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Control of carbon flux through enzymes of central and
intermediary metabolism during growth of Escherichia coli

on acetate

Mansi El-Mansi', Alain J Cozzone?, Joseph Shiloach® and

Bernhard J Eikmanns*

During aerobic growth of Escherichia coli on acetate, the
component parts of the ‘acetate switch’ are turned-on as a
consequence of direct competition, on the one hand, between
phosphotransacetylase (PTA) and «-ketoglutarate
dehydrogenase (a-KGDH) for their common co-factor free-CoA
(HS-CoA) and, on the other hand, between isocitrate lyase (ICL)
and isocitrate dehydrogenase (ICDH) for their common
substrate isocitrate. Flux analysis revealed that competitions at
both junctions in central metabolism are resolved in a precise
way, so that the fraction of HS-CoA flux processed through PTA
for biosynthesis relative to that processed through a-KGDH for
energy generation, matches that observed for isocitrate flux
through ICL relative to ICDH at the junction of isocitrate.
Whereas the mechanism involved in the partition of carbon flux
at the level of HS-CoA in central metabolism remains to be
unravelled, the competition at the junction of isocitrate is
resolved by the reversible phosphorylation/inactivation of ICDH
and the operation of the glyoxylate bypass, the expression of
which is subject to regulation at the transcriptional and
translational levels as well as being dependent on growth rate.
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Introduction

The successful adaptation of Escherichia coli, and other
organisms, to constant nutritional changes, which range
from feast to famine, relies primarily on the organism’s
ability to ‘switch off’ carbon flux (see Glossary) to acetate
excretion and to ‘turn on’ acetate utilisation. The

realisation that acetyl phosphate, an energy rich substrate,
might act as a global signal [1,2] in the regulation of cell
division [3], pathogenicity [4], biofilm formation [5°] and
the partition of free-CoA (HS-CoA) flux between phos-
photransacetylase (PTA) and a-ketoglutarate dehydro-
genase (a-KGDH) [6°] triggered renewed and vigorous
interest in the ‘acetate switch’ in general [7°°], and in the
molecular mechanisms involved in the control and parti-
tion of carbon flux among various enzymes of central and
intermediary metabolism in particular [8°%,9°°]. The latter
aspect, the subject of this review, is complex, not only
because of the presence of duplicate but differently
regulated isoenzymes but also because of competition
at metabolic junctions between catabolic and anabolic
enzymes [10]. Such competition is resolved through
operation of a wide range of regulatory control mechan-
isms, some of which are global, whereas others are specific
[11,12°].

Metabolic inter-conversion of central and
intermediary metabolism between
acetogenesis and acetate utilization: the
acetate switch

During growth of E. co/i on acetogenic substrates, flux to
acetate excretion is primarily achieved through the activ-
ities of PTA and acetate kinase (AK) (Figure 1). In the
absence of these enzymes, the organism employs pyru-
vate oxidase (PO) for the excretion of acetate [12°,13,14°].
Unlike E. co/i, the halophilic archaea do not employ the
PTA-AK or PO pathways for the excretion of acetate;
instead they use an ADP-forming acetyl CoA synthetase
[15°,16°].

Recently, the acetate switch has been defined as the
moment at which acetate excretion levels equal acetate
assimilation levels [7°°]. In this article, we define the
acetate switch as the point at which the organism
switches, or inter-converts, its enzymatic machinery from
acetate excretion to acetate utilization. The point at
which the acetate switch is triggered depends on growth
conditions; for example, during growth of E. co/i MLL308
in batch culture on acetogenic substrates — those, such as
glucose, that support flux to acetate excretion — the
acetate switch is triggered following the onset of station-
ary phase, at which point the primary carbon source is
fully consumed (Figure 2), oxygen uptake and carbon
dioxide evolution cease and the intracellular level of
acetyl CoA diminishes significantly. The acetate switch

www.sciencedirect.com

Current Opinion in Microbiology 2006, 9:173-179


mailto:m.el-mansi@napier.ac.uk
http://dx.doi.org/10.1016/j.mib.2006.02.002

174 Cell regulation

Glossary

Metabolic flux: Metabolic flux through a given enzyme is usually
expressed in terms of wmol mg~" dry weight per unit time (Table 1)
[30].

