Connector v0.7.1, https://github.com/jpahle/CoRC) in R (v3.6.1, https://www.r-project.org).

The scripts used to perform the simulations, to analyse the models and to generate the figures
are provided in the Supplementary Information (Supplementary file 1) and at

https://github.com/MetaSys-LISBP/acetate_requlation to ensure reproducibility and

reusability.

Model construction. The model contains 6 reactions, 6 species, and 2 compartments (the
environment and the cell, with a cell volume of 1.77 x 10 L/gow [67]) (Figure 1A). Model
units are litre (L) for volumes, hour (h) for time, and millimole (mmol) and gram dry weight

(gbw) for amounts of metabolites and biomass, respectively. All reactions are listed in Table
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1. Glycolysis (which produces acetyl-CoA from glucose) and the TCA cycle (which utilizes
acetyl-CoA to produce biomass) were modelled using irreversible Michaelis-Menten kinetics.
Growth rates were calculated from the flux of the TCA cycle assuming a constant biomass
production yield from acetyl-CoA, in keeping with observations [15, 30]. Acetate exchange
between the cell and its environment was modelled as a saturable process using reversible
Michaelis-Menten kinetics [27], and the Pta-AckA pathway was modelled using the detailed
Kinetics of the Pta and AckA enzymes used in previous models [15, 27, 28].

The differential equations, which describe the progression of the variables over time as a
function of the system's rates, balance the concentrations of extracellular (biomass, glucose

and acetate) and intracellular (acetate, acetyl-CoA and acetyl-phosphate) species:

dGLC Veeu
7 — vglycolysis . X . V [+vfeed - D . GLC]
env
dACE Veeu
d—env = Vacetate_exchange X E [_D ACEenv]
t Venv
ax
dar X Vgrowen [—=D - X]
dACCOA
T = L% Vgiycolysis — vTCAcycle ~ Upta
dACP
T = VUpta — Vacka
dACEcell
— = Vacka — Vacetate_exchange

Terms within square brackets are required only to simulate chemostat experiments (at dilution
rate D and with a glucose feed defined by vy..q).

Reaction rates were modelled using the following rate laws:

v o Vmaxglycolysis . GLC . 1
glycolysts = " C1.C + Km_GLC 1 4 ACEeny
KL ACE
v _ VmaxTCA_Cycle " ACCOA . 1
TCAcycle ™ ACCOA + Km_ACCOA 1 4 ACEeny
Ki ACE
. i _ ACEcell * ATP
VMax (ACP ADP — el )
I Km_ACP - Km_ADP
AckA = ACP ACE o, ADP ATP
(1+ Km_ AcP + Km_ACE) (14 Km_ADP Km_ATP)
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Vmaxp,, - (ACCOA p— %)
B Km_ACCOA - Km_P
Vpta = ACCOA P ACP COA ACCOA-P ACP - COA

Yt wmaccoa Y xip T KiacP T ®’m.coA T R"m ACCOA - Km P T Km_ACP - Km.COA

ACE
VmaxAcetate_exchange ' (ACEcell - Keilnu)
_ Km_ACE
VAcetate_exchange = ACE oy ACE,,,

1+ +

Km ACE ~ Km_ACE

Verowth = VTcA_cycle * Y

As detailed in the Results section, we constructed four different versions of this model, i.e.
with or without (non-competitive) inhibition of the glycolytic and/or TCA cycle pathways by
acetate (terms within square brackets). This regulatory term represents the immediate,
integrated response of E. coli metabolism to changes in acetate concentration, with no a priori
knowledge on the underlying molecular mechanisms. The controlling species is defined as
being extracellular acetate, i.e. the initial environmental signal sensed by the cells. Similar
results and conclusions are obtained if the controlling species is the intracellular acetate pool.

Finally, these models were extended with isotopic equations for parameter estimation, as
detailed in refs. [15, 29]. Briefly, all reactions (except biomass synthesis) were considered
separately for unlabeled and labeled metabolites. Rate laws of reversible reactions were
decomposed into their forward and reverse components to account for the bidirectional
isotope exchange that arise from reversibility and significantly affects the distribution of
isotopes through the network. For instance, the isotopically extended balance of acetyl-CoA

corresponds to:

dACCOA, GLC, ACP, ACCOA,
= 14 -v S E reverse __
dt GLCy + GLC, ~~ ~9weolsis T ocpy + ACP, Pt ACCOA, + ACCOA,
. (UTCACyclg + v}{to;ward)
dACCOA GLC ACP ACCOA
1_ 1 14 -p . +—1. reverse __ 1
dt GLCy + GLC, ~~ ~9weobsis T acp, + Acp, Tt ACCOA, + ACCOA,

