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Chapter 1
General Introduction

Chapter J

Many bacterial species are known to have the capacity to adjust their
metabolic activities to environmental conditions. This allows them to cope
successfully -that is to survive and thrive- in an overwhelming range of
environments. Thus, it has been well documented that the cellular
composition as well as metabolic activity can vary qualitatively and
quantitatively in dependence of physicochemical environmental factors such
as pH, osmolality, nutrient availability etc. For example, it has been known
for long that the composition of the cell wall of Gram positive bacteria like
the Bacillaceae depends to a large extent on the availability of inorganic
phosphate with respect to the presence of teichoic acid respectively
teichuronic acid (Tempest et ai, 1968), whereas with most if not all
microbial species the fatty acid/lipid composition of the cytoplasmic
membrane is temperature dependent (Kadner, 1996). Similarly, the cellular
content and the nature of many transmembrane transport systems is subject
to environmental conditions. This is found to be true for carbon source
transporters (see e.g. Postrna el al. 1993), for ammonium (Reitzer,
1996a+b), for cations such as potassium (Bakker et al, 1987) and other
inorganic cations (Silver, 1996) and for oxygen (Gennis and Stewart, 1996).
Many of these variations can be interpreted as strategies to cope with
conditions where the relevant substrate is present in low concentrations
(e.g. see Teixeira de Mattos and Neijssel, 1997). Also, the cytosolic makeup of the cell may vary with its environment (besides, of course, variations
in enzyme content due to repression or induction of protein synthesis): a
rather striking example hereof can be found in changes in the amino acid
pool as a response to changes in the osmotic value of the medium (Booth
and Higgins, 1990; Epstein, 1986; Higgins el al., 1987, Csonka and Epstein,
1996). Finally, it should be mentioned that many microbial catabolic
activities (specifically fermentations) are highly dependent on the
environmental pH value (Gottschalk, 1986; Snoep, 1990; Clark, 1989; Bock
and Sawers, 1996).
One of the most dramatic changes in the physiological behaviour to be seen
occurs with the facultatively anaerobic species. These organisms can switch
between a variety of completely different catabolic routes which all serve to
provide the cell with sufficient energy to drive all energy consuming
reactions needed to grow and survive. Roughly, the catabolic modes that
these species can invoke to conserve energy are either respiration
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(aerobically or anaerobically) or fermentation. The main characteristics of
these modes will be discussed below. As this thesis deals with Escherichia
coli, the discussion will be limited to this heterotrophic organism.
Respiration
Respiration can be described as the process in which electrons flow from a
relatively reduced electron donor to a final electron acceptor in such a way
that it is coupled to transmembrane proton translocation. Hence, during
respiration chemical energy can be converted into the free energy of an
electrochemical proton gradient which subsequently can be either directly
used for numerous energy demanding processes (e.g. transport or motility)
or as the driving force for ATP synthesis (for an overview see Gennis and
Stewart, 1996). Proton translocation is brought about by the electron
transfer chain, a complex system of redox earners linked to intrinsic and/or
extrinsic membrane proteins. As E. coli is able to use various final electron
acceptors (e.g. 0 2 , nitrate, fumarate, etc. see below; Wallace and Young,
1977; Ingledew and Poole, 1984), it is not surprising that the composition of
its respiratory chain is highly dependent on the nature of the final election
acceptor and in case of oxygen on the concentration of this acceptor
(Gennis, 1987;Calhoun et ai, 1993; Chepuri et ai, 1990): when sufficient
oxygen is available, a cytochrome bo type oxidase serves as the final
electron acceptor (Chepuri et ai, 1990) whereas under conditions of low
oxygen availability a high affinity cytochrome bd type oxidase is induced
(Green et ai, 1988). These oxidases differ in their H+/e" stoichiomeny and
affinity for 0 2 (Puustinen et ai, 1991). In addition, alternative NADH
dehydrogenases are known to be active depending on growth conditions
(Calhoun et ai, 1993; de Jonge, 1996; Yagi, 1993) which also differ in
H7e" stoichiomeny (Jaworowski et ai, 1981; Leif et ai, 1993). As a
consequence, the overall stoichiomeny of the respiratory chain may
theoretically vaiy between 1 and 4 H'Ve".
Providing a balanced capacity of all intermediate conversions (including
transport), energy sources such as glucose can be completely oxidised to
C0 2 . With E. coli, this is accomplished via the Embden-Meyerhof-Pamas
glycolytic pathway and subsequently the TCA cycle. Under fully aerobic
conditions, it is assumed that the latter cycle is fed with acetyl-CoA that is
formed solely by activity of the pyruvate dehydrogenase complex. The
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reduced cytoplasmic soluble election carriers (NADH and FADH)
generated in glycolysis and the TCA cycle are then reoxidized via the
respiratory chain and hence may contribute to the conservation of free
energy .
Anaerobic respiration
As mentioned above, other compounds than oxygen can be used as terminal
election acceptors in a membrane bound process similar to that of aerobic
respiration. Thus E. coli can use nitrate, nitrite (Stewart (1988, 1993)),
fumarate (Kroger et ai (1992)), trimethylamine N-oxide (TMAO; Barrett
and Kwan, 1987) and dimethyl sulfoxide (DMSO; Weiner et ai, 1992) as
terminal electron acceptors. Reduced metabolites like lactate, NADH,
FADH and formate (H2) can serve directly as election donor for these
respiratory processes. It is important to note that all these election acceptors
have different midpoint redox potentials (e.g. oxygen: +818mV, nitrate:
+433mV, DMSO: +160mV, TMAO: +130mV, fumarate +33mV) and that
without exception it has been found that the catabolism of E. coli is
regulated in such a way that the election acceptor available with the highest
midpoint redox potential is used preferentially hence yielding the highest
amount of energy from the respiratory process. This regulation is mediated
by a fine-tuned cascade consisting of various regulatory systems (see
below). The same regulatory systems are involved in the expression of
genes that code for a number of enzymes of the TCA cycle. As a result,
when the organisms are grown under anaerobic, respiratory conditions their
catabolism resembles that of fermentative anaerobic cells in that they have a
reduced TCA cycle activity: citrate synthase, aconitase and isocitrate
dehydrogenase are expressed at decreased levels (Smith and Neidhardt,
1983a; Gray et ai, 1966) which may explain the production of acetate.

Fermentation
Fermentation was first described by Pasteur as "la vie sans air", and
comprises those processes in which a redox balance is maintained during
catabolism by electron transfer to an acceptor which is intracellularly
generated. The formed NADH is oxidized by an internal electron acceptor
and for the Enterobacteriaceae formate, acetate, ethanol, lactate, succinate,
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carbon dioxide, hydrogen and 2,3-butanediol are typical fermentation
products. Of course, the relative amounts of these fermentation products
formed depend to a large extent on the nature of the energy source. With E.
coli growing on glucose, either pyruvate serves as the internal acceptor,
yielding lactate or acetate, ethanol and formate, or succinate is generated by
reduction of fumarate formed by carboxylation of phospho-e«o/-pyruvate
(Gottschalk, 1985). An overview of the fermentation pathways in E. coli is
given in figure 1.1. Under most conditions, the fermentation products of E.
coli grown on glucose are mainly acetate and ethanol (1:1 ratio), C 0 2 , H 2 ,
formate, lactate and succinate are minor products (Clark, 1989; Sokatch,
1969; fig. 1.1).
1/2 glucose
NADH^

NAD H

pyruvate
3
^CCX
, formate <—
S ^NADH
acetyl
CoA
/

lactate

H,v

CO,
2NADH
acetate

2CO;^

ethanol

3 NADH+ 1 FADH

Fig 1.1. Pathways of glucose breakdown in E. coli. TC A. Tricarboxylic acid cycle; PEP,
phospho- enol pyruvate. 1. lactate dehydrogenase. 2. pyruvate dehydrogenase complex; 3,
pyruvate formate lyase

Fermentation is generally not coupled to proton translocation, and hence
ATP production during fermentation occurs solely by substrate level
phosphorylation. It should be noted that, in comparison to to the other
catabolic routes, acetate formation yields one additional mole of ATP per
mole of acetate formed but that its formation must be balanced by the
formation of ethanol in order to maintain redox balance. Although the
above-mentioned fermentation products are commonly found, their relative
production rates are highly dependent on additional growth conditions than
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solely the energy source. The regulation of the fermentative catabolism is to
a great extent under control of the same globulators (global regulators) as
respiratory catabolism (see below).
Pyruvate catabolism in E. coli
From the above (fig. 1.1) it will be clear that pyruvate is the key
intermediate in sugar catabolism. It is at the level of this glycolytic end
product where branching occurs either to the fermentative mode -resulting
in the formation of typical fermentation products- or to respiration resulting in the production of compounds more oxidized than the energy
source (it should be noted that under energy source excess conditions
complete oxidation of the energy source to CO2 does not occur (Holms,
1996)) and the concomitant reduction of an external acceptor. Before going
into detail on the regulation of both catabolic modes, the pyruvate
catabolizing enzymes will be briefly discussed.
Pyruvate catabolizing enzymes
Pyruvate dehydrogenase complex
Aerobically, the pyruvate dehydrogenase complex (PDHc) typically is the
major (if not only) pyruvate degrading system. This system consists of a
multi enzyme complex (fig 1.2) made up of three enzymes: pyruvate
dehydrogenase (El), dihydrolipoyl transacetylase (E2) and
dihydrolipoamide dehydrogenase (E3) (for a detailed review see Mattevi et
al. (1992) and Guest el al. (1989)). The PDHc is regulated both at the level
of gene expression and at the level of enzyme activity (Dietrich and
Henning, 1970; Smith and Neidhardt, 1983b)
Aerobic conditions and pyruvate are positive effectors (Smith and
Neidhardt, 1983b), the aerobic induction probably being mediated by the
Arc system (luchi and Lin, 1988) and/or FNR (Quail et al, 1994). PDHc
activity is inhibited by its products acetyl CoA and NADH. PDHc from
different bacteria show a different sensitivity towards the inhibition by
NADH (Snoep et al, 1993). This is due to a varying sensitivity of the E3
enzyme towards NADH. E. coli E3 has a relatively high sensitivity towards
NADH, whereas E3 from Enterococcus faecal is has a relatively low
sensitivity. This feature is important for the adaptation of the cell to
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different redox environments. The PDHc of/?, faecalis can be active at a
lower redox potential than the PDHc of is. coli.
O

O

CoASH

II

il

CKCCOOH

TPP

CHC-S-lip ~ 1

SH

o
CH3C-SCoA

V
* /SH
IP.

co.

OH
H3C-TPP

' lipCi
NADH
FAD
SHSH

Fig 1.2. The pyruvate dehydrogenase complex. El: pyruvate dehydrogenase; E2:
dihydrolipoamide transacetylase; E3: dihydrolipoamide dehydrogenase', lip: lipoamide; TPP:
thiamine pyrophosphate

Lactate dehydrogenase.
There are 3 LDH isoenzymes in E. coli, two of which are involved in the
oxidation of lactate into pyruvate (Garvie, 1980).These latter enzymes are
in fact lactate oxidases and are membrane-bound flavoproteins coupled to
the respiratory chain. (Haugaard, 1959; Kline and Mahler, 1965) The third
isoenzyme has a fermentative function as it couples the reduction of
pyruvate into lactate to the oxidation of NADH. This enzyme has a rather
high Km for pyruvate (7 mM). (Tarmy and Kaplan, 1968a,b,c). Recently, its
gene has been cloned and sequenced (Bunch el ah, 1997). The major
function of the fermentative LDH seems to reside in preventing very high
cytoplasmic accumulation of pyruvate and to maintain a redox balance by
reoxidation of NADH simultaneously. In vivo the enzyme has to compete
for pyruvate with the pyruvate formate lyase system, which has an affinity
constant of about 2 mM and can be present in the cell in high amounts
(Kessler and Knappe, 1996). This may explain the low lactate production
rate under conditions where the intracellular pyruvate concentration is
expected to be low (e.g. glucose-limited growth).