Carbon flux: Carbon flux can be calculated by multiplying the
throughput of carbon through a given enzyme by the specific growth
rate (p) [30].

Isocitrate junction: During growth on acetate, the glyoxylate bypass
enzyme, isocitrate lyase (ICL), must compete directly with the Krebs
cycle enzyme (ICDH) for their common substrate thus creating a
junction at the level of isocitrate in central metabolism [9°°].

Moiety conserved cycle: This is a cycle that has no sinks for
metabolites — that is, no output to biosynthesis [23]. For example, the
Krebs cycle is not a moiety conserved cycle because it has at least
two sinks at the level of a-ketoglutarate and oxaloacetate from which
metabolites are withdrawn for biosynthesis. An example of a moiety
conserved cycle, however, is the cycle in which ICDH is inter-
converted from being catalytically active to catalytically inactive
(phosphorylated), catalysed through the bifunctional regulatory
enzyme ICDH kinase/phosphatase [9°°].

Turnover of metabolites: The turnover of a given metabolite is a
function of its intracellular concentration and the total flux of this
metabolite [30]. For example in this paper we reported the turn over of
isocitrate as a function of its concentration and the total (combined)
flux of isocitrate through ICDH and ICL, thus working out how fast or
how a slow the isocitrate pool is used up and, in turn, regenerated.
Ultrasensitivity: The theory of ultrasensitivity [24] unravelled a
significant feature in cellular regulation. It states that the higher the
concentration of the substrate (the enzyme subject to regulation) the
more effective the regulation. For example, we see that in the acetate
phenotype, the intracellular concentration of ICDH is nearly twice as
much as that observed in the glycerol phenotype. This results in more
effective inactivation of ICDH by phosphorylation, catalysed by ICDH
kinase/phosphatase in the acetate phenotype [36].

Central and intermediary metabolism: Central metabolism is
primarily composed of three different pathways, namely: glycolysis,
the pentose phosphate pathway and the Krebs cycle. The primary
function of central metabolism is to generate reducing power (NADH,
NADPH and FADH,), ATP and biosynthetic precursors. Intermediary
metabolism on the other hand focuses on the biosynthetic routes that
emerge from central metabolism (personal view of EMT El-Mansi).

is then turned on in order to facilitate the utilization of the
excreted acetate through the expression of acetyl CoA
synthetase (ACS) and PTA-AK (Figure 1) [17,18°]. In
sharp contrast to the wild type, E. co/i EM 1017, the strain
deficient in isocitrate dehydrogenase (ICDH), was unable
to utilize the excreted acetate (Figure 2) [19,20°], sug-
gesting that flux through ICDH is essential for the
operation of the acetate switch. During growth in con-
tinuous cultures (chemostats), however, the acetate
switch appears to be triggered when the growth rate
() diminishes to 0.35 h™! or less, as evidenced by the
detection of isocitrate lyase (ICL) activity — 50% of that
observed in acetate phenotype (Figure 3) — as well as its
corresponding mRNA transcripts in cells grown on the
acetogenic substrate pyruvate (Figure 3) (J-N Phue, M
El-Mansi and ] Shiloach, unpublished).

Another central feature of the events leading to the
activation of the acetate switch is the inactivation of a
large fraction of ICDH following exhaustion of glucose
and onset of stationary phase [21]. Once the excreted

acetate is fully consumed by E. co/i, ICDH is activated,
and the acetate switch is turned off. Therefore, the
phosphorylation and dephosphorylation of ICDH, which
results in its inactivation and activation, respectively,
appear to be equated, in turn, with the turning on and
turning off of the acetate switch. This reversible inactiva-
tion of ICDH is catalysed by ICDH kinase/phosphatase,
through reversible phosphorylation [22]; ICDH kinase/
phosphatase is a bifunctional regulatory enzyme, the
catalytic activities of which constitute a moiety-conserved
cycle [23], require ATP and exhibit ‘zero-order ultrasen-
sitivity’ [24].

In sharp contrast to E. coli, Corynebacterium glutamicum
does not excrete acetate during growth on glucose or on
other carbohydrates except under oxygen limitation
[25,26°°]. This suggests that the acetate switch does
not operate in C. glutamicum under aerobic conditions;
however, it remains to be established whether the acetate
switch in C. glutamicum is subject to global anaerobic
regulators such as FNR (fumarate and nitrate reduction).