. forward
(UTCAcycle + Ypta

where subscripts 0 and 1 refers to the unlabeled and labeled metabolite, respectively.
Concentration of cofactors. Concentrations of cofactors were taken from a published Kinetic
model of the Pta-AckA pathway [15] ([ADP] = 0.61 mM, ATP = 2.40 mM, CoA = 1.22 mM,
P =10 mM).
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Parameter estimation. The values of 14 of the 24 parameters were taken directly from the
literature (Table 2). Parameters whose values are not available from elsewhere, which do not
have a real biochemical value, or for which biochemical measurements are generally not
representative of intracellular conditions (e.g. Vmax) were estimated to optimally reproduce
152 experimental data points obtained from E. coli K-12 MG1655 grown on *C-glucose (15
mM) plus **C-acetate (1, 10 or 30 mM). These data included time-course concentrations of
biomass, glucose and acetate and **C-labeling of acetate. The parameters were estimated by

minimizing the objective function f defined as the weighted sum of squared errors:

Fp) = z (xi —G}i’i(P)>2

L

where X; is the experimental value of data point i, with and experimental standard deviation o;,
and yi(p) is the corresponding simulated value. The objective function f was minimized with
the particle swarm optimization algorithm (2000 iterations with a swarm size of 50). The
experimental and fitted data are shown in Figure 1 and provided in the Supplementary
Information (Supplementary File 1). Values and 95 % confidence interval of the estimated
parameters are given in Table 3.

Goodness-of-fit analysis. We used »* statistical tests to assess the goodness-of-fit of each
model and determine whether they described the data with sufficient accuracy. The minimized
variance-weighted sum of squared residuals (SSR) is a stochastic variable with a »°
distribution. The acceptable threshold for SSR values is y3(«, d), where d represents the
number of degrees of freedom and is equal to the number of fitted measurements n minus the
number of estimated independent parameters p. The parameter o was set to 0.95 to define a 95
% confidence threshold and models with SSRs above this threshold were rejected since they
cannot accurately reproduce the experimental data.

Model validation. A total of 170 experimental data (extracellular fluxes and concentrations)
were collected from the literature to evaluate the predictive power of each model. These data,
which were not used to train or fit the models, were obtained for E. coli K-12 MG1655 and its
close derivative strain BW25113 grown on different concentrations of glucose and/or acetate,
as detailed in the Results section and in ref. [14, 15, 30]. The steady-state and dynamic
responses of E. coli to the corresponding perturbations were predicted using each model
(Figure 3). The residual error (SSR) was calculated for each model from the simulated and
experimental validation data (Figure 3-figure supplement 4) to identify the model that yielded

the most accurate predictions.
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Metabolic control and regulation analyses. Scaled flux control coefficients (Cé), which
represent the fractional change in the steady-state flux J in response to a fractional change in

the rate of the reaction E [40, 41, 44], were calculated as follows:

dinj
]
Ce dInE

Similarly, we defined the response coefficient (R’“”e) which represents the dependence of the

Ace

acetate flux (Jace) On the extracellular concentration of acetate [40, 44]:

R]ace — a ln]ace
Ace  9lnAce

The partitioned response relationship [40, 44] was used to quantify the flux response ("in{;C:)
to a change in acetate concentration channeled through reaction i. The effect of the acetate
concentration on the rate of reaction i (v;) is described by the elasticity coefficient e:;e, and
the resulting change in v; then propagates through the system depending on the control

exerted by reaction i on the acetate flux (C,{f”):

viplace _ pJace | Vi : v; _ Olny;
‘Rice = CUi €ace with €ace = 31nAce

Global sensitivity analyses. We used a Monte-Carlo approach [68] to determine the 95 %
confidence intervals on i) the fits of the experimental data (Figure 1), ii) the estimated
parameters (Table 3), iii) the predicted responses to perturbations (Figure 3) and iv) the flux
control and regulation coefficients (Figures 5 and 6). For this purpose, we generated 500
simulated sets of calibration data with noise added according to experimental standard
deviations. For each of these artificially noisy data sets, we carried out complete
computational analyses (i.e. including parameter estimation — starting from random initial
parameter values, simulation of the responses to different perturbations, and metabolic control
and regulation analyses). We calculated the mean value and 95 % confidence intervals around
each parameter and each variable (i.e. concentrations, fluxes, flux control coefficients, and

response coefficients) from the distribution of values obtained for the 500 data sets.
Acknowledgements