11
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Pyruvate formate lyase
The kinetic and molecular properties of the pyruvate formate lyase (PFL)
have been studied extensively (for reviews see Knappe and Sawers (1990),
Kessler and Knappe (1996)). The pyruvate formate lyase catalyses the
cleavage of pyruvate into formate and an acetyl group. The Km for pyruvate
is 2 mM and the enzyme may constitute up to 2.7 % of the cytosolic
enzyme content. As for PDHc, the enzyme is regulated at the level of both
gene expression and enzyme activity. Expression of pfl is controlled by the
transcriptional regulators FNR and Arc (Sawers and Suppmann, 1992) and
hence PFL synthesis is dependent on the presence of oxygen. In addition,
the enzyme itself is highly sensitive towards oxygen whenever it is in the
active state. By means of a PFL deactivase (which has been found to be
identical to AdhE, a subunit of alcohol dehydrogenase) and an activase, the
enzyme can be present in either an active or an inactive form (figure 1.3).
Interconversion from one form into the other involves a complex
mechanism, which has been largely elucidated through the work of Knappe
(Knappe and Sawers, 1990; Kessler et at., 1992; Kessler and Knappe,
1996). It is noteworthy that only the active form is sensitive to, and
irreversibly damaged by oxygen. Not surprisingly, therefore, in aerobic cells
the enzyme is only present in the inactive form (in small amounts). Under
anaerobic conditions, the cellular amount of the enzyme is 12-fold
increased and the enzyme is converted into its active (free radical) form.

flavodoxine
e
NAD H

AdoMet
pyruvate - - ->
Met+
deoxyado

- - pyruvate
NAD

activase

deactivase

Fig 1.3. Activation/deactivation of the pyruvate formate lyase. Adomet: adenosyl methionine,
deoxyado: 5'-deo\yadenosine. Met: methionine. After Knappe and Sawers (1990).
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Redox chemistry
In many biological processes redox reactions are very important. The
principle is veiy simple: in one half reaction an election is formed, which in
the other is consumed.
Important for a redox reaction is, that the overall reaction has to be neutral.
In biological redox reactions, the election donor or acceptor is often NADH
resp. NAD. The redox potential can be calculated by the Nernst formula:

E,„i=E„aAn^
nF

[red]

(1.1)

In this formula Eh 7 is the redox potential of the redox couple at pH 7, E m 7
is the midpoint redox potential of the couple at pH 7, R is the gas constant
(8.314 J moF1 K"1), F is the Faraday constant (9.648-104C moF1). Many
redox reactions are pH dependent, so the redox potential changes not only
with the concentration of the reductor and oxidator, but also with the pH,
which makes formula (1.1) more complex. The redox potential can also be
recalculated into a AG value (Gibbs free energy):
AG = -nFAEh

(1.2)

Where n is the amount of elections involved (for NADH 2) and F is the
Faraday constant(9.648-104 C mol"'). If the change of Gibbs free energy
(AG) >0, the reaction costs energy; a negative AG indicates the release of
energy. For a theoretical overview of the redox potential in biological
systems see Walz (1979).
It is very difficult to calculate the actual redox potential in the cell, because
it is difficult to determine the intracellular concentrations of all reactants
and products. It is however clear that by changing intracellular
concentrations the redox potential in the cell changes. Whenever in this
thesis the expression "internal redox potential" is used, the redox potential
of the most important intracellular redox couple is meant (e.g. NADH).
Redox regulated gene expression
Catabolism under respiratory conditions is aiming at the generation of
reducing equivalents that can serve as a substrate for the electron transfer
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chain. On the other hand, under fermentative conditions, catabolism is
governed by the prerequisite of redox balancing. It is therefore not
surprising that it has been postulated that redox-related processes are
involved in the regulation of pyruvate catabolism and TCA-cycle and
respiratory chain activity (Wimpenny, 1969; Wimpenny and Necklen, 1971;
Undenetal., 1990;. Iuchi, 1993; Allen, 1993; Pécher et al, 1983; Snoep,
1992). It is still an intriguing question how the intracellular redox potential
is related to external conditions (for an extensive review on redox reactions
in biological systems see Walz, 1979). In this context, it has been suggested
(Wimpenny and Necklen, 1971 ) that the external redox potential per se is
affecting the synthesis and activity of various TCA enzymes, components of
the respiratoiy chain, hydrogenases, etc. In the report by Wimpenny and
Necklen (1971) it was proposed that some mediator will 'translate' the
external redox potential to an internal redox potential. Even earlier reports
showed an influence of the external redox potential on the physiology of the
cell: Knight and Fildes (1930) showed that spores of anaerobic bacteria did
not germinate above a certain Eh . Unden et al. (1990) demonstrated for E.
coli, that induction of anaerobic respiratoiy enzymes is dependent on the
redox potential of the medium. In their study the E|, of the medium was
manipulated by the use of hexacyanoferrate(III) (Em=+360mV) and it was
concluded on the basis of these experiments that neither dioxygen nor any
other oxygen species was the effector.
NADH as redox monitor
NADH is probably the most important election carrier in bacterial cells (for
a review of its synthesis and recycling see Penfound and Foster, 1996). As
many metabolic reactions depend on NAD(H), the intracellular
concentrations of these nucleotides are expected to play an important role in
the catabolism of the cell. The central role of these nucleotides in both
catabolism and anabolism seems to justify the assumption that the actual
redox potential of the NAD/NADH couple can be considered as the monitor
of the redox state of the cell.
In the 1960's some studies have been done on NAD(H) levels in bacteria.
(London and Knight, 1966; Takaebe and Kitahara, 1963; Wimpenny and
Firth, 1972). All these studies revealed different values of the NAD(H)
concentration in bacterial cells which can now be ascribed to the differences
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in growth conditions. Snoep (1992) observed that the NADH/NAD ratio in
Enterococcus faecal'is could be manipulated by changing the redox level of
the energy source, at least under anaerobic conditions, whereas under
aerobic conditions the NADH/NAD ratio reaches almost zero (note that E.
faecalis is not able to respire, although it may contain NADH oxidase). This
NADH/NAD ratio influenced the activity of the pyruvate dehydrogenase
complex of Enterococcus faecalis under anaerobic conditions in vivo. It was
found that the actual (in vivo) flux through the enzyme was determined by a
regulation of both its synthesis (i.e. (de)repression) and its activity (i.e.
kinetic effects) (Snoep, 1992; Snoep et al., 1990, 1991). The PDHc is
clearly regulated by the NADH/NAD ratios (see before). More enzymes are
(in)directly regulated by the NADH/NAD ratio. The alcohol dehydrogenase
(ADH) ofE. coli is regulated at the level of gene expression by the
NADH/NAD ratio (Leonardo et al., 1996). As NADH is a substtate of the
ADH, changes in the levels of NAD and NADH will also affect the enzyme
activity, according to the kinetics of the enzyme. For Clostridium
acetobulylicum it has been proposed that the switch of this organism from
acidogenic metabolism to solventogenic metabolism is mediated by the
NADH/NAD ratio (Girbal and Soucaille, 1994)
luchi (1993) has suggested that the signalling state of one of the major
catabolic regulatory systems, the so-called Arc system, is also affected in
some way by the intracellular NADH/NAD ratio. His work has shown that
at least in vitro the rate of phosphorylation (as a result of conversion to the
signalling state, see below) of the sensoiy component ArcB was enhanced
by NADH.
Regulatory mechanisms at the genetic level.
In E. coli three important transcriptional regulators are known to regulate
gene expression under different redox conditions: Fnr, Arc and Nar. These
three systems can work independently and/or co-operatively in adjusting
gene expression. These systems provide the cell with a high metabolic
flexibility and allow it to fine-tune its catabolic activities to the prevailing
redox conditions. The general strategy seems to be that catabolism is
organised in such a manner that a preferential use is made of the route that
yields the highest energetic gain. Thus, respiratory routes are preferred over
substrate-level phosphorylation and the electron acceptor with the highest
15
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redox potential (-AG) is preferred. In table 1 a list of genes is given that are
induced or repressed by the two most important global regulators Fnr and
Arc.
Fnr

ArcA

aceb

Isocilralc lyase

ND

acn

Aconilase

(-)
(-)

aeg-46.5

Putative periplasmic nitrate reductase

ND
+

area

ArcA

aspA-dcuA

L-Aspartase and dicarboxylate transport

+

ND

cea

Colicin El

+

cob

Cobalamin biosynthesis

ND

cydAB

Cytochrome d oxidase

-

ND
+
+

cyoABCDE

Cytochrome o oxidase

ansb

16

0
ND
+

+
+

L-Asparaginasc II

dmsABC

Dimethyl sulfoxide reductase

+

dcziB-fuinB

Dicarboxylate transport and fumarasc B

+

0
ND

fadb

3-Hydroxyacyl coenzyme A

fdn GH1

Formate dehydrogenase-N

ND
+

(-)
(-)

feoAB

Iron (II) transport

focA -pfl

Formate transport and pymvatc-tbrmate lyase

+
+

ND
+

fnr

Fnr

-

ND

funiA

Fumarase A (aerobic)

(-)

frdABCD

Fumarate reductase

(0)
+

glpACB

Glycerol-3-phosphate dehydrogenase (anaerobic)

+

glpD

Glycerol-3-phosphatc dehydrogenase (aerobic)

ND

(0)
0

-

glpTO

Glycerol 3-phosphatc transport

0
+

gltA

Citrate synthase

ND

-

heinA

Glutamyl-tRNA dehydrogenase

-

+

hyaA-F

Hydrogcnase I

hypBCDE-jhIA

Hydrogenase activities and formate regulation

0
+

ND

icd

Isocitrate dehydrogenase

ND

ild(lctD)

L-Lactate dehydrogenase

0
ND
+

+

(-)
(-)

mdh

Malaie dehydrogenase

narGHJI

Nitrate reductase

narK

Nitrite extrusion protein

narX

NarX sensor protein

+
+

ndh

NADH dehydrogenase II (aerobic)

-

ND
ND

nikA-E (hydC)

Nickel transport

+

ND

nirBDC

NADH-dcpcndcnt nitrite reductase

+

ND

nrfA-G

Formate-linked nitrite reductase

+

ND

iirdD

Anaerobic ribonucleotide reductase

+

ND

0
0
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pdhR-aceEF-lpd

Pyruvate dehydrogenase complex and regulator

pdii

pepT

Propanediol degradation
Endopcptidase T

ND
+

pocR

Positive regulator olcob and pdu

ND

sdhCDAB

Succinate dehydrogenase

sodA

MnSod

-

sucAB

a-Keloglutarate dehydrogenase

ND

sucCD

Succinate thiolkinase

traY
ND

F plasmid DNA transfer functions
D-Amino acid dehydrogenase

ND
ND

ND

Molybdate reductase

ND
+

+
ND
+

(-)
(-)
+

(-)
ND

Table 1.1. The Fnr and Arc modulons: +. positive control (induction); -, negative control
(repression); (+). provisional positive control as determined by assays of relevant enzyme activity
in extracts of wild-type or mutant cells; (-).provisional negative control as determined by assays
of relevant enzyme activity in extracts of wild-type or mutant cells; 0 no control; (0), no
provisional control as determined by assays of relevant enzyme activity in extracts of wild-type or
mutant cells; ND, not determined. After Lynch and Lin (1996)