Acetate utilization

As the acetate switch is turned on, acetate is initially
activated and converted to acetyl CoA either directly
through the activity of ACS or in a two-step pathway
involving P'T'A and AK (Figure 1). Subsequent oxidation
of acetyl CoA through the Krebs cycle requires the
operation of the anaplerotic sequence of the glyoxylate
bypass [21,22], which consists of two enzymes, isocitrate
lyase (ICL, EC 4.1.3.1) and malate synthase (MS, EC
2.3.3.9). Whereas ICL catalyses the aldole cleavage of
isocitrate to succinate and glyoxylate — this bypasses the
two steps in the Krebs cycle in which carbon is lost, in the
form of carbon dioxide — MS catalyses the condensation
of acetyl CoA and glyoxylate to give malate and HS-CoA,
thus fulfilling its anaplerotic function [10,12°].

Partition of carbon flux at the junction of isocitrate

Although measurement of carbon flux is complex, it is
made possible by the use of radioactive isotopes, GC-MS
(gas chromatography-mass spectrophotometry) and 2D-
NMR (two-dimensional nuclear magnetic resonance), as
well as computer software technologies, such as Gepasi
and MMT2 metabolic modelling programmes [27].
Analysis by Zhao er al. [28°] revealed that the switch
from glucose metabolism to acetate metabolism was
accompanied by a decrease in CO, evolution and an
increase in the efficiency of carbon conversion to biomass.
From measurements of the pool size of isocitrate
(1.54 wmol mg~" dry weight) [29] and the total flux
through ICDH and ICL (1443 pmolmg 'h™';
Figure 4), it has been shown that the pool of isocitrate
‘turns over’ 2.6 times per second (i.e. the whole pool is
used and replenished) during growth on acetate, which is
much slower than those reported during growth on aceto-
genic substrates (18.7 and 26.0 for glucose and glycerol
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An overview of the central metabolic pathways of acetogenic metabolism in E. coli, highlighting the routes to acetate excretion and utilization as
well as the central role of HS-CoA in the operation of the Krebs cycle and in energy generation. Dashed lines indicate the routes for acetate

utilization, whereas solid lines indicate the routes for acetate excretion.

Large grey arrows indicate flux to biosyntheses (intermediary metabolism).

Enzymes are as follows: a, pyruvate dehydrogenase complex; b, citrate synthase; ¢, acetyl CoA carboxylase; d, PTA; e, AK; f, the electron

transport chain; g and h, ACS (AMP-forming); i, PO.

phenotypes, respectively [30]). Similarly, from measure-
ments of the pool sizes of HS-CoA and acetyl CoA [31],
and the total flux of each of these (Figure 4), the turn-over
value for HS-CoA was found to vary, depending on the
strain, ranging from 4.6—7.4 times per second, whereas the
acetyl CoA pool turn-over value ranged from 8.5-9.5
times per second.

Interestingly, metabolic fluxes through central metabo-
lism in C. glutamicum are higher than those in E. coli
(Table 1) [32], but flux through PTA in relation to flux
through a-KGDH (1.7), does not match that for ICDH in
relation to ICL (3.17), thus reflecting the different

regulatory-control mechanisms employed by both organ-
isms for the control of metabolic flux [25,33°].

Impact of ICDH phosphorylation on the partition of carbon
flux at the junction of isocitrate

The catalytic activities of ICDH kinase/phosphatase
constitute a moiety-conserved cycle [23] and facilitate
the metabolic inter-conversion of ICDH between
the catalytically active and inactive forms [22]. It is
possible, therefore, that such inter-conversion coincides
with the turning on and turning off of the acetate switch.
Although phosphorylation/inactivation of ICDH has now
been shown to be a prerequisite for growth of E. co/i on

www.sciencedirect.com

Current Opinion in Microbiology 2006, 9:173-179



176 Cell regulation

Figure 2
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Patterns of glucose utilization (O, @) and acetate excretion (], H)
during growth of E. coli ML308 (white shapes) and ICDH-deficient E. coli
strain EM1017 (black shapes) in batch cultures at 37 °C. The arrow
indicates the point at which the acetate switch is triggered in the wild
type but not in the mutant following the exhaustion of glucose.