The authors thank MetaboHub-MetaToul (Metabolomics & Fluxomics facilities, Toulouse,

France, http://www.metatoul.fr), which is part of the French National Infrastructure for

18



517
518
519
520
521
522
523
524
525

526

527

528

529

530

531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

Metabolomics and Fluxomics (www.metabohub.fr), funded by the ANR (MetaboHUB-ANR-
11-INBS-0010), for access to NMR facilities. JCP is grateful for funding from INSERM for

his temporary full-time researcher position. The authors are grateful for Vincent Pierunek’s

help with the isotope labelling experiments, and wish to thank the following INSA Toulouse
students for help with the transcriptomics experiments: Leidy Caraballo, Xavier Caron,
Pauline Chanut, Sarah Guiziou, Ngoc Thu Hang Pham, Diane Barbay, Céline Ben Hassen,
Thomas Cerutti, Cécile Roland, Sarah Srour, Audrey Baylet, Mathilde Beraud, Claudie Bosc,
Lilas Courtot, Violaine Dolfo, Anna Kaci, Manon Chevallot-Beroux, Sarah Colom, Fanny
Leclerc, Zihan Liao, Grégoire Quinet and Mélina Vaurs.

Competing interests

The authors declare no competing interests.

Funding

This work was supported by a starter grant from the MICA department of INRAE.
References

1. Crabtree HG. Observations on the carbohydrate metabolism of tumours. Biochem J.
1929;23(3):536-45. doi: 10.1042/bj0230536

2. Warburg O. On respiratory impairment in cancer cells. Science. 1956;124(3215):269-
70.

3. Harden A. The chemical action of Bacillus coli communis and similar organisms on
carbohydrates and allied compounds. J Chem Soc Trans. 1901;79:610-28.

4. Shou W, Bergstrom CT, Chakraborty AK, Skinner FK. Theory, models and biology.
Elife. 2015;4:e07158. doi: 10.7554/eLife.07158

5. Bruggeman FJ, Hornberg JJ, Boogerd FC, Westerhoff HV. Introduction to systems
biology. EXS. 2007;97:1-19. doi: 10.1007/978-3-7643-7439-6_1

6. de Groot DH, Lischke J, Muolo R, Planque R, Bruggeman FJ, Teusink B. The
common message of constraint-based optimization approaches: overflow metabolism is
caused by two growth-limiting constraints. Cell Mol Life Sci. 2020;77(3):441-53. doi:
10.1007/s00018-019-03380-2

7. el-Mansi EM, Holms WH. Control of carbon flux to acetate excretion during growth
of Escherichia coli in batch and continuous cultures. J Gen Microbiol. 1989;135(11):2875-83.
doi: 10.1099/00221287-135-11-2875

19


http://www.metabohub.fr/

548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

8. Wolfe AJ. The acetate switch. Microbiol Mol Biol Rev. 2005;69(1):12-50. doi:
10.1128/MMBR.69.1.12-50.2005

9. Vemuri GN, Altman E, Sangurdekar DP, Khodursky AB, Eiteman MA. Overflow
metabolism in Escherichia coli during steady-state growth: transcriptional regulation and
effect of the redox ratio. Appl Environ Microbiol. 2006;72(5):3653-61. doi:
10.1128/AEM.72.5.3653-3661.2006

10.  Zhuang K, Vemuri GN, Mahadevan R. Economics of membrane occupancy and
respiro-fermentation. Mol Syst Biol. 2011;7:500. doi: 10.1038/msb.2011.34

11.  Szenk M, Dill KA, de Graff AMR. Why do fast-growing bacteria enter overflow
metabolism? Testing the membrane real estate hypothesis. Cell systems. 2017;5(2):95-104.
doi: 10.1016/j.cels.2017.06.005

12. Basan M, Hui S, Okano H, Zhang Z, Shen Y, Williamson JR, et al. Overflow
metabolism in Escherichia coli results from efficient proteome allocation. Nature.
2015;528(7580):99-104. doi: 10.1038/nature15765

13.  Zeng H, Yang A. Modelling overflow metabolism in Escherichia coli with flux
balance analysis incorporating differential proteomic efficiencies of energy pathways. BMC
Syst Biol. 2019;13(1):3. doi: 10.1186/s12918-018-0677-4

14.  Renilla S, Bernal V, Fuhrer T, Castano-Cerezo S, Pastor JM, Iborra JL, et al. Acetate
scavenging activity in Escherichia coli: interplay of acetyl-CoA synthetase and the PEP-
glyoxylate cycle in chemostat cultures. Appl Microbiol Biotechnol. 2012;93(5):2109-24. doi:
10.1007/s00253-011-3536-4