Fnr
This protein was discovered by analysis of mutants with a phenotype in
/umarate witrate reductase activity. It turned out that all these mutations
were in the same locus (fnr; 29 min. on the E. coli chromosome) (Lambden
and Guest, 1976). Fnr is a protein of 250 amino acids which shows
homology to the Cap (catabolite activator) protein (Bell and Busby, 1994;
Williams et al, 1991). At the N-terminus the Fnr protein contains a cysteine
rich region, with three of the four cysteine residues involved in the binding
of iron (Green el al., 1993; Melville and Gunsalus, 1990; Sharrocks et ai,
1990). Low-temperature electron paramagnetic resonance spectra suggest
that the active form of Fnr contains a 4[Fe-S] cluster (Khoroshilova et ai,
1995). It is now widely accepted that this N-terminus region serves as a
redox sensor, which initiates a redox-sensitive conformational change of the
protein.
It is this change in conformation that turns Fnr into a positive transcriptional
regulator, allowing it to bind to DNA at a specific 22 bp binding site,
containing a 5'-TGAT-3' motif, which resembles the CAP binding site
motif (Eiglmeier et ai, 1989; Spiro and Guest, 1987). However the binding
of the Fnr to DNA is not redox dependent: for activation or repression Fe +
is essential (Green and Guest, 1993a+b).
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What the signal is for the activation of Fnr remains still unclear, however
data are available that indicate that the (intracellular) redox potential has a
signalling function. Thus, it could be shown that addition of
hexacyanoferrate III (E m7 = 360 mV) to the medium of anaerobic cultures
oiE. coli, resulted in inactivation of Fnr (Unden et ai, 1990), excluding
oxygen per se as the only signalling molecule.
Arc
The ArcAB (Arc for aerobic respiration control) two component signal
transduction system is mainly responsible for the control of synthesis of
TCA cycle enzymes and components of the respiratory chain. The system
consists of a sensor (ArcB) and a regulator (ArcA) (Iuchi et ai, 1989; Iuchi
and Lin, 1988, Iuchi and Lin, 1992). Activation of the sensor takes place
upon detection of a so far unidentified signal, which stimulates its
autotransphosphorylation activity. The sensor subsequently can transfer the
phosphoryl group to the ArcA protein, which then acts as a transcriptional
regulator (fig. 1.4). In many cases, the expression of the genes involved is
also co-ordinatedly regulated with carbon, nitrogen, and phosphorus
metabolism. (Lynch and Lin, 1996). In general, ArcA-P is thought to act as
a repressor, but there are some exceptions e.g. the synthesis of cytochrome
bd oxidase(Cotter and Gunsalus, 1992; Fu et al, 1991)and pyruvate formate
lyase (Sawers, 1993) .
Until now the stimuli that increase the auto-phosphorylation activity of
ArcB have not been identified. It has been described, however, that some
(fermentation related) compounds (lactate, acetate and NADH) enhance the
phosphorylation of ArcB in vitro and thereby could stimulate ArcA
phosphorylation (Iuchi 1993; Iuchi el al, 1994; Lin and Iuchi, 1994; fig.
4.1). The role of molecular oxygen as a direct signal can be excluded, since
a cyo-cyd double mutant (lacking both terminal cytochrome oxidases, and
therefore having a non-functional respiratory chain) shows virtually no Arc
mediated regulation (Iuchi el al, 1990). Data have been presented that
suggest that the Arc control correlates with the environmental redox state.
(Iuchi et al, 1994). Studies in a §{sdh-lae) (sdh coding for succinate
dehydrogenase , an Arc controlled enzyme) background showed a higher
sdh expression when 0 2 (Em=+818 mV) rather than nitrate (Em= +433 mV)
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was used as an external election acceptor, whereas the lowest expression
was measured with fumarate ((Eni= +33 mV) as election acceptor.
The Arc system may respond to a metabolite that can exist physiologically
in either an oxidised or a reduced form (luchi and Lin, 1988). The election
carriers, ubiquinone (an intermediate in the aerobic respiratory chain) and
menaquinone (functioning in the anaerobic respiratory chain) are possible
candidates for such a metabolite (Lynch and Lin, 1996). Some enzymes
such as PFL (Sawers, 1993; Sawers and Suppmann, 1992) and cytochrome
bdoxidase (Cotter and Gunsalus 1992; Fu, H.-A. et al, 1991; luchi et al.
1990), are dually regulated by Fnr and ArcAB (see also table 1). Until now
no conservative Arc box (DNA binding sequence) has been found, although
some sequences have been published, which binds to ArcA-P (Lynch and
Lin, 1996b).

Aerobic
membrane
ArcB

ÂÎP

IF^

Pi
Pi

Anaerobic
membrane

cqpÄTP EC(9
t
PlÄfcÄ

[AicÄ]

I

induction/repression

Fig 1.4. Model of processes involved in Arc regulation. P is the transferred phosphor, 1 group and
f is a fermentation product as lactate or NADH. (After Lynch and Lin, 1996)
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Nar
Nitrate can serve as an external election acceptor when E. colt is grown
anaerobically. It is a more favoured acceptor than fumarate or DMSO
(dimethyl sulfoxide). The regulatory mechanism that is responsible for
induction of the membrane-bound nitrate reductase and repression of the
terminal reductases needed for fumarate and DMSO, resides in yet another
two-component signal transduction system, called Nar (for a review see
Stewart (1993)). This system presumably senses nitrate and subsequently
not only induces the nitrate reductase, but also some other genes which are
involved in anaerobic respiration. The system consists of two sensors (NarX
and NarQ) and two activators (NarL and NarP), which bind to the DNA to
control gene expression. The NarL protein is also involved in nitrate
regulation of alcohol dehydrogenase (Kalman and Gunsalus, 1988; Chen
and Lin, 1991) and pyruvate formate lyase (Sawers and Bock, 1988).
It may be that the NarQ/P system reacts within an other nitrate
concentration range than the NarX/L system. The NarQ/P system also has a
slightly different gene control than NarX/L: NarP does not control narG
(nitrate reductase) and frdA (fumarate reductase) Operon expression. (Rabin
and Stewart, 1993). Alternatively, it could be that the NarQ/NarP system
serves to control nitrite respiration rather than nitrate respiration (Rabin and
Stewart, 1993; Stewart, 1993).The NarX and NarQ sensor both can serve as
kinases for NarL, as could be concluded from the observation that strains
with a mutation in NarX or NarQ behaved essentially as the wild type
(Rabin and Stewart, 1992).
Control of adaptation
It will be apparent from the above that, in order to be able to invoke the
proper catabolic network under a specific condition, a complex regulatory
system has evolved in E. coli. Besides these adaptive mechanisms, more
general processes directed to react to changing environmental conditions,
can be expected to occur:
1. modulation of specific enzyme activity. Enzyme activity is dependent on
concentrations of substrate, product effectors and cofactors. Often by
changing the environmental conditions, intracellular concentrations will
change, and as a consequence the activity of the enzyme. For the pyruvate
dehydrogenase complex, for example, this is the case with regard to NADH
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levels in the cell. Therefore any change in the steady state NADH/NAD
ratio will change the activity of this multienzyme complex (e.g. Snoep et al.
, 1990, 1991; Snoep, 1992). The role of allosteric effectors is illustrated by
the dependence of lactate dehydrogenases on fructose 1,6 biphosphate
(Rüssel and Cook, 1995; Yamada and Carlsson, 1975) in many lactic acid
bacteria. Of course, these considerations apply to any enzyme system for
which substrate, product or effector concentrations are non-saturating under
in vivo conditions.
2. activation of general response mechanisms such as variation of the level
of supercoiling of DNA. Changing the environment of a bacterium can
trigger several general response systems, often called stress response
systems, one of them being the change of the linking number of the DNA in
the cell (additional stress response systems exists like the heat shock
response (Bukau, 1993), multiplicity of sigma factors (Yura etal, 1996;
Hengge -Aronis, 1996), UsP response proteins (Nyström and Neidhardt,
1992, 1994) This change in linking number of the DNA can lead to the
induction/repression of many genes (Geliert, 1981). Supercoiling of DNA in
bacterial cells is controlled by two DNA topoisomerases (for a review see
Drlica, 1992). DNA gyrase introduces supercoils and DNA topoisomerase I
prevents supercoiling from reaching too high levels. In vivo, supercoiling
can be changed by a change in the relative activities of the gyrase and the
topoisomerase. As the former is ATP-dependent, supercoiling can be
affected by changes in the energetic state of the cell. Hence, any
perturbation of cellular energetics by environmental changes may have a
direct short- term effect on gene expression. Such environmental changes
encompass nutrient up or down shifts, anaerobic/aerobic transitions or
osmotic shocks (salt shock).
3. Activation of specific gene expression by a globulator like FNR or Arc.
The characteristics of these systems have been outlined above.
4. Posttranslational regulation. Until now little is known of
posttranslational modification with respect to catabolic enzymes but an
example can be found in the above-mentioned activation and deactivation of
the pyruvate formate lyase in dependence of environmental factors (i. c. the
presence of oxygen).
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Scope of this thesis
The work presented in this thesis aims at elucidating the role of the ambient
redox potential in the regulation of catabolism of bacteria. The role of
NAD(H) in cellular catabolism, and more particular the influence of the
intracellular NADH/NAD ratio in the cell is studied. The influence of this
ratio on the flux through and expression of the PDHc is a main subject of
research in all chapters. Adaptation to different redox environments is
studied both at the level of enzyme activity and of gene expression.
In chapter 2 the effect of external electron acceptors on the catabolism is
studied in steady state chemostat cultures of Escherichia coli MC4100 and
some of its derivatives. Mutants in PFL and PDHc are used to study the
changes in the fluxes through these enzymes upon changes in the
availability of oxygen, nitrate and fumarate as election acceptors. As steady
state chemostat cultures are used, effects on both the level of enzyme
activity and of gene expression could be studied.
Chapter 3 deals with cultures at low dissolved oxygen tensions. The redox
environment is changed by the use of different oxygen tensions. Effects on
pyruvate catabolism and the redox state are studied in steady state
chemostat cultures of Escherichia coli. As in chapter 2 effects on both gene
expression and enzyme activity are studied.
In order to reveal in more detail the effects of a changing redox environment
at the level of enzyme activity, in chapter 4 the effect of a sudden change
of the external redox environment is studied by switching a steady state
chemostat culture from aerobic to anaerobic conditions and vice versa. In
this chapter the initial effects on catabolic fluxes as well as the effects on
the redox state of the cell and the supercoiling of the DNA are investigated.
This allows us to gain further insight in the (short term) dynamics of
adaptation to the external redox environment.
Chapter five deals with the cloning and sequencing of the lipoamide
dehydrogenase subunit of the PDHc(E3) of Enlerococcus faecalis which is
the subunit of the enzyme complex that is sensitive to NADH. As the E3
subunit of the PDHc of Enlerococcus faecalis is relatively insensitive
towards NADH, this is an interesting enzyme for studies on the effect of
NADH/NAD ratios on the flux through the pyruvate dehydrogenase
complex.
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The steady state internal redox state (NADH/NAD)
reflects the external redox state and correlates to
catabolic adaptation in Escherichia coli

This chapter has been submitted to Journal of Bacteriology together with
parts of chapter 3.