acetate, the ability of some ICDH kinase/phosphatase-
deficient mutants to grow on acetate was found to be
because of low levels of ICDH activity in these mutants,
which mimics the impact of phosphorylation [34]. Inter-
estingly, / silico simulation studies revealed that success-
ful partitioning of carbon flux at the junction of isocitrate,
in the absence of ICDH phosphorylation/inactivation, can
also be achieved by increasing the concentration of ICL
above a certain threshold [35]. According to the theory of
ultrasensitivity [24], the impact of 7z vivo phosphorylation
on the inactivation of ICDH is enhanced, because the
intracellular ICDH protein concentration in the acetate
phenotype is nearly twice as high as that reported for E.
coli growing on acetogenic substrates [36].

Control of expression of the glyoxylate bypass operon

The structural organization of the glyoxylate bypass
operon (aceBAK) has been thoroughly investigated [22].
Significantly, unlike the intergenic region between aceB
and aceA, the intergenic region between aceA and aceK is
palindromic, which, in turn, leads to the formation of a
stable stem-and-loop structure, thus eliciting a decrease
in aceK transcription [37]. Inefficient translation and pre-
mature transcriptional-termination of mRNA might also
contribute to the observed decrease in the expression of
aceK. Differential expression among the enzymes of the
glyoxylate bypass operon is physiologically advantageous
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Acetate Glycerol Pyruvate
[ 17 1] 1
abcdefghl jklImnpopqgr
aceA WA N " A LI
1 -
—il— Acetate
—&— Glycerol
—&— Pyruvate
0.8
(4]
[ =
(]
()]
o]
@
o 0.6
o
o
>
@
ks)
2 04
o
=
‘@
c
L
£ 024
O I T T T T T 1
0.6 0.5 04 0.3 0.2 0.1 0
Specific growth rate (h-1)
Current Opinion in Microbiology

Transcriptional control of the expression of the glyoxylate bypass
operon, as a function of growth rate (), during growth of E. coli
ML308 in continuous culture on pyruvate (A) and acetate (H) at 37 °C.
The levels of mRNA transcripts (inset) were determined by Phue et al.
[14°,20°] during growth in continuous culture on pyruvate, as
previously described, and plotted as a function of growth rate.

because the concentration of each enzyme is sufficient to
meet the metabolic demands of central and intermediary
metabolism. Furthermore, unlike IclIR and FadR repres-
sors, FruR, a pleiotropic transcriptional regulator, stimu-

lates the synthesis of the aceBAK operon [20,38].

The signal that triggers the acetate switch in preparation
for adaptation to acetate

Although the nature of the primary signal that triggers the
acetate switch has been studied intensively, it remains
the subject of much speculation. Iz vitro studies revealed
that the binding of IcIR to the operator or promoter region
of the aceBAK operon was not sensitive to either acetate or
acetyl CoA [39] suggesting that acetate, per se, is not this
signal. Similarly, 7z vivo studies revealed that phosphor-
ylation/inactivation of ICDH was not directly related to
acetate, but rather that it was dependent on the bacteria’s
need to maintain high intracellular levels of isocitrate
and HS-CoA [36]. Unlike pyruvate and oxaloacetate,
which have been ruled out as possible signals because
neither were capable of influencing IclR binding,
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The distribution and partition of carbon flux in E. coli ML308 among various enzymes of central and intermediary metabolism, during growth on
acetate as the sole carbon and energy source in batch culture at 37 °C. The metabolic network and fluxes portrayed above; drawn to highlight
the competition at metabolic junctions in general and for isocitrate and HS-CoA in particular, are based on the monomeric composition of

E. coli [41], the data given by Holms [30] and the pathways portrayed for acetate metabolism [8°°]. Values are given as umol min~"

mg~' dry

weight. Large grey arrows indicate flux to biosyntheses (intermediary metabolism).