15.  Enjalbert B, Millard P, Dinclaux M, Portais JC, Letisse F. Acetate fluxes in
Escherichia coli are determined by the thermodynamic control of the Pta-AckA pathway.
Scientific reports. 2017;7:42135. doi: 10.1038/srep42135

16.  Lee SG, Liao JC. Control of acetate production rate in Escherichia coli by regulating
expression of single-copy pta using lacl(Q) in multicopy plasmid. J Microbiol Biotechnol.
2008;18(2):334-7.

17.  Wilbanks B, Trinh CT. Comprehensive characterization of toxicity of fermentative
metabolites on microbial growth. Biotechnology for biofuels. 2017;10:262. doi:
10.1186/s13068-017-0952-4

18.  Luli GW, Strohl WR. Comparison of growth, acetate production, and acetate
inhibition of Escherichia coli strains in batch and fed-batch fermentations. Appl Environ
Microbiol. 1990;56(4):1004-11.

20



581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

19. Shen Q, Zhao L, Tuohy KM. High-level dietary fibre up-regulates colonic
fermentation and relative abundance of saccharolytic bacteria within the human faecal
microbiota in vitro. European journal of nutrition. 2011. doi: 10.1007/s00394-011-0248-6

20.  de Graaf AA, Maathuis A, de Waard P, Deutz NE, Dijkema C, de Vos WM, et al.
Profiling human gut bacterial metabolism and its kinetics using [U-*C]glucose and NMR.
NMR Biomed. 2010;23(1):2-12. doi: 10.1002/nbm.1418

21. Kleman GL, Strohl WR. Acetate metabolism by Escherichia coli in high-cell-density
fermentation. Appl Environ Microbiol. 1994;60(11):3952-8.

22.  Jones SA, Chowdhury FZ, Fabich AJ, Anderson A, Schreiner DM, House AL, et al.
Respiration of Escherichia coli in the mouse intestine. Infect Immun. 2007;75(10):4891-9.
doi: 10.1128/1A1.00484-07

23.  Cummings JH, Macfarlane GT, Englyst HN. Prebiotic digestion and fermentation. Am
J Clin Nutr. 2001;73(2 Suppl):415S-20S.

24.  Macfarlane GT, Gibson GR, Cummings JH. Comparison of fermentation reactions in
different regions of the human colon. J Appl Bacteriol. 1992;72(1):57-64. doi:
10.1111/j.1365-2672.1992.tb04882.x

25.  Cummings JH, Englyst HN. Fermentation in the human large intestine and the
available substrates. Am J Clin Nutr. 1987;45(5 Suppl):1243-55.

26.  Fabich AJ, Jones SA, Chowdhury FZ, Cernosek A, Anderson A, Smalley D, et al.
Comparison of carbon nutrition for pathogenic and commensal Escherichia coli strains in the
mouse intestine. Infect Immun. 2008;76(3):1143-52. doi: 10.1128/1A1.01386-07

27.  Millard P, Smallbone K, Mendes P. Metabolic regulation is sufficient for global and
robust coordination of glucose uptake, catabolism, energy production and growth in
Escherichia coli. PLo0S Comput Biol. 2017;13(2):1005396. doi:
10.1371/journal.pchi.1005396

28.  Kadir TA, Mannan AA, Kierzek AM, McFadden J, Shimizu K. Modeling and
simulation of the main metabolism in Escherichia coli and its several single-gene knockout
mutants with experimental verification. Microb Cell Fact. 2010;9:88. doi: 10.1186/1475-
2859-9-88

29.  Millard P, Portais JC, Mendes P. Impact of kinetic isotope effects in isotopic studies of
metabolic systems. BMC Syst Biol. 2015;9:64. doi: 10.1186/s12918-015-0213-8

30.  Pinhal S, Ropers D, Geiselmann J, de Jong H. Acetate metabolism and the inhibition
of bacterial growth by acetate. J Bacteriol. 2019;201(13). doi: 10.1128/JB.00147-19

21



614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

31. Lim JH, Jung GY. A simple method to control glycolytic flux for the design of an
optimal cell factory. Biotechnology for biofuels. 2017;10:160. doi: 10.1186/s13068-017-
0847-4