33

Chapter 2

ABSTRACT

Escherichia coli (MC4100) has been grown in anaerobic glucose-limited
chemostat cultures, either in the presence of an election acceptor (fumarate,
nitrate or oxygen) or fully fermentative. The steady state NADH/NAD ratio
was found to be related to the presence and nature of the election acceptor.
Anaerobically the ratio was highest and gradually decreased with increasing
midpoint potential of the electron acceptor.
As pyruvate catabolism is a major switchpoint between fermentative and
respiratory metabolism, the fluxes through the different pyruvate consuming
enzymes were calculated.
In anaerobic cultures with fumarate or nitrate as an electron acceptor, a flux
through the pyruvate dehydrogenase complex was calculated, a finding
which is in contrast to the general assumption that the complex cannot be
active under these conditions. In vitro activity measurements of PDHc
showed the cellular content of the enzyme to vaiy with the internal redox
state.
Whereas western blots showed the E3 subunit (dihydrolipoamide
dehydrogenase) not to vary dramatically under the conditions tested, the
amount of the E2 subunit (dihydrolipoamide acetyltransferase) amount
followed the trend that was found for the in vitro PDHc activity. From this
it is concluded that regulation of PDHc expression is exerted on the E1/E2
Operon (aceEF). We propose that the internal redox state is reflected by the
external redox state. The latter may subsequently govern both expression
and activity of the two pyruvate catabolizing enzymes: pyruvate formate
lyase (PFL) and PDHc.
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INTRODUCTION
In Enterobacteriaceae -as in many prokaryotes and all eukaryotes- the
nucleotides NAD and NADH play a central role in catabolism. They
function as the most important redox carriers involved in metabolism. These
nucleotides not only serve as electron acceptors in the breakdown of
catabolic substrates, but in addition provide the cell with the reducing
power needed in energy conserving redox reactions such as occur in
anaerobic and aerobic respiration. A balance in the rates of oxidation and
reduction of these nucleotides is a prerequisite for continuation of both
catabolism and anabolism since the turnover of the nucleotides is very high,
compared to their concentrations. Whereas for a given carbon and energy
source, catabolic NADH formation occurs under all conditions by a rather
limited set of redox reactions (e.g. glycolysis), a wide variety of
mechanisms has evolved to fulfill the requirement of NADH reoxidation.
Thus, in many bacterial species, e.g. E. coli, a variety of compounds can
serve as acceptor of the elections from NADH. These acceptors may either
be present in the environment (external acceptors) or they may be generated
intracellularly. Electron transfer may occur either in a cytoplasmatic, nonvectorial process or in a membrane-bound vectorial process. The former
reactions (fermentation) result in the reoxidation of NADH and the
formation of reduced compounds only, whereas with the latter NADH
oxidation may be coupled to the conservation of free energy (respiration).
The regulatory mechanisms that underlay the expression of genes coding
the enzymes specific to respiration and fermentation have been studied
extensively (Iuchi and Weiner, 1996; Lynch and Lin, 1996). In E. coli these
genes are under control of at least 3 global regulators which exert their
effects in dependence of the redox environment of the cell. These are,
firstly, FNR which is involved in the regulation of expression of some
fermentation related enzymes (Spiro and Guest, 1990) and secondly the
two-component regulatory systems Nar (Stewart, 1993) and Arc (Iuchi and
Lin, 1993).
FNR can function as both an activator and repressor of many anaerobically
controlled genes. Its regulatory mechanism is thought to reside in binding to
the promoter regions of the relevant genes with affinities that depend on the
redox state of the cystein rich N-terminus (Green and Guest, 1993).
Nar , which serves primarily as a nitrate sensing system (Stewart, 1993)
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belongs to the two component redox regulation systems. It comprises a
membrane spanning sensor (NarX) that may act as a kinase under the proper
environmental conditions, causing phosphorylation of the regulator (NarL).
This regulator activates transcription of nitrate reductase genes and
represses the fumarate reductase gene (see for a review see Stewart, 1993).
The Arc system also belongs to the two component regulation systems. In
its active form it mainly represses enzymes of aerobic catabolism (e.g. the
TCA cycle and the respiratory chain) (Iuchi and Lin, 1993). Basically, the
mechanism of this system involves a transphosphorylation from the sensor
ArcB to the regulator ArcA although no precise mechanism has been put
forward unequivocally (luchi, 1993;Tsuzuki, 1995) . Although in vitro
studies have shown that both lactate and NADH stimulate the activation
(phosphorylation) of Arc (luchi, 1993;luchi el ai, 1994), it is not known
what the biochemical signal is that results in activation of the system.
Pyruvate is a key intermediate in the catabolism of E. coli and is for most if
not all free energy sources a common product, irrespective of environmental
conditions. Its subsequent conversion by either pyruvate formate lyase
(PFL) or the pyruvate dehydrogenase complex (PDHc) can be considered as
a major switch point between fermentative routes (mixed acid
fermentation) and oxidative routes (the citric acid cycle and subsequent
respiration).
Both PFL and PDHc have been subject to extensive molecular studies
(Guest et ai, 1989; Knappe and Sawers, 1990; Mattevi et al, 192). In E.
coli expression of PFL is regulated by the Fnr and Arc systems whereas
PDHc synthesis is regulated by the Arc system (luchi and Lin, 1988; Quail
el ai, 1994)
It has been assumed for many years that the PDHc could not be active under
anaerobic conditions. The absence of PDHc-activity under anaerobic
conditions in E. coli has been explained by the high sensitivity towards
NADH inhibition (Hansen and Henning, 1966). However, in E. faecalis it
was found that the distribution over PDHc and PFL of the catabolic flux
correlated with the in vivo steady state redox potential of the NADH/NAD
couple (Snoep et ai, 1990). Thus, in this organism even under anaerobic
conditions high in vivo activities of the PDHc were found provided that
growth conditions were such that the steady state NADH/NAD ratio was
sufficiently low (Snoep et ai, 1991). This, for example could be achieved
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when pyruvate was used as the sole energy source.
In contrast to E.faecalis, E. coli is capable of both anaerobic (nitrate and
fumarate) and aerobic respiration. It is to be expected that these respiration
types affect the redox state of the cell to various extents and hence possibly
the level and/or activity of the PDHc. Indeed, Kaiser and Sawers (1994)
provided circumstantial evidence that the pyruvate dehydrogenase complex
of E. coli can be active anaerobically when the cells are provided with
nitrate as an external electron acceptor.
Here we report on the effect of different election acceptors on the steady
state metabolic fluxes in E. coli grown in glucose-limited chemostat
cultures. For all conditions, the steady state flux distribution through PFL
and PDHc rates were determined for both wild type cells and mutant strains
lacking PFL or PDHc. In addition, the steady state cellular redox state (as
reflected by the NADH/NAD ratio) and in vitro activity of PDHc were
determined. The steady state NADH/NAD ratio appeared to be dependent
on the nature of external election acceptors. It is demonstrated that
synthesis and activity of the PDHc does occur under anaerobic respiratory
conditions and that both correlate with the cellular steady state redox state.
M A T E R I A L AND M E T H O D S

Escherichia coli strains and growth conditions
MC4100
F" araD139 (argF-lac) U169 rpsL150 relAl deoCl flb-5301
ptsFl (Casabadan and Cohen, 1979) ('wild type')
RM201
see MC4100 Apfl-25 Q.(pfl::cat pACYC 184) (Sawers and
Bock, 1988)
RM3 19
see MC4100 " A(aroP-aceEFJ (Kaiser and Sawers, 1994)
The strains were maintained on beads in LB medium with 50%(w/v)
glycerol at -20°C.
Organisms were cultured in a 700 ml fermentor, Modular Fermentor Series
III (L.H. Engineering Co. Lt, England). Growth media were simple salts
media as specified by Evans el al. (1970) but instead of citrate,
nitrilotriacetic acid (2mM) was used as chelator. Selenite (30 jj.g/1) and
thiamine (15 mg/1) were added to the medium. In cultures of RM201
without an external electron acceptor, 5 mM acetate was added to the
medium. The dilution rate was set at 0.10 h" . The pH value of the culture
was maintained at 6.5±0.1 using sterile 4M NaOH, in cultures of RM201
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without an external election acceptor IM Na 2 C0 3 was added to the NaOH,
to supply the culture with C0 2 . The temperature was set to 35°C. Cultures
were stirred at 1000 ipm. To prevent excessive foaming silicone
antifoaming agent (BDH; 1% w/v) was added at a rate of approximately 0.5
ml h"\ Anaerobiosis was maintained by the method described previously
(Teixeira de Mattos et ai, 1983).
Analyses
Steady state bacterial diy weight was measured by the procedure of Herbert
el al. (1971). Glucose, pyruvate, lactate, formate, acetate, succinate and
ethanol were determined by HPLC (LKB) with an Aminex HPX 87H
organic acid analysis column (Biorad) at a temperature of 65°C with 5 mM
H 2 S0 4 as eluent, using a 2142 refractive index detector (LKB) and an SP
4270 integrator (Spectra Physics). C0 2 production or 0 2 consumption was
measured by passing the effluent gas from the fermentor through a
Servomex C0 2 analyzer and a Servomex 0 2 analyzer.
Enzyme activities

In vitro
To obtain cell free extracts, cells were taken from a steady state culture,
centrifuged (3020xg, 10 min), washed twice with 50 mM sodium phosphate
buffer (pH 7.0), and sonified using a Branson Sonifier 250 (4 minutes, duty
cycle 50%, output control 35%). The cell debris was removed by
centrifugation (12100xg, 15 min).
The overall activity of the PDHc was measured in a standard reaction
mixture containing 50mM sodium phosphate (pH 7.0), 5 mM pyruvate, 12.5
mM MgCl2, 0.18 mM thiamine pyrophosphate (TPP), 0.175 mM coenzyme
A, 2 mM NAD, 1 mM potassium ferricyanide. The reaction was started by
the addition of cell free extract and the initial rate was monitored
specti'ophotometiically by following the reduction of ferricyanide at 430 nm
(e=1030M"1.cm"1).
The activity of the E2 component (dihydrolipoamide acetyltransferase) of
the PDHc was measured in a standard reaction mixture containing 10 mM
acetylphosphate, 4 mM lipoamide(SH)2NH2, 0.13 mM CoA and 2 units
PTA (phospho-trans-acetylase) in 50 mM Tris (pH 7.0). The reaction was
started by the addition of cell free extract and the initial rate was monitored
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following the production of acetyl lipoate at 240nm (£=5000 M cm ).
Western blotting
Equal amounts of cell free extracts of chemostat cultures of E. colt were
loaded and run on a SDS-PAGE gel (12.5%). The gel was then incubated in
a transfer buffer (20mM TrisCl,pH 8.7; 150 mM glycine; 20% methanol)
for 30 minutes. The proteins were blotted on a nitrocellulose filter by
electrophoretic transfer. The membrane was then floated in TBS(10mM
TrisCl, pH 7.6; 150 mM NaCl). Excess protein binding sites were blocked
by TBST (TBS + 0.05% Tween 20) and incubated in TBST with 1% BSA
(Blot Qualified). Next, the primary antibody was applied to the filter for 30
minutes. The membrane was washed in TBST for 5 minutes to remove
unbound antibody. After this the secondary antibody was applied (anti-IgG
alkaline phosphatase conjugate) for 30 minutes. The membrane was washed
again in TBST for 5 minutes to remove unbound antibody and subsequently
dried on filter paper. The color reaction was started by transferring the
membrane to the color development solution (NBT substrate in AP buffer
(100 mM TrisHCl, pH9.5; 100 mM NaCl, 5 mM MgCl2 mixed with BCIP
substrate). Within 1-15 minutes the color developed and the reaction was
stopped by rinsing the filter in deionized water.
NADH and NAD'
Levels of nucleotides were measured by first extracting the nucleotides
from a culture sample and then assaying for the nucleotides in the
neutralized, filtered extract, as described previously (Snoep et al., 1990)
RESULTS

Catabolic fluxes
Anaerobic conditions without external electron acceptors
All E. coli strains were grown in glucose-limited chemostat cultures at a
dilution rate of 0.1
h" , pH 6.5. Anaerobic growth of strain RM 201 (PFL mutant) was only
observed when the culture medium was supplied with C 0 2 and acetate.
Presumably this is due to the need for C2-compounds for biosynthetic
purposes (Varenne el ai, 1975). Therefore with this strain carbonate was
used as a titrant and acetate (5 mM) was added to the medium. For all
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MC4I00

RM319

Fig. 2.1 Production rates of lactate, acetate and ethanol in anaerobic glucose limited chemostat
cultures of E. coli MC4100, RM201 and RM3 19 respectively. The cells were grown at a dilution rate
of 0.1 h ' at pH 6.5. T=35°C.