Table 1

Metabolic fluxes in vivo, through various enzymes of central
metabolism in E. coli and of C. glutamicum during growth on
acetate minimal medium

Net flux (wmol min~" mg‘1

dry weight)
Pathway or reaction E. coli C. glutamicum
AK-PTA 20.16 64.80
ICL-MS 4.59 11.88
ICD-a-KGDH 9.84 37.68
Succinate dehydrogenase 14.43 48.24
PEP carboxykinase 2.41 8.64
Phosphoglycerate kinase 1.58 1.92
Citrate synthase 14.43 49.56

Data from [30,32].

phosphoenolpyruvate (PEP) severely impaired the bind-
ing of IcIR and, as such, might act as an inducer [39].

The role of HS-CoA and its thioester derivatives

T'he intracellular concentrations of HS-CoA and its thioe-
ster derivatives (acetyl CoA, succinyl CoA and malonyl
CoA) are tightly regulated, with the acetyl CoA:HS-CoA
ratio changing in response to growth conditions [31]. The
metabolic inter-conversion between acetyl CoA and HS-
CoA through PTA is, therefore, central to successful
adaptation and to growth on acetate. A recently proposed
hypothesis, on the one hand, implicates direct competi-
tion between PTA and o-KGDH for their common
cofactor, HS-CoA, and, on the other hand, between
ICDH and ICL for their common substrate, isocitrate,
as being essential for successful adaptation to growth on
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acetate [8°°]. In this hypothesis, it is proposed that P TA
out-competes a-KGDH for HS-CoA, by virtue of its high-
affinity for HS-CoA or by another, hitherto unknown,
mechanism, thus a-KGDH is a rate-controlling enzyme
in the Krebs cycle. This, in turn, leads to the accumula-
tion of a-ketoglutarate and isocitrate. Consequently, the
acetate switch turns on the expression of the glyoxylate
bypass operon, thus rendering a large fraction (75%) of
ICDH inactive [40] and in turn, facilitating flux through
the anaplerotic sequence of the glyoxylate bypass. The
recent finding that loss of pyruvate oxidase PoxB was
accompanied by a drop in growth rate and in efficacy of
carbon conversion to biomass [12] lends further support to
the above hypothesis [8°°].

Conclusions and perspectives

In E. coli, the activation of acetate to acetyl CoA directly
by ACS or indirectly by acetyl phosphate through the
activities of AK and PTA means that a-KGDH is rate-
controlling in the Krebs cycle, thus leading to accumula-
tion of isocitrate and triggering of the acetate switch,
which is equated with slow growth rate, a low turn over of
the isocitrate pool and the phosphorylation/inactivation of
ICDH. There are, however, indications that this mechan-
ism is not ubiquitous among all microorganisms, for
example, C. glutamicum and Acinetobacter calcoaceticus
appear to have a different mechanism.

Flux analysis in E. ¢o/i revealed that the fraction of HS-
CoA flux processed through P'TA for biosynthesis relative
to that processed through a-KGDH for energy genera-
tion, matches that observed for isocitrate flux through
ICL relative to ICDH, thus implicating a global regula-
tory control mechanism for the partition of free-CoA
among various enzymes of central and intermediary
metabolism.

In future research it will be necessary to over come two
major challenges: understanding the mechanism by
which acetyl phosphate exerts influence through its abil-
ity to act as a phosphoryl donor, directly or indirectly, to
various members of the two-component signal transduc-
tion pathways; together with addressing the question of
whether PTA acts as a sensor and/or response regulator
for the intracellular concentrations and concentration
ratio of acetyl CoA:HS-CoA. This will significantly
enhance our understanding of cellular metabolism, with
respect to virulence and pathogenicity.

Acknowledgements

The authors wish to thank their respective funding bodies that supported
research leading to the publications of this review; these include, the
Biotechnology and Biological Sciences Research Council, London;
Napier University, Edinburgh, Scotland, UK; Bundesministerium fiir
Bildung und Forschung, Bonn, Germany; Centre National de la
Recherche Scientifique, France; and the National Institutes of Health,
Bethesda, USA. The authors wish to thank Marina Mocogni of Napier
University, Edinburgh for skilled assistance in the preparation of the
manuscript.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. McCleary WR, Stock JB, Ninfa J: Is acetyl phosphate a global
signal in Escherichia coli? J Bacteriol 1993, 175:2793-2798.

2. Wanner BL: Gene regulation by phosphate in enteric bacteria.
J Cell Biochem 1993, 51:47-54.

3. Pruss BM: Acetyl phosphate and the phosphorylation of OmpR
arc involved in the regulation of the cell division rate in
Escherichia coli. Arch Microbiol 1998, 170:141-146.