32.  Ruyter GJ, Postma PW, van Dam K. Control of glucose metabolism by enzyme 11Glc
of the phosphoenolpyruvate-dependent phosphotransferase system in Escherichia coli. J
Bacteriol. 1991;173(19):6184-91. doi: 10.1128/jb.173.19.6184-6191.1991

33. Fraenkel DG. Mutants in glucose metabolism. Annu Rev Biochem. 1986;55:317-37.
doi: 10.1146/annurev.bi.55.070186.001533

34.  Scamuffa MD, Caprioli RM. Comparison of the mechanisms of two distinct aldolases
from Escherichia coli grown on gluconeogenic substrates. Biochim Biophys Acta.
1980;614(2):583-90. doi: 10.1016/0005-2744(80)90247-8

35.  Long CP, Antoniewicz MR. Metabolic flux responses to deletion of 20 core enzymes
reveal flexibility and limits of E. coli metabolism. Metab Eng. 2019;55:249-57. doi:
10.1016/j.ymben.2019.08.003

36.  Daldal F, Babul J, Guixe V, Fraenkel DG. An alteration in phosphofructokinase 2 of
Escherichia coli which impairs gluconeogenic growth and improves growth on sugars. Eur J
Biochem. 1982;126(2):373-9. doi: 10.1111/j.1432-1033.1982.tb06790.x

37.  Martinez-Gomez K, Flores N, Castaneda HM, Martinez-Batallar G, Hernandez-
Chavez G, Ramirez OT, et al. New insights into Escherichia coli metabolism: carbon
scavenging, acetate metabolism and carbon recycling responses during growth on glycerol.
Microb Cell Fact. 2012;11:46. doi: 10.1186/1475-2859-11-46

38.  Dittrich CR, Bennett GN, San KY. Characterization of the acetate-producing pathways
in Escherichia coli. Biotechnol Prog. 2005;21(4):1062-7. doi: 10.1021/bp050073s

39.  Valgepea K, Adamberg K, Nahku R, Lahtvee PJ, Arike L, Vilu R. Systems biology
approach reveals that overflow metabolism of acetate in Escherichia coli is triggered by
carbon catabolite repression of acetyl-CoA synthetase. BMC Syst Biol. 2010;4:166. doi:
10.1186/1752-0509-4-166

40. Kacser H, Burns JA. The control of flux. Symposia of the Society for Experimental
Biology. 1973;27:65-104.

41.  Heinrich R, Rapoport TA. A linear steady-state treatment of enzymatic chains.
General properties, control and effector strength. Eur J Biochem. 1974;42(1):89-95. doi:
10.1111/j.1432-1033.1974.tb03318.x

42.  Wegner A, Meiser J, Weindl D, Hiller K. How metabolites modulate metabolic flux.
Curr Opin Biotechnol. 2015;34:16-22. doi: 10.1016/j.copbio.2014.11.008

22



648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680

43.  Moreno-Sanchez R, Saavedra E, Rodriguez-Enriquez S, Olin-Sandoval V. Metabolic
control analysis: a tool for designing strategies to manipulate metabolic pathways. J Biomed
Biotechnol. 2008;2008:597913. doi: 10.1155/2008/597913

44.  Cornish-Bowden A. Metabolic control analysis in theory and practice. Advances in
Molecular and Cell Biology. 1995;11:21-64. doi: 10.1016/S1569-2558(08)60247-7

45.  Enjalbert B, Letisse F, Portais JC. Physiological and molecular timing of the glucose
to acetate transition in Escherichia coli. Metabolites. 2013;3(3):820-37. doi:
10.3390/metabo3030820

46.  Chubukov V, Gerosa L, Kochanowski K, Sauer U. Coordination of microbial
metabolism. Nat Rev Microbiol. 2014;12(5):327-40. doi: 10.1038/nrmicro3238

47. Lempp M, Farke N, Kuntz M, Freibert SA, Lill R, Link H. Systematic identification of
metabolites controlling gene expression in E. coli. Nat Commun. 2019;10(1):4463. doi:
10.1038/s41467-019-12474-1

48.  von Wulffen J, Ulmer A, Jager G, Sawodny O, Feuer R. Rapid sampling of
Escherichia coli after changing oxygen conditions reveals transcriptional dynamics. Genes
(Basel). 2017;8(3). doi: 10.3390/genes8030090

49.  Gerosa L, Sauer U. Regulation and control of metabolic fluxes in microbes. Curr Opin
Biotechnol. 2011;22(4):566-75. doi: 10.1016/j.copbio.2011.04.016