MC4100

RM201

RM319

Fig. 2.2 Production rates of lactate, acetate ethanol and electron flow rates (accept) in anaerobic
glucose limited chemostat cultures of E. colt MC4100, RM201 and RM3 19 respectively with 25 mM
fumarate added to the medium. The cells were erown al a dilution rate of 0.1 h~' at DH 6.5. T=35°C.
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Fig. 2.3 Production rates of lactate, acetate ethanol and electron flow rates (accept) in anaerobic
glucose limited chemostat cultures of E. co//MC4100, RM201 andRM319 respectively with 5 mM
nitrate added to the medium. The cells were grown at a dilution rate of 0.1 h"1 atpH6.5, T=35°C.
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cultures, carbon balances of 100 ±10 % could be calculated on the basis of
glucose consumption rates and product formation rates (fig 2.1). The main
fermentation product of strain RM 201 was found to be lactate, confirming
the absence of PFL and indicating that under these conditions PDHc was
not active. It should be noted here that the specific rate of succinate
production was invariably found to be the same for all strains (0.8 mmol/g.
diy weight/h). Lactate formation from glucose is a redox neutral process
and by taking into account that the overall metabolism must fulfill the
demand of redox neutrality, it must be concluded that the summation of all
NAD(H) dependent reactions leading to succinate and biomass add up to a
closed redox balance as well. This is confirmed by the observation that
strain RM3 19 produced ethanol and acetate in equimolar amounts. This
must have occurred obviously via PFL (the strain lacks PDHc) which,
again, is an overall redox neutral process. Similarly, it can be concluded
that in wild type E. coli no in vivo activity of PDHc occurs (fig 2.4a).
Anaerobic conditions with fiimarate or nitrate as electron acceptor
In the presence of fiimarate (25 niM medium concentration) a significant
shift in the relative production rates was observed (fig 2.2) as compared to
fermentative conditions. Succinate production rates (from glucose) similar
to those observed under fermentative conditions were measured (data not
shown). With all strains it was found that the fiimarate added to the medium
was fully reduced to succinate thus providing the cells with an additional
NADH sink. When this NADH oxidizing flux is included in the calculation
of the redox balance, it follows that for the wild type cells breakdown of
pyruvate solely by PFL would not provide sufficient reducing equivalents to
allow for the observed fiimarate reduction rate since in that case the excess
of acetate production relative to ethanol should equal the fiimarate reduction
rate. Indeed, this was observed for RM 3 19, which can produce acetate
solely via PFL, the difference between the specific production rates of
acetate and ethanol equaled the fiimarate reduction rate. As in the wild type
the difference between acetate and ethanol production rates is less than the
fiimarate reduction rates, an additional NADH generating pathway must
have been operational to feed fiimarate reduction. We conclude that here
PDHc activity provides the reducing equivalents to fiimarate respiration.
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Fig. 2.4 Calculated fluxes through the pyruvate dehydrogenase complex in E. coli MC4100, RM201
and RM319 grown under the conditions as given in fig. 2.1 (panel a), fig. 2.2 (panel b) and fig. 2.3
(panel c) respectively. The fluxes are calculated according to the electron flow to the external
acceptor minus the difference between the acetate and ethanol production rates.

Further support for this conclusion is provided by the observation that now
strain RM 201 produces acetate rather than being dependent for its growth
on the availability in the medium as acetate production in the absence of
PFL can only be ascribed to PDHc activity. On the basis of the abovementioned argument, the in vivo fluxes via the PDHc have been calculated
and the results are presented in fig. 2.4b.
A similar approach was followed by analyzing the relative fluxes to end
products when the three strains where grown anaerobically in glucoselimited chemostat cultures with 5 raM nitrate added to the medium. Specific
product formation and nitrate utilization rates are given in fig 2.3. The
results show that the presence of nitrate as an electron acceptor resulted in a
shift in flux distribution over PFL and PDHc qualitatively similar to the
shift found with fumarate. Again, the observed acetate production by strain
RM 201 can only be ascribed to the activity of PDHc whereas in wild type
cells in vivo PDHc activity can be inferred from the difference between
acetate and ethanol production being lower than the rate of NADH
oxidation by nitrate reduction. In contrast, with the control strain RM 319
this difference was found to be in accordance with the NADH oxidation
rate via nitrate respiration assuming that here no flux through PDHc
occurred.
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Growth in the presence of oxygen
Under fully aerobic conditions, the PFL is de-activated (Knappe and
Sawers, 1990) and the conversion of pyruvate is solely catalyzed by the
PDHc. In table 2.1 the specific consumption and production rates in
aerobic chemostat cultures are given. As expected with glucose-limited
cultures (Holms, 1996), with the wild type strain all glucose is catabolized
completely to C 0 2 and the same was found for E. coli RM 201. Strain RM
319 behaved quite differently. Lacking the ability to feed the TCA cycle
with acetyl-CoA, part of the glycolytically formed pyruvate was reduced to
lactate, but apparently the activity of the lactate dehydrogenase was not
sufficient to cope with the glycolytic flux to pyruvate: high concentrations
of pyruvate were found in the effluent (up to 50 mM). The question remains
as to how CO2 is formed in these cultures but it may well be that this is
produced via the pentose phosphate pathway. This would yield also the
necessaiy C2 compounds needed for biosynthesis.

Strain

Igle

Ipyr

qiac

qco2

qo2

MC4100

-1.4

0.0

0.0

4.0

3.8

RM201

-1.7

0.0

0.0

4.8

4.6

RM319

-8.1

8.0

3.8

5.7

5.3

Table 2.1. Specific rates of substrate utilization and product formation in glucose limited
chemostat cultures of various E. coli strains grown aerobically at D=0.1 h", pH 6.5. The specific
rates are expressed in mmol (g dry wt)"1 h"'. glc.glucose; pyr.pyruvatc ;lac,lactate;

Internal redox slate
For all growth conditions tested, the steady state internal redox state, as
reflected by the NADH/NAD ratio, was determined. The results are shown
in fig. 2.5. For all strains, the highest ratios were seen during fermentative
growth, irrespective of the route of pyruvate conversion. Fumarate
respiration resulted in a slightly lower NADH/NAD ratio and conditions of
nitrate respiration resulted in a further lowering of the ratio. It was observed
that a further increase of the nitrate concentration in the growth medium
(7.5 mM) resulted in an even lower NADH/NAD ratio (0.27), but it should
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be stressed that no steady state could be obtained. When the cells were
grown under fully aerobic conditions, the NADH/NAD ratio dropped to
values roughly tenfold lower than found for fermenting cells. For strain RM
319, however, a higher ratio was observed.
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Fig. 2.5 NADH/NAD ratios in E. coli MC 4100. RM 201. and RM 3 19 grown in glucose limited
chemostat cultures (D=0.1, pH=6.5) with no acceptor. 25 niM fumarate, 5 mM nitrate or fully aerobic.
The values are the means of at least 4 independent measurements. ND. not determined.

PDHc subunit expression and in vitro activity.
In addition to the physiological characterizations given above, the overall in
vitro activity of PDHc was determined for a number of growth conditions. It
can be seen (table 2.2) that the activity -i.e. the cellular content of PDHcincreased when growth occurred in the presence of fumarate and even more
so with nitrate and was highest under fully aerobic conditions. Furthermore,
a similar trend was found with regard to the expression of dihydrolipoamide

anaerobic

fumarate

nitrate

aerobic

RM201

26±2.1

42+3.1

83+4.2

131+8.5

MC4100

22+1.4

30+5.3

67+4.6

128+6.7

Table 2.2: In vitro measurements of the PDHc (in nmol ferricyanide reduced/min/mg protein) of
Escherichia coli RM201 and MC4100 cell free extract. Cells were obtained from anaerobic
glucose limited chemostat cultures with nitrate (5mM) fumarate (25mM). no electron acceptor, or
aerobically (pH 6.5. D 0.1 h"1).
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anaerobic

fumarate

nitrate

aerobic

MC 4100

24+5.4

ND

ND

98+5.8

RM 201

25+2.1

51+4.1

85+3.2

116+6.2

Table 2.3. In vitro measurements of the E2 component of the PDHc (in nmol acetyl lipoate
formed/min / mg protein) of Escherichia coli MC4100 or RM201 cell free extracts. Cells were
obtained from anaerobic chemostat cultures with nitrate (5mM), fumarate (12mM), no electron
acceptor or aerobic chemostat culture. (pH 6.5, D 0.1 h"1).

rransacetylase (the E2 subunit of PDHc) as determined for a limited number
of growth conditions by specifically assaying the activity of this subunit
(table 2.3). The control strain RM 319 showed no activity (data not shown)
whereas for both other strains it was found that aerobiosis resulted in a
four- to fivefold increase in E2-expression as compared to fermentative
conditions.
Finally, the expression of the E3 (dihydrolipoamide dehydrogenase) subunit
of the PDH complex was specifically assayed by Western blotting of cell
free extracts of cells grown under the conditions as outlined above (figure
2.6). Surprisingly, no significant difference for the E3 component was
observed for any condition nor when comparing the strains. It should be
noted that E. coli RM 319 is mutated in the E1/E2 component (Kaiser and
Sawers, 1994) and that the E3 component is under control of a specific
promoter. So, even in anaerobic cells the E3 subunit is expressed, although
there is no in vivo PDHc activity in these cultures.

E3 ->

». .,

,

.
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.,. *„

<-E3

1 2
3 4 5
6 7 8 9 10 11 12
fig 2.6: Western blot analysis of cell free extracts of different chemostat cultures of £ coli strains
with antibody against the E3 subunit of the PDHc. lane 1: RM 319, aerobic; lane 2: MC 4100,
anaerobic with fumarate; lane 3: MC 4100 anaerobic with nitrate; lane 4: idem; lane 5: MC 4100
anaerobic; lane 6: RM 201 aerobic; lane 7: RM 201 anaerobic with nitrate; lane 8: idem; lane 9:
anaerobic with fumarate; lane 10: RM 201 anaerobic; lane 11 idem lane 12: MC 4100 aerobic.