4. Prohinar P, Forst SA, Reede D, Mandic-Mulec |, Weiss J:
OmpR-dependent and OMR-independent responses of
Escherichia coli to sublethal attack by the neutrophil
bactericidal/permeability increasing protein. Mol Microbiol
2002, 43:1493-1504.

5.  Wolfe AJ, Chang D-E, Walker JD, Seitz-Partridge JE, Vidaurri MD,
Lang CF, Pruss BM, Henk MC, Larkin JC, Conway T: Evidence
that acetyl phosphate functions as a global signal during
biofilm development. Mol Microbiol 2003, 48:977-988.

An excellent study in which the authors provide conclusive support for the
role of the global regulator acetyl phosphate in biofilm formation.

6. ElI-Mansi M: Flux to acetate and lactate excretions in industrial
o fermentations: physiological and biochemical implications.

J Ind Microbiol Biotechnol 2004, 31:295-300.
This study argues that flux to acetate and to lactate excretions are not
merely a reflection of metabolite overflow but, rather, serve certain
biochemical and physiological functions.

7. Wolfe AJ: The acetate switch. Microbiol Mol Biol Rev 2005,

ee 69:12-50.

This extensive, yet elegant, review of the acetate switch is a must read for
all researchers interested in acetate metabolism. In addition to describing
acetogenesis, acetate assimilation and the possible role of acetyl phos-
phate as a global regulator of cellular metabolism, it also eloquently
describes the mechanism which regulates transcription from the complex
promoter of acs, the structural gene encoding the AMP-forming acetyl
CoA synthase.

8. El-Mansi M: Free-CoA mediated regulation of intermediary and
ee central metabolism: an hypothesis, which accounts for the
excretion of a-ketoglutarate during growth of Escherichia coli
on acetate. Res Microbiol 2005, 156:874-879.
In this study the author proposed that partition of carbon flux at the level of
HS-CoA between PTA and a-KGDH, and at the level of isocitrate between
isocitrate dehydrogenase and isocitrate lyase, are regulated in a precise
way that facilitates high intracellular levels of isocitrate and the operation
of the glyoxylate bypass.

9. Cozzone AJ, EI-Mansi EMT: Control of isocitrate

ee dehydrogenase catalytic activity in Escherichia coli by protein
phosphorylation. J Mol Microbiol Biotechnol 2005, 9:132-146.

In this study the authors illustrated reversible phosphorylation, and its role

in bringing about the reversible inactivation of ICDH in E. coli and related

organisms.

10. Guest JR, Russell GC: Complexes and complexities of the citric
acid cycle in Escherichia coli. Curr Top Cell Regul 1992,
33:231-247.

11. Guest JR: Oxygen regulated gene expression in Escherichia
coli. J Gen Microbiol 1992, 138:2253-2263.

12. Guest JR, Abdel-Hamid AM, Auger GA, Cunnigham L,

. Henderson RA, Machado RS, Attwood MM: Physiological effects
of replacing the PDH complex of E. coli by genetically
engineered variants or by pyruvate oxidase. In Thiamine:
catalytic mechanisms and role in normal and disease states. Edited
by Frank Gordon, Mulchand S, Patel. New York: Marcel Dekker
Inc; 2004:0-8247-4062-9389-407.

In this excellent review the authors described the physiological conse-

quences of replacing pyruvate dehydrogenase with genetically-modified

variants or with pyruvate oxidase. Among the many findings reported is

that loss of flux through pyruvate oxidase was accompanied by a 15-20%

drop in growth rate, growth yield and efficiency of carbon conversion to

biomass, thus enforcing the view that ‘energy is not the sole criterion in
defining growth efficiency’.

Current Opinion in Microbiology 2006, 9:173-179

www.sciencedirect.com



Control of carbon flux through enzymes of central and intermediary metabolism during growth of Escherichia coli on acetate

13. Abde-Hamid AM, Attwood MM, Guest JR: Pyruvate oxidase
contributes to the aerobic growth efficiency of Escherichia
coli. Microbiology 2001, 147:1483-1498.