50. Morin M, Enjalbert B, Ropers D, Girbal L, Cocaign-Bousquet M. Genomewide
stabilization of mMRNA during a "feast-to-famine" growth transition in Escherichia coli.
mSphere. 2020;5(3). doi: 10.1128/mSphere.00276-20

51.  Revelles O, Millard P, Nougayrede JP, Dobrindt U, Oswald E, Letisse F, et al. The
carbon storage regulator (Csr) system exerts a nutrient-specific control over central
metabolism in Escherichia coli strain Nissle 1917. PLoS One. 2013;8(6):€66386. doi:
10.1371/journal.pone.0066386

52.  Chavez RG, Alvarez AF, Romeo T, Georgellis D. The physiological stimulus for the
BarA sensor kinase. J Bacteriol. 2010;192(7):2009-12. doi: 10.1128/JB.01685-09

53.  Weinert BT, lesmantavicius V, Wagner SA, Scholz C, Gummesson B, Beli P, et al.
Acetyl-phosphate is a critical determinant of lysine acetylation in E. coli. Molecular cell.
2013;51(2):265-72. doi: 10.1016/j.molcel.2013.06.003

54. RenJ, Sang Y, Qin R, Su Y, Cui Z, Mang Z, et al. Metabolic intermediate acetyl
phosphate modulates bacterial virulence via acetylation. Emerg Microbes Infect.
2019;8(1):55-69. doi: 10.1080/22221751.2018.1558963

23



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713

55.  Doucette CD, Schwab DJ, Wingreen NS, Rabinowitz JD. alpha-Ketoglutarate
coordinates carbon and nitrogen utilization via enzyme | inhibition. Nat Chem Biol.
2011;7(12):894-901. doi: 10.1038/nchembio.685

56.  Koebmann BJ, Westerhoff HV, Snoep JL, Nilsson D, Jensen PR. The glycolytic flux
in Escherichia coli is controlled by the demand for ATP. J Bacteriol. 2002;184(14):3909-16.
doi: 10.1128/jb.184.14.3909-3916.2002

57.  Jahan N, Maeda K, Matsuoka Y, Sugimoto Y, Kurata H. Development of an accurate
kinetic model for the central carbon metabolism of Escherichia coli. Microb Cell Fact.
2016;15(1):112. doi: 10.1186/512934-016-0511-x

58.  Raamsdonk LM, Diderich JA, Kuiper A, van Gaalen M, Kruckeberg AL, Berden JA,
et al. Co-consumption of sugars or ethanol and glucose in a Saccharomyces cerevisiae strain
deleted in the HXK2 gene. Yeast. 2001;18(11):1023-33. doi: 10.1002/yea.746

59. Hui S, Cowan AJ, Zeng X, Yang L, TeSlaa T, Li X, et al. Quantitative fluxomics of
circulating metabolites. BioRxiv preprint. 2020. doi: 10.1101/2020.03.02.973669

60.  Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, et al. Glucose feeds
the TCA cycle wvia circulating lactate. Nature. 2017;551(7678):115-8. doi:
10.1038/nature24057

61.  Rabinowitz JD, Enerback S. Lactate: the ugly duckling of energy metabolism. Nature
Metabolism. 2020;2:566-71. doi: 10.1038/s42255-020-0243-4

62. Nicolas C, Kiefer P, Letisse F, Kromer J, Massou S, Soucaille P, et al. Response of the
central metabolism of Escherichia coli to modified expression of the gene encoding the
glucose-6-phosphate  dehydrogenase. = FEBS  Lett.  2007;581(20):3771-6.  doi:
10.1016/j.febslet.2007.06.066

63. Esquerre T, Laguerre S, Turlan C, Carpousis AJ, Girbal L, Cocaign-Bousquet M. Dual
role of transcription and transcript stability in the regulation of gene expression in Escherichia
coli cells cultured on glucose at different growth rates. Nucleic Acids Res. 2014;42(4):2460-
72. doi: 10.1093/nar/gkt1150

64. Millard P, Massou S, Wittmann C, Portais JC, Letisse F. Sampling of intracellular
metabolites for stationary and non-stationary *C metabolic flux analysis in Escherichia coli.
Anal Biochem. 2014;465:38-49. doi: 10.1016/j.ab.2014.07.026

65.  Chelliah V, Juty N, Ajmera I, Ali R, Dumousseau M, Glont M, et al. BioModels: ten-
year anniversary. Nucleic Acids Res. 2015;43(Database issue):D542-8. doi:
10.1093/nar/gku1181

24



714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733

734

735

66. Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, et al. COPASI--a COmplex
PAthway SIimulator. Bioinformatics. 2006;22(24):3067-74. doi:
10.1093/bioinformatics/btl485

67.  Chassagnole C, Noisommit-Rizzi N, Schmid JW, Mauch K, Reuss M. Dynamic
modeling of the central carbon metabolism of Escherichia coli. Biotechnol Bioeng.
2002;79(1):53-73.