45

Chapter 2

DISCUSSION

In facultatively aerobic organisms, pyruvate conversion constitutes a major
branching point between the fermentative and the respiratory mode of
catabolism. Central to the relative flux distributions at this point are the
relative in vivo activities of pyruvate dehydrogenase on the one hand and
pyruvate formate lyase on the other. In this paper the in vivo flux
distribution through these enzymes has been compared in dependence of the
availability of electron acceptors. It is concluded firstly that the internal
steady state redox state of the cell - as reflected by the NADH/NAD ratio is strongly influenced by the availability and nature of external electron
acceptors. A similar finding had already been made with Enterococcus
faecal is (Snoep el al, 1990). Secondly, a positive correlation is established
between the redox state and the PDHc flux: under more oxidizing
conditions the flux is higher.
It has been assumed that in Enterobacteriaceae, PDHc is active aerobically
only (Guest et al. 1989) but from the flux calculations presented here, the
conclusion can be drawn that in E. coli this enzyme complex can contribute
to catabolism in the absence of oxygen as has been suggested before by
Kaiser and Sawers (1994). Hence, the general conclusion is valid that PDHc
activity is not dependent on the presence of oxygen perse but rather on the
external redox condition. Our studies suggest further that the cellular
response to the redox state of the environment is mediated by the internal
redox state.
Our conclusion that the in vivo activity of the PDHc is connolled by the
cell's redox state is in agreement with the finding that the rate of an NAD
dependent reaction is related to the actual redox potential of the acceptor.
More importantly, however, is the fact that our results indicate that control
on PDHc synthesis is exerted by a redox dependent regulation of E2
synthesis. Whether the regulation is exerted by NADH per se cannot be
concluded here but it should be remarked that such a type of regulation
resembles strongly the proposition made for the role of the NADH/NAD
ratio with regard to the synthesis of alcohol dehydrogenase (Leonardo et ai,
1993; 1996). Considering the steps involved in pyruvate oxidation by PDHc,
it may seem surprising that it was observed that the synthesis of the E3
subunit, which catalyzes a redox dependent reaction, apparently is not
affected by the redox state of the cell. However, a possible explanation may
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be that E3 is also involved in the synthesis of bvanched-chain amino acid
synthesis (Rändle el al, 1987; Reed and Yeaman, 1987) and hence the
anabolic activity would be hampered if synthesis of this subunit would be
redox dependent.
The question remains by what mechanism PDHc synthesis is repressed
and/or activated. In this context, it is interesting to note that Iuchi (1993)
found that in vitro phosphorylation of the sensor (ArcB) of the ArcA/B two
component regulatory system is enhanced by NADH. In addition, it is
known (Quail et al., 1994) that PDHc expression is repressed by a
phosphorylation cascade via the Arc system whereas derepression occurs
when the Arc system is in its unphosphorylated form. This is compatible
with the results presented here as well as with luchi's finding (Iuchi, 1993)
that nitrate addition to anaerobic cultures resulted in the induction of
succinate dehydrogenase and flavin-linked D-lactate dehydrogenase (both
enzymes typically linked to respiration, the former playing a role in the
tricarboxylic acid cycle and the latter being flavin dependent). It may very
well be that under conditions in which reoxidation of NADH is hampered
by a lack of election acceptor (fermentative catabolism) or occurs at a
decreased rate in the presence of acceptors with a lower midpoint potential
(anaerobic respiration) build up of reduced nucleotides serves as a signal for
the repression of PDHc via the Arc system. It should not be excluded that
other catabolic intermediates have a signalling role and that the presumed
effect of NAD(H) is an indirect one. Considering kinetic effects of a
changed NAD(H) level on the various enzymes involved, one may expect
the changes in the availability of acceptors to be accompanied by changes in
intracellular concentrations of intermediates such as pyruvate, lactate and
acetyl-CoA. Interestingly, these metabolites have been proposed by Iuchi
(Iuchi, 1993) as having a signalling function for the ArcA/B system.
Whether this is indeed the case is currently under investigation. However,
in view of the fact that pyridine nucleotides play a central role in both
respiration (as electron donors to the respiratory chain) and fermentation (as
they govern product formation by the demand of redox neutrality) it seems
logical to attribute to them a regulatory role in the synthesis of those
enzymes for which they serve as a substrate.
In principle, the carbon fluxes from pyruvate can be distributed over three
enzymes: PFL, PDHc and LDH. The absence of in vivo flux via the LDH in
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MC4100 and RM319 under anaerobic conditions is puzzling. In vitro
activity of the enzyme is high (a rate of ca. 400 nmol/min/mg protein was
measured in cell free extracts under saturating conditions) and pyruvate and
NADH are available (2mM (1) and 1.4 mnol/g diy weight). Yet, when
grown glucose-limited, no flux through the LDH is observed, which
suggests some downregulation of the activity of LDH that is controlled by
the limiting availability of the carbon and energy source (under glucose
excess conditions, such as occur in batch cultures, invariably lactate is
formed). Similar observations have been made with the lactic acid bacteria
and with these organisms it has been shown that the LDH needs fmctose1,6 bisphosphate as an activator. Presumably, under glucose-limited
conditions this glycolytic intermediate is present in too low concentrations
to allow LDH activity. We are not aware of a similar mechanism in E. coli.
We, and others (Kaiser and Sawers, 1994) observed that under all
conditions tested PDHc is synthesized and the level of expression varies
only about four- to fivefold between fully aerobic and fermentative
conditions. We consider the availability of this complex to be yet another
example of maximization of metabolic flexibility so often encountered with
micro-organisms (Teixeira de Mattos and Neijssel, 1997). Although
regulation of metabolic activity at the level of gene expression may
optimize the cell's enzymatic make up for a particular steady state
condition, the constitutive presence of essential enzymes guarantees a rapid
response to sudden changes in the environment. Thus, in the case of
pyruvate metabolism, the cell can cope with sudden transitions to aerobic
conditions as the immediate and irreversible deactivation of PFL can be
compensated for by the PDHc provided that the kinetic constraint by the
high NADH/NAD ratio is relieved. In this context, it is not surprising that
fermenting cells retain respiratory capacity (see chapter 4). The time scales
at which these responses occur under aerobic-anaerobic (and vice versa)
transitions and the accompanying intracellular changes are presented in
chapter 4.
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Growth of Escherichia coli at low oxygen
concentrations, implications for catabolism and
NADH/NAD ratio

Parts of this chapter together with chapter 2 have been submitted to Journal
of Bacteriology.
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ABSTRACT

Escherichia coli wild type cells were cultured in glucose-limited chemostat
cultures and the effects of vaiying the dissolved oxygen tension (DOT) on
pyruvate catabolism were studied. At low dissolved oxygen tension (<1%)
fermentation and respiratory catabolism took place simultaneously, that is,
the in vivo catabolic carbon flux from pyruvate was distributed over the
pyruvate formate lyase and the pyruvate dehydrogenase complex. The
cellular content of the pyruvate dehydrogenase complex in the cells
decreased only slightly with decreasing DOT whereas the steady state
NADH/NAD ratio increased sharply at low DOT, and presumably inhibited
the activity of the pyruvate dehydrogenase complex.
The production of formate indicated that PFL was active at DOT values
below 1%. Since active PFL is highly sensitive to oxygen, this activity can
only be explained by assuming that the respiratory activity has sufficient
capacity to deplete the cytosol of oxygen under these conditions.
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INTRODUCTION

In the regulation of catabolism of Escherichia coli the ambient redox
potential is an important parameter. In chapter 2 experiments have been
described in which the redox potential of the medium is changed by using
election acceptors with different midpoint potentials. Another way to
change the redox potential is to use different concentrations of the same
electron acceptor. Here we report on the effects of different levels of 0 2
supply on the pyruvate catabolism of/:", coli. Lower oxygen tensions may
result in numerous changes in the cellular makeup and activity. In the early
70's Wimpenny et al. ( 1971 ) already observed changes in the external
redox potential of the culture when the partial oxygen pressure was
changed. Also, it seems logical to assume that changes will occur with
respect to the reduction state of the components of the respiratory chain
since the rate of NADH reoxidation is submaximal whenever terminal
oxidases are not provided with sufficient oxygen. In addition, the lowering
of the oxygen pressure lowers the redox potential of the medium
significantly and such a drop in itself could have an important effect on the
physiology of the cell, either directly by altered enzyme activities due to
kinetic effects or by effects on enzyme synthesis via redox related
regulators such as Arc or FNR (see the general introduction). For example,
with FNR it was found indeed that this regulator responds to changes in the
environmental redox potential (Unden el ai, 1990) rather than to oxygen
per se. Similarly, it is known that low oxygen conditions invokes the
synthesis of the high affinity (towards oxygen) cytochrome hd oxidase
preferential to the cytochrome bo oxidase which is active under fully
aerobic conditions (Tseng el ai, 1996; Puustinen et al., 1991; Fu et al.
1991). The level of induction of either of the cytochrome oxidases varies
over a broad range of DOT values around 0.5% (DOT = dissolved oxygen
tension), which corresponds to approx. 500 nM under physiological
conditions (De Jonge, 1996). Again the Arc and/or FNR systems may play
a role here (Fu el ai, 1991; Cotter and Gunsalus, 1992; Tseng et ai, 1996).
In chapter 2 it was shown that by using various external electron acceptors,
the NADH/NAD ratio in the cell could be manipulated. Moreover, when the
external redox state was changed, the internal redox state followed the same
trend. It seems reasonable to assume that varying the steady state DOT
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value would give similar results, cells growing at lower DOT values
supposedly will show an increased the NADH/NAD ratio.
In this study we have focussed on the fluxes through the pyruvate
dehydrogenase complex (PDHc) and the pyruvate formate lyase (PFL) at
low oxygen conditions. It has been always assumed that the PFL works
anaerobically and the PDHc aerobically. However, as shown in chapter 2,
the PDHc can be active anaerobically, provided that the redox potential of
the NADH/NAD couple is high enough, but it remains to be seen whether
aerobic conditions can be obtained in which the cellular redox potential is
sufficiently low to allow for PFL activity and to (partially) inhibit PDHc
activity and/or synthesis.
M A T E R I A L AND M E T H O D S

Escherichia coli strain and growth conditions
MC4100

F" araD139 (argF-lac) U169 rpsLlSO relAl deoCl flb-5301
pis Fl (Casabadan and Cohen, 1979) ('wild type')

The strain was maintained on beads in LB medium with 50%(w/v) glycerol at
-20°C.
Organisms were cultured in a 3 liter fermenter, Bioflow III (New Brunswick).
Growth media were simple salts media as specified by Evans et al. (1970) but
instead of citrate, nitrilotriacetic acid (2mM) was used as chelator. Selenite
(30 ug/1) and thiamine (15 mg/1) were added to the medium. The dilution rate
was set at 0.3 ±0.01 hr"1. The pH value of the culture was maintained at
6.5±0.1 using sterile 4M NaOH. The temperature was set to 35°C. The DOT
(dissolved oxygen tension) of the culture was measured using a Polarographie
electrode (Ingold). The DOT was maintained constant by controlling the
stirrer speed. 100% DOT was set by sparging the chemostat with air, 0%
DOT by sparging with nitrogen gas. To prevent excessive foaming silicone
antifoaming agent (BDH; 1% w/v) was added at a rate of approximately 0.5
ml h" . Anaerobiosis was maintained by the method described previously
(Teixeira de Mattes and Tempest, 1983).
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Analyses
Steady state bacterial dry weight was measured by the procedure of Herbert et
al. (1971). Glucose, pyruvate, lactate, formate, acetate, succinate and ethanol
were determined by HPLC (LKB) with an Aminex HPX 87H organic acid
analysis column (Biorad) at a temperature of 65°C with 5 mM H 2 S0 4 as
eluent, using a 2142 refractive index detector (LKB) and a SP 4270 integrator
(Spectra Physics). C0 2 production and 0 2 consumption were measured by
passing the effluent gas from the fermenter through a Servomex C0 2 analyser
and a Servomex 0 2 analyser.
Enzyme activities
In vitro
To obtain cell free extracts, cells were taken from a steady state culture,
centrifugea (3020xg, 10 min), washed twice with 50 mM sodium phosphate
buffer (pH 7.0), and sonified using a Branson Sonifier 250 (4 minutes, duty
cycle 50%, output control 35%). The cell debris was removed by
centrifugation (12100xg, 15 min).
The overall activity of the PDHc was measured in a standard reaction mixture
containing 50mM sodium phosphate (pH 7.0), 12.5 mM MgCl2, 0.18 mM
thiamine pyrophosphate (TPP), 0.175 mM coenzyme A, 2 mM NAD, 1 mM
potassium ferricyanide. The reaction was started by the addition of cell free
extract and the initial rate was monitored spectrophotometrically by following
the reduction of ferricyanide at 430 nm (1030 M"'.cm"')
NADH and NAD'
Levels of nucleotides were measured by first extracting the nucleotides from a
culture sample and then assaying for the nucleotides in the neutralized,
filtered extract, as described previously (Snoep et al., 1990).
Hj measurements
Gas samples were taken from chemostat cultures and analysed for H2 on a
Chrompack gas Chromatograph, using a Molsieve 5Â PLOT column
(Moezelaar and Stal, 1994)
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RESULTS