14. Phue J-N, Shiloach J: Impact of dissolved oxygen

e concentration on acetate accumulation and physiology of E.
coli BL21, evaluating transcription levels of key genes at
different dissolved oxygen conditions. Metab Eng 2005,
7:353-363.

In this paper, evidence is provided that pyruvate oxidase is expressed

during log phase when oxygen is limited, even though it is a stationary

phase induced enzyme.

15. Brasen C, Schonheit P: Unusual ADP-forming acetyl-coenzyme

e A synthetases from the mesophillic euryarchaeon
Haloarcula marismortui and from the hyperthermophilic
crenarchaeon Pyrobaculum aerophilum. Arch Microbiol 2004,
182:277-287.

In this study, the authors reported the discovery of novel ACSs with

unique catalytic features; which might be of biotechnological interest.

16. Brasen C, Schonheit P: Regulation of acetate and acetyl-CoA

e converting enzymes during growth on acetate and/or glucose
in the halophilic archaeon Haloarcula marismortui. FEMS
Microbiol Lett 2004, 241:21-26.

In this study the authors provided evidence that acetate excretion was

catalysed through the activity of an inducible ADP-forming ACS whereas

acetate utilization and its activation to acetyl CoA was achieved through

the activity of the AMP-forming ACS.

17. Shin S, Song SG, Lee DS, Pan LG, Park C: Involvement of iclR
and rpoS in the induction of acs, the gene for acetyl CoA
synthetase of Escherichia coli K12. FEMS Microbiol Lett 1997,
146:103-108.

18. Oh M-K, Rohlin L, Kao KC, Liao JC: Global expression profiling
of acetate-grown Escherichia coli. J Biol Chem 2002,
277:13175-13183.

19. Aoshima M, Ishii M, Yamagishi A, Oshima T, Igarashi Y: Metabolic
characteristics of an isocitrate dehydrogenase defective
derivative of Escherichia coli BL21(DE3). Biotechnol Bioeng
2003, 84:732-737.

20. Phue J-N, Noronha SB, Hattacharyya R, Wolfe AJ, Shiloach J:

e  Glucose metabolism at high density growth of E. coli B and E.
coli K: differences in metabolic pathways are responsible for
efficient glucose utilization in E coli B as determined by
microarrays and Northern blot analyses. Biotechnol Bioeng
2005, 90:805-820.

In this study the authors revealed that FruR, a major regulatory

molecule that controls the expression of ppsA (phosphoenolpyruvate

synthetase) and aceBAK in E. coli, might also regulate the expression
of acs.

21. Holms WH: Control of flux through the citric acid cycle and the
glyoxylate bypass in Escherichia coli. Biochem Soc Symp 1987,
54:17-31.

22. Cozzone AJ: Regulation of acetate metabolism by protein
phosphorylation in enteric bacteria. Annu Rev Microbiol 1998,
52:127-164.

283. Hofmeyr J-HS, Kacser H, Merwe KJ: Metabolic control
analysis of moiety-conserved cycles. Eur J Biochem 1986,
155:631-641.

24. Koshland DE Jr: Switches, thresholds and ultrasensitivity.
Trends Biochem Sci 1987, 12:225-229.

25. Gerstmeir R, Wendisch VF, Schnicke S, Ruan H, Farwick M,
Reinscheid D, Eikmanns BJ: Acetate metabolism and its
regulation in Corynebacterium glutamicum. J Biotechnol 2003,
104:99-122.

26. Eikmanns BJ: Central metabolic pathways of Corynebacterium

ee glutamicum: tricarboxylic cycle and anaplerotic reactions. In
Handbook of Corynebacterium glutamicum. Edited by Eggeling L,
Bott M. Boca Raton: CRC Press; 2005:241-276.

This book chapter summarizes what is known about the TCA cycle, the

glyoxylate cycle and the related pathways at the PEP-pyruvate-

El-Mansi et al. 179

oxaloacetate node of C. glutamicum. Moreover, it highlights the char-
acteristic features of these pathways in C. glutamicum.

27. Zhao J, Shimizu K: Metabolic flux analysis of Escherichia coli
K12 grown on '3C-labelled acetate and glucose using GC-MS
and powerful flux calculation method. J Biotechnol 2003,
101:101-117.