68.  Saa PA, Nielsen LK. Formulation, construction and analysis of kinetic models of
metabolism: A review of modelling frameworks. Biotechnol Adv. 2017;35(8):981-1003. doi:
10.1016/j.biotechadv.2017.09.005

69.  Le Novere N, Hucka M, Mi H, Moodie S, Schreiber F, Sorokin A, et al. The Systems
Biology Graphical Notation. Nat Biotechnol. 2009;27(8):735-41. doi: 10.1038/nbt.1558

70.  Fox DK, Roseman S. Isolation and characterization of homogeneous acetate kinase
from Salmonella typhimurium and Escherichia coli. J Biol Chem. 1986;261(29):13487-97.
71.  Campos-Bermudez VA, Bologna FP, Andreo CS, Drincovich MF. Functional
dissection of Escherichia coli phosphotransacetylase structural domains and analysis of key
compounds involved in activity regulation. FEBS J. 2010;277(8):1957-66. doi:
10.1111/5.1742-4658.2010.07617.x

72.  Jahreis K, Pimentel-Schmitt EF, Bruckner R, Titgemeyer F. Ins and outs of glucose
transport systems in eubacteria. FEMS Microbiol Rev. 2008;32(6):891-907. doi:
10.1111/j.1574-6976.2008.00125.x

25



736

737

738
739
740
741
742
743
744
745
746
747
748
749

750
751
752
753
754
755
756
757
758
759
760
761

762
763
764
765
766
767

Figure legends.

Figure 1. Representation of glucose and acetate metabolism in Escherichia coli (panel A), in

Systems Biology Graphical Notation format (http://sbgn.org) [69]. We performed **C-labeling

experiments to calibrate the model and evaluated the goodness-of-fit for different topologies
(panel B). The initial model (model 1), which does not include inhibition of the glycolytic
pathway and TCA cycle by acetate, did not fit the data satisfactorily. Adding inhibition by
acetate of glycolysis (model 2) or of the TCA cycle (model 3) improved the fit, but both
pathways had to be inhibited (model 4) for the goodness-of-fit criterion to be satisfied. In
panel B, the horizontal line represents the 95 % confidence threshold for the variance-
weighted sum of squared residuals (SSR). The best fits of the experimental data obtained with
model 4 are shown in panel C, where the shaded areas represent the 95 % confidence interval
on the fits. The best fits obtained with the alternative models (models 1-3) are shown in

Figure 1-figure supplements 1-3.

Figure 2. Response of the E. coli transcriptome to changes in acetate concentration (0, 10, 50
or 100 mM) during growth on glucose (15 mM). The changes in gene expression are shown in
panel A. Each line represents the expression of a single gene relative to its expression level
measured in the absence of acetate. Up- and down-regulated genes are shown in red and
green, respectively. The Venn diagrams (panel B) represent the total number of genes
upregulated (left) and downregulated (right) by at least a factor of 2 under each condition and
during growth on glucose in the absence of acetate but at the same growth rate as in the
presence of 100 mM acetate (0.35 h™!, extrapolated from the data from [63]). Biological
functions modulated by the presence of acetate (based on Gene Ontology analysis) are shown
in panel C, with the corresponding p-values. The expression levels of central metabolic genes
are shown in panel D. The data were obtained from four independent biological replicates for

each condition.

Figure 3. Comparison of model predictions with experimental data. We used the model to
simulate i) steady-state glucose and acetate fluxes in glucose-limited chemostat cultures at
dilution rates of 0.1-0.5 h™* (panel A), ii) the growth rates and glucose and acetate fluxes
during growth on glucose at various acetate concentrations (B), and iii) the time courses of the
changes in glucose and acetate concentrations during exponential growth on glucose after a

pulse of either acetate or water (C). Model predictions are represented by lines and
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experimental data are shown as dots (the error bars represent one standard deviation), the
shaded areas represent the 95 % confidence intervals on the predictions. Predictions obtained
with the alternative models (models 1-3) are shown in Figure 3-figure supplements 1-3. The
predictive accuracy was compared between models based on the variance-weighted sum of
squared residuals between simulated and experimental data (Figure 3-figure supplements 1
4).