E. coli MC 4100 was cultured under different steady state dissolved oxygen
tensions (DOT) ranging from fully anaerobic to fully aerobic conditions.
From the observed steady state fluxes (table 3.1) it can be concluded that at
oxygen tensions values around 1% and lower, fermentation and respiration
occur- simultaneously as can be deduced from the production of formate and
consumption of oxygen. In these micro-aerobic cultures, significant amounts
of acetate and ethanol are being produced. This is rather surprising because
the PFL is irreversibly damaged by small traces of oxygen (Knappe and
Sawers, 1990). It may well be that under these conditions the respiratory
chain has sufficient capacity to consume oxygen at such a rate that the
cytoplasm remains devoid of oxygen, resulting in an environment where the
enzyme can be active.

DOT

qgk

10.0 -4.1
5.0 -3.8
2.0 -3.7
1.0 -15.4
0.5 -12.5

Hsucc

0.0
0.0
0.0
2.4
2.3

qiac

0.0
0.0
0.0
0.2
0.2

4 for m

qac

0.0 0.0
0.0 0.0
0.0 0.0
11.3 12.8
4.8 11.3

qetoh

0.0
0.0
0.1
8.1
6.9

qco2 qo2
8.9
8.6
8.6
7.6
11.2

9.0
8.4
8.8
5.9
5.0

Table 3.1 Steady slate fluxes in glucose limited chemostat cultures of E. coli MC4100. pH 6.5.
D=(U h ' , q in mmol h"' (g DRW)"1. DOT is given in percentage of air saturation. The values are
the means of at least 4 independent measurements SD is ± 10%.

Aerobically acetyl-CoA is converted via the TCA cycle. In the micro-aerobic
cultures, not all of the acetylCoA is converted via the TCA cycle as large
amounts of acetate and ethanol are being produced. NADH is re-oxidized in
these cultures in two ways: (i) by the formation of ethanol and (ii) by the
respiratory chain although it cannot be excluded that cytosolic NADH
oxidases play also a role in the oxidation of NADH. The acetate/ethanol ratio
in the anaerobic culture is 1, as expected, and only small amounts of succinate
are produced. In the cultures at low DOT (1% and 0.5%) the ratio is higher, as
NADH is re-oxidized by oxygen.
The produced formate can be cleaved in H2 and C0 2 , either by a formate
dehydrogenase or a formate hydrogen lyase (Kessler and Knappe, 1996). In
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an effort to make a proper estimation of the flux through the pyruvate formate
lyase, hydrogen gas production was measured. In cultures of 1% and 0.5%
DOT hydrogen gas is produced as was measured by gas chromatography
(data not shown). However, it should be mentioned that the hydrogen
production is too small and the measurement too inaccurate to allow for a
reliable calculation of the total PFL flux.
At 1% DOT a high flux to formate is observed, indicating a specific PFL
activity of minimally 11.3 mmol h"1 (g DRW)"1. Thus, it can be concluded
that there is a distribution of the pyruvate flux at DOT's below 2% between
PFL and PDHc.
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Fig 3.1 NADH/NAD ratio versus DOT in glucose limited chemostat cultures of E. coli MC4100
(D=0.3, pH=6.5). The values are the means of at least 4 independent measurements

In fig 3.1 the steady state NADH/NAD ratios of the various cultures are
given. At a DOT of appr. 2% the NADH/NAD ratio increases sharply, which
seems to coincide with a shift from respiration to fermentation. Apparently,
now the PDHc is inhibited and a large part of the pyruvate flux is branched
via the PFL. From fig 3.1. it can be seen that there is a good correlation
between the DOT and the NADH/NAD ratio in these cells. At low DOT
(below 2%) a vastly larger part of NADH oxidation takes place via
fermentation. The tiend is the same as seen in chapter 2, where external
electron acceptors were used to manipulate the redox potential. A lower
external redox potential is reflected by a higher NADH/NAD ratio and results
in a more fermentative behaviour.
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Fig 3.2 PDHc activity versus DOT in glucose limited chemoslal cultures of £ coli MC4100
(D=0.3. pH=6.5). Activity is in iimol ferricyanide reduced min ' mg protein'. The values are the
means of at least 4 independent measurements.

Besides the in vivo flux through PDHc, the synthesis of the PDHc was
monitored for the various cultures. The total amount of PDHc was found to
decrease only slightly with decreasing DOT (fig 3.2) as measured by in vitro
activity determination in cell free extracts. As the regulation of the PDHc
genes is under control of a general regulator of aerobic/anaerobic catabolism
(Arc ; Quail et ai, 1994;) the minor (though significant) changes may be
surprising. However, it should be mentioned that a similar difference in PDHc
synthesis between aerobic and anaerobic conditions has been reported by
Kaiser and Sawers (1994). What is interesting is that it can be seen here that
the regulation of expression is not an on/off switch but a gradual
decrease/increase of gene expression. In contrast to the gradual change in
gene expression of the PDHc in the cells at the different oxygen tensions, the
NADH/NAD ratio shows a 'switch' point (at ca. 2% DOT). Here we can see
there is no direct correlation between the flux through PDHc and the redox
state of the cell, as measured by the NADH/NAD ratio.
Discussion
In the micro-aerobic cultures studied here an interesting feature of catabolism
is seen: simultaneous respiratory and fermentative catabolism. The transition
from respiratory catabolism to fermentative catabolism is not an abrupt switch
but a gradual process. At DOT values between >70% and appr. 1-2% the
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cells show a virtually complete aerobic catabolism. Fermentation starts at 2%
DOT, and the NADH/NAD ratio increases in parallel. A high NADH/NAD
ratio will allow the alcohol dehydrogenase to be active as its in vivo activity is
regulated positively both at the kinetic and the expression level by the
NADH/NAD ratio (Leonardo el ai, 1996). Surprisingly the PFL is active,
although the enzyme is oxygen sensitive. We observed that the flux from
pyruvate to acetyl-CoA is distributed over the PDHc and the PFL under
microaerobic conditions. An exact calculation of the separate fluxes is
impossible, however, as the end products of these enzymes are the same
(C0 2 , acetate, ethanol) and H2 measurements were not accurate enough to
allow calculation of the exact PFL flux. Tseng et ai (1996) have reported that
under microaerobic conditions (<10% air saturation) the anaerobic respiratory
enzymes are induced (e.g. narGHJI, frdABCD and dmsABC). These enzymes
are induced by the FNR system (see General Introduction). As the PFL is also
regulated by this system, it is very likely to be induced under microaerobic
conditions. Recent studies have revealed that indeed at these low oxygen
pressures PFL is expressed, even to higher levels than those observed under
fully anaerobic conditions (pers. comm. S. Alexeeva, E.C. Slater Inst.,
Amsterdam).
The formate that is being produced by the PFL can be used in formate
respiration, hi formate respiration formate is the election donor and oxygen
can serve as the electron acceptor. Formate respiration generates a
protonmotive force, which can be used to generate ATP (Jones, 1980). In this
respiratory chain the primary elecfron acceptor is either formate
dehydrogenase N (Berg et al., 1991; Enoch and Lester, 1975; Jones, 1980),
which is maximally active under anaerobic conditions with nitrate, or formate
dehydrogenase O, which is synthesized at relatively low levels irrespective of
the presence of oxygen (Pommier et ai, 1992). Hence, the actual flux to
formate may even be higher than the measured flux, because of this formate
respiration.
It has been reported earlier that under these micro-aerobic conditions, as
applied in our study, cytochrome d oxidase is induced (De Jonge, 1996; Tseng
et al, 1996). The physiological rationale for this phenomenon is that
cytochrome bd oxidase has a high affinity for oxygen (Green et al, 1988; Km
= 0.2juM), as compared to cytochrome bo oxidase (Chepuri et al, 1990; Km =
2 |oM) which may provide the cell with additional scavenging capacity in
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order 1) to keep up a high respiration rate at low oxygen tensions (a common
response to nutrient-limited growth conditions, see Teixeira de Mattos and
Neijssel, 1997) and 2) to maintain an intracellular oxygen concentration that is
low enough to allow the PFL to be active. A followup of the studies presented
here would therefore be to see how deletion of either of the cytochrome
oxidases would affect the in vivo activity of both enzyme systems. If the
above-mentioned function were indeed the case, the DOT threshold for PFL
activity would be lowered for cells lacking the high affinity oxidase.
It should be mentioned here that it was observed that very often at lower
oxygen tensions (below 2% DOT), the cultures showed an oscillating
behaviour in the reading of the oxygen electrode with a periodicity of a few
seconds. It may be that small changes in the oxygen tension, due to the
imperfectness of the chemostat apparatus have a strong effect on the
signalling mechanisms (presumably Arc and FNR) resulting in a continuous
switching on and off. This would hamper the cells to achieve a steady cellular
makeup.
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Anaerobic/aerobic transitions in chemostat cultures of
Escherichia coli: effects on product formation, redox
state, energy state and DNA super coiling
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ABSTRACT

In the previous chapters, differences with regard to product formation,
internal redox state, gene expression and in vivo enzyme activities were
reported between .steady state cultures with various redox conditions. In
order to understand how these differences are brought about, in this chapter
we now focus on the sequence of events that accompany transitions from
aerobic to anaerobic, and conditions vice versa.
Upon a switch from aerobic to anaerobic conditions the cells were able to
activate the anaerobic pathways instantaneously. Within minutes, the
typical fermentation products acetate, ethanol and formate were produced
and from the rate of their formation, it could be calculated that the activity
of the pyruvate dehydrogenase complex was inhibited immediately. The
NADH/NAD ratio increased sharply and reached the level as observed in
anaerobic cells after ca. 2 minutes. Supposedly, it is this high NADH/NAD
ratio that blocks pyruvate dehydrogenase complex activity. In addition, it
was found that the ATP/ADP ratio decreased rapidly with a concomitant
rise of the linking number of the DNA (DNA supercoiling) which may be
related to the onset of a modulated gene expression.
In the reverse experiment (transition from anaerobic to aerobic conditions),
a more complex transient behaviour was seen. Initially, the cells were not
able to cany out the aerobic catabolism as found during the steady state: a
significant flux to pyruvate as an end product was observed. The
NADH/NAD ratio decreased, but more slowly than during the reverse
switch whereas the ATP/ADP ratio was found to increase during the first
few minutes, followed by a decrease back to the steady state level. The
linking number of the DNA showed an opposite trend.
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INTRODUCTION

As highlighted in the general introduction, Escherichia coli is known for its
ability to adapt to changes in the environment and in the preceeding
chapters we have focussed on a major environmental variable: the
availability of oxygen and other election acceptors and the effect of this on
the catabolism of E. coli. There have been many, mostly molecular, studies
on this subject and they have resulted in the identification of a number of
global regulators (globulators) which play an important role in the
adaptation to different redox environments. Two of these, Arc and Fnr,
regulate the gene expression of specific aerobic and anaerobic genes (see
the general introduction), but it is yet unclear what the primaiy signal is for
these regulators. Arc is a member of the family of two component
regulators. A model has been proposed in which the activation
(phosphorylation) of the regulator protein ArcA depends on the
accumulation of fermentation products (acetate, pyruvate) and/or the level
of NADH in the cell (Iuchi, 1993). NADH is the major redox earner in
living cells, yet present in low concentrations. Hence during growth the
produced NADH has to be re-oxidized: aerobically this is achieved by the
respiratory chain, whereas under fermentative conditions the formed NADH
is re-oxidized by the formation of products like lactate and ethanol. Earlier
studies (Wimpenny and Firth, 1972; London and Knight, 1966; Takebe and
Kitahara, 1963) revealed a large difference in NADH/NAD ratio between
cells in the cell when grown aerobically or anaerobically. Assuming the
NADH/NAD ratio to be a reflection of the cellular redox state, the redox
state of the cell thus changes radically upon switching a culture from
anaerobic to aerobic conditions or vice versa. Later studies with
Enterococcus faecalis showed the same effect (Snoep et al, 1992).
It is well known that product formation also changes dramatically during
these environmental switches: aerobically the cell will respire, producing
mainly C0 2 , whereas anaerobically the cell will produce fermentation
products (e.g. acetate, lactate, and ethanol), and therefore different enzymes
need to be active under these conditions. The question then arises as to how
these adaptive responses arise. Clearly, they may take place at different
levels:
1. at the level of activity: by changing the environmental conditions, also
the internal conditions change. Internal substrate/product and cofactor
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concentrations may change and hence the in vivo activity of the various
enzymes. The extent of activity changes will depend on the kinetic
properties of the enzyme and, for instance, allosteric control may play a role
here.
2. at the level of gene expression and subsequent enzyme synthesis. This
can take place by induction or repression by substrates or products, directly
or via the above mentioned globulators (like FNR or Arc) which can play a
more specific role in induction/repression.
3. Finally post translational changes and turnover may affect net enzyme
synthesis.
Sofar, we have focussed on the presence or absence of specific enzymes
(such as pyruvate formate lyase and the pyruvate dehydrogenase complex)
and their relative contribution to the total catabolic flow under various
steady state conditions. Here, we will try to gain some insights in the
dynamics of adaptation. In this context, the phenomenon of supercoiling of
DNA is of special interest as it is known that a) supercoiling changes
rapidly upon disturbance of environmental conditions and b) it plays a role
in gene expression (Geliert, 1981). In particular, it is known that
supercoiling of the DNA changes upon a switch from aerobic to anaerobic
conditions (Hsieh el ah, 1991). Furthermore, a con-elation has been found
between the energetic status of the cell as reflected by the ATP/ADP ratio
and the activity of the DNA gyrase (van Workum et ai, 1996). Such a role
of the energetic state can be understood, since two DNA topoisomerases
control the level of (negative) supercoiling in bacterial cells of which one,
DNA gyrase, is an ATP dependent enzyme that catalyses the underwinding
of the DNA, whereas DNA topoisomerase 1 relaxes DNA (Drlica, 1992).
These two enzymes tend to maintain supercoiling within a fixed range.
Since variations in the environmental conditions often leads to a difference
in cellular energetics, these variations may result in changes in supercoiling
(van Workum et ai, 1996). It is tempting to consider changes in
supercoiling as the very first and general response upon environmental
disturbances with respect to the initiation of repression and induction
mechanisms.
In this study we investigate the effect of a sudden change in the availability
of oxygen using glucose-limited chemostat cultures of E. coli. In these
transient states, the effects on enzyme activities were studied, rather than
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the effects on gene expression. These transient state experiments are used to
study time hierarchies in the adaptation to a different redox environment.
MATERIAL AND METHODS

Escherichia coli strain and growth conditions
MC4100
F" araDJ39 (argF-lac) 1)169 rpsLlSO relAl deoCl flb-5301
ptsFl (Casabadan and Cohen, 1979) ('wild type')
MC 4100 (pBi-322), this strain was used for ATP/ADP and DNA supercoiling
measurements
The strains were maintained on beads in LB medium with 50% (w/v) glycerol
at -20°C.
Organisms were cultured in a 700 ml fermentor, Modular Fermentor Series III
(L.H. Engineering Co. Lt, England). Growth media were simple salts media as
specified by Evans et al. (1970) but instead of citrate, nitrilotriacetic acid
(2mM) was used as chelator. Selenite (30 ug/1) and thiamine (15 mg/1) were
added to the medium. The dilution rate was set at 0.10±0.01 hi-"1. The pH value
of the culture was maintained at 6.5±0.1 using sterile 4M NaOH. The
temperature was set to 35°C. The cultures were stirred at 1000 ipm. To prevent
excessive foaming silicone antifoaming agent (BDH; 1% w/v) was added at a
rate of approximately 0.5 ml h"1. Anaerobiosis was maintained by the method
described previously (Teixeira de Mattos and Tempest, 1983).
Analyses
Steady state bacterial diy weight was measured by the procedure of Herbert et
al. (1971). Glucose, pyruvate, lactate, formate, acetate, succinate and ethanol
were determined by HPLC (LKB) with an Aminex HPX 87H organic acid
analysis column (Biorad) at a temperature of 65°C with 5 inM H 2 S0 4 as eluent,
using a 2142 refractive index detector (LKB) and an SP 4270 integrator
(Spectra Physics). C0 2 production or 0 2 consumption was measured by passing
the effluent gas from the fermentor through a Sei-vomex C0 2 analyser and a
Servomex 0 2 analyser.
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Enzyme activities
In vitro
To obtain cell flee extracts, cells were taken from a steady state culture,
centrifuged (3020xg, 10 min), washed twice with 50 mM sodium phosphate
buffer (pH 7.0), and sonified using a Branson Sonifier 250 (4 minutes, duty
cycle 50%, output control 35%). The cell debris was removed by centrifugation
(12100xg, 15 min)
The overall activity of the PDHc was measured in a standard reaction mixture
containing 50mM sodium phosphate (pH 7.0), 5 mM pyruvate, 12.5 mM
MgCL, 0.18 mM thiamine pyrophosphate (TPP), 0.175 mM coenzyme A, 2
mM NAD, 1 mM potassium ferricyanide. The reaction was started by the
addition of cell free extract and the initial rate was monitored
spectrophotometrically by following the reduction of ferricyanide at 430 ran
(s=1030M_l.cm"1).
Lactate dehydrogenase activity was measured in a standard reaction mixture
containing 50 mM sodium phosphate buffer (pH 7.0), NADH (350uM), MgCl2
(10 mM), pyruvate (60 mM) and cell free extract. The reaction was started by
the addition of pyruvate and the initial rate was monitored
spectrophotometrically by following the oxidation of NADH at 340nm (s=6220
M-'cm" 1 )
NADH and NAD*
Levels of nucleotides were measured by first extracting the nucleotides from a
culture sample and then assaying for the nucleotides in the neutralised, filtered
extract, as described previously (Snoep et al., 1990)
Sampling for A TP ADP and DNA siipercoiling measurements.
Cell cultures were sampled (0.75 ml) into 0.75 ml 80°C phenol and Vortexed
for about 10s. Samples were centrifuged (12000 x g, 15 min), subsequently a
chloroform extraction was perfoimed on the water-phase of the sample/phenol
mixture. A sample was taken from the water phase for ATP/ADP
measurements, plasmid DNA was purified by a standard isopropanol
précipitation. (Van Workum et ai, 1996)

70

Transient state cultures

A TP and A DP measurements
ATP/ADP ratios were measured essentially as described by Van Workum et al
(1996). ATP was measured using a kit (LKB) based on the luciferin-luciferase
method. The following changes were made: 10 tnM KCl, glycerol-free
pyruvate kinase, and 2.5 mM phosphoenolpyruvate were used in the ATP
buffer. Fust ATP was measured and then ADP was converted to ATP using
pyruvate kinase.
DNA supercoiling
The linking number of DNA was measured essentially as described by Van
Workum et al (1996)
DNA samples (plasmids) were put on an agarose gel (1.4%), in the presence of
10 (ig ml"' chloroquine. After electrophoresis, DNA was transferred to Hybond
membranes and hybridised with pBR322 labelled with [33S]-dATP. The blots
were autoradiographed by incubation on Kodak X-OMAT AR or Kodak MINRH film. The film was then digitised and the density in each lane was
quantified at a number (ca. 200) of equally interspaced positions. From this a
graph was made with points (d,x), where d is the density at point x. From this
graph the peak positions where determined automatically using a 'peakdetecting algorithm', and a linking number was assigned to each peak.
By fitting a third order polynomial and using the formula given by Van
Workum et al (1996), the average linking number was calculated.
RESULTS

Steady states
E. coli MC4100 was grown in chemostat cultures (D 0.1 h~', pH 6.5, 35°C)
under glucose-limited conditions aerobically or anaerobically. Specific rates of
product formation and substrate utilisation are given in table 4.1.

Aerobic
Anaerobic

qo2

qco2

q8ic

qiac

qac

qeioh

-3.8

4.0
7.8

-1.4
-4.7

ÖTÖ
0.0

OX)
3.0

(X0
3.0

Table 4.1 Product formation and substrate utilisation rates of steady state cultures of/?, coli MC 4100,
pH 6.5, D=0.1 h', T=35°C. Rates are in mmol If' (g DRW)"1. The values are the mean of 4
independent experiments. C-balances are within 90%-l 10%.
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Not surprisingly, under aerobic conditions all glucose is converted into biomass
and C0 2 and no by-products are formed and the observed RQ value of 1 is
according to the expected behaviour under these conditions. The NADH/NAD
ratio is veiy low in these cultures, notably due to virtually undetectable levels of
NADH. Anaerobically the culture showed the expected mixed acid
fermentation pattern, acetate and ethanol are produced in equimolar amounts
with the concomitant formate and carbon dioxide production. Succinate was a
minor fermentation product (data not shown but see chapter 2). The
NADH/NAD ratio is high under these conditions. All pyruvate produced during
glycolysis is now further broken down via pyruvate foimate lyase, which
converts the pyruvate to acetyl-CoA, formate, C0 2 and H2.
Aerobic/anaerobic transient state
At t=0 the air supply to a steady state aerobic chemostat culture was replaced
by a supply of nitrogen gas. After approximately 20 seconds no oxygen could
be detected anymore in the chemostat as measured by an oxygen electrode in
the chemostat vessel. Upon switching an aerobic chemostat culture to anaerobic
conditions, the catabolism changed dramatically. The fermentation stalled
immediately, as is seen by a direct excretion of formate, acetate and ethanol
(fig. 4.1). This is rather surprising as it indicates that all fermentative enzymes
were present during aerobic growth as the time span after the switch was too
short to allow for de novo synthesis. Apparently, the sudden absence of oxygen
resulted in a direct activation of the fermentative enzyme machinery. Since the
specific formate production rate equalled the ethanol plus the acetate flux, it
can be concluded that, firstly, the pyruvate dehydrogenase complex was
inactivated instantaneously and, secondly, no immediate activity of the formate
hydrogen lyase occurred (which would have resulted in the formation