28. Zhao J, Baba T, Mori H, Shimizu K: Effect of zwf gene knockout

e on the metabolism of Escherichia coli grown on glucose or
acetate. Metab Eng 2004, 6:164-174.

In this study, the authors showed that zwf deletion was accompanied by

significant differences in the distribution of carbon flux among various

enzymes of central metabolism on one hand and the efficiency of carbon

conversion to biomass on the other.

29. EI-Mansi EMT, Nimmo HG, Holms WH: The role of isocitrate in
control of the phosphorylation of isocitrate dehydrogenase in
Escherichia coli ML308. FEBS Lett 1985, 183:251-255.

30. Holms H: Flux analysis and control of the central metabolic
pathways in Escherichia coli. FEMS Microbiol Rev 1996,
19:85-116.

31. Chohnan S, Furukawa H, Fujio T, Nishihara H, Takamura Y:
Changes in the size and composition of intracellular pools of
nonesterified coenzyme A thioesters in aerobic and
facultatively anaerobic bacteria. App/ Environ Microbiol 1997,
63:553-560.

32. Wendisch VF, de Graaf AA, Sahm H, Eikmanns BJ: Quantitative
determination of metabolic fluxes during coutilization of two
carbon sources: Comparative analyses with Corynebacterium
glutamicum during growth on acetate and/or glucose.

J Bacteriol 2000, 182:3088-3096.

33. Gerstmeir R, Cramer A, Dangel P, Schaffer S, Eikmanns BJ:
e RamB, a novel transcriptional regulator of genes involved in
acetate metabolism of Corynebacterium glutamicum.
J Bacteriol 2004, 186:2798-2809.
This study describes the identification and characterization of a, to date
unknown, repressor protein involved in the control of the acetate meta-
bolism of C. glutamicum.

34. LaPorte DC: The isocitrate dehydrogenase phosphorylation
cycle: regulation and enzymology. J Cell Biochem 1993,
51:14-18.

35. El-Mansi EMT, Dawson GC, Bryce CFA: Steady-state modelling
of metabolic flux between the tricarboxylic acid cycle and the
glyoxylate bypass in Escherichia coli. Comput Appl Biosci 1994,
10:295-299.

36. EI-Mansi EMT: Control of metabolic interconversion of
isocitrate dehydrogenase between the catalytically active and
inactive forms in Escherichia coli. FEMS Microbiol Lett 1998,
166:333-339.

37. Cortay JC, Bleicher F, Rieul C, Reeves HC, Cozzone AJ:
Nucleotide sequence and expression of the aceK gene coding
for isocitrate dehydrogenase kinase/ phosphatase in
Escherichia coli. J Bacteriol 1988, 170:89-97.

38. Ramseier TM, Bledig S, Michotey V, Feghali R, Saier MH Jr:
The global regulatory protein, FruR, modulates the direction
of carbon flow in Escherichia coli. Mol Microbiol 1995,
16:1157-1169.

39. Cortay JC, Negre D, Galinier A, Duclos B, Perriere G, Cozzone AJ:
Regulation of the acetate operon in Escherichia coli:
purification and functional characterization of the IcIR
repressor. EMBO J 1991, 10:675-679.

40. Edlin JD, Sundaram TK: Regulation of isocitrate dehydrogenase
by phosphorylation in Escherichia coli K-12 and a simple
method for determining the amount of inactive
phosphoenzyme. J Bacteriol 1989, 171:2634-2638.

41. Neidhardt FC, Ingraham J, Schaechter M: Physiology of the
bacterial cell: a molecular approach Sunderland, MA: Sinauer
Associates; 1990.

www.sciencedirect.com

Current Opinion in Microbiology 2006, 9:173-179



	Control of carbon flux through enzymes of central and intermediary metabolism during growth of Escherichia coli �on acetate
	Introduction
	Metabolic inter-conversion of central and intermediary metabolism between acetogenesis and acetate utilization: the acetate switch
	Acetate utilization
	Partition of carbon flux at the junction of isocitrate
	Impact of ICDH phosphorylation on the partition of carbon flux at the junction of isocitrate
	Control of expression of the glyoxylate bypass operon

	The signal that triggers the acetate switch in preparation for adaptation to acetate
	The role of HS-CoA and its thioester derivatives

	Conclusions and perspectives
	Acknowledgements
	References and recommended reading