Figure 4. Heatmap of flux control coefficients during growth on glucose (15 mM) and acetate
(0.1 mM). Each column represents a controlling reaction (E) and each row, a flux (J). Red and
blue cells represent negative and positive flux control coefficients (Cé), respectively, with

darker (lighter) tones indicating stronger (weaker) control.

Figure 5. Control of acetate flux over a broad range of acetate concentrations. The shaded
areas represent the 95 % confidence intervals. Flux control coefficients calculated with the
alternative models (models 1-3) are shown in Figure 5-figure supplements 1-3.

Figure 6. Regulation of acetate flux in E. coli. The different routes through which acetate flux
can be regulated by the acetate concentration are shown in panel A. Dotted lines represent
indirect (hierarchical) regulation, and straight lines represent direct (metabolic) regulation.
The strengths of the three regulatory routes are respectively shown in panels B-D, and their
relative contributions are shown in panel E. The shaded areas represent the 95 % confidence

intervals.
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Tables.

Name Reaction Rate law® | Comment
Glucose_feed e > GLC ¢ Glucose inflow and medium
Acetate_outflow | ACEen — = MA .
- outflow to simulate chemostat
Biomass_outflow | X —» = MA i
= experiments
Glucose_outflow | GLC — = MA
Glycolysis GLC — 1.4 x ACCOA | IMM Stoichiometric coefficient
taken from [64]
TCA_cycle ACCOA — = IMM Utilization of AcCoA by the
TCA cycle
Pta ACCOA < ACP RMM Rate law from [15, 27, 28]
AckA ACP < ACEy RMM Rate law from [15, 27, 28]
Acetate_exchange | ACEce <> ACEeny, RMM Rate law from [27]
Growth X—-2xX MA Rate calculated from the TCA

cycle flux, assuming a constant
biomass yield [15, 30]

Table 1. Reactions included in the kinetic model of glucose and acetate metabolism of E. coli.

®The following abbreviations are used: C, Constant flux; MA, Mass Action; RMM, Reversible

Michaelis-Menten; IMM, Irreversible Michaelis-Menten.

Reaction Parameter Value Source
Keq 174 [15, 27, 28]
Km_ACE 7 [15, 27, 70]
AckA Km_ACP 0.16 [15, 27, 70]
Km_ADP 0.5 [15, 27, 70]
Km_ATP 0.07 [15, 27, 70]
Keq 0.005 [15, 27]
Km_ACCOA 0.2 [15, 27, 71]
Ki_ACP 0.2 [15, 27, 71]
Pta Km_COA 0.029 [15, 27, 71]
Ki P 135 [15, 27, 71]
Km_ACP 0.7 [15, 27, 71]
Km_P 6.1 [15, 27]
Glycolysis | Km_GLC 0.02 [72]
Acetate Keq 1 Intracellular and extracellular
exchange concentrations equilibrate over time

Table 2. Values of kinetic parameters taken from the literature.
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Reaction Parameter Value 95 9% ClI
AckA Vmax 3.4x10° | 2.8x10° — 5.5x10°
Pta Vmax 0.77x10° | 4.9x10* — 9.9x10°
Glveolvsis Vmax 5.6x10° | 5.3x10° - 5.9x10°
YOS G ACE 36.7 30.9-46.9
Km _ACCOA | 2438 8.4 -615.4
TCAcycle | Vmax 7.41x10° | 2.4x10° — 1.7x10°
Ki_ACE 2.3 1.8-34
Growth Y 1.0x10* | 9x10° —1.1x10™
Acetate Vmax 4.8x10° | 8x10%—1.5x10°
exchange Km_ACE 33.2 1.5-99.8

Table 3. Values of model parameters and 95 % confidence intervals (CIs).
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Supplementary files

Supplementary file 1. R scripts used to construct the models, perform the simulations and

generate the figures.
Figure 1-figure supplement 1. Best fit obtained for model 1.
Figure 1-figure supplement 2. Best fit obtained for model 2.

Figure 1-figure supplement 3. Best fit obtained for model 3.

Figure 3-figure supplement 1. Comparison of measured and predicted data (model 1).
Figure 3-figure supplement 2. Comparison of measured and predicted data (model 2).

Figure 3-figure supplement 3. Comparison of measured and predicted data (model 3).

Figure 3-figure supplement 4. Comparison of the predictive accuracy of models 1-4.
Figure 5-figure supplement 1. Flux control coefficients obtained with model 1.
Figure 5-figure supplement 2. Flux control coefficients obtained with model 2.

Figure 5-figure supplement 3. Flux control coefficients obtained with model 3.
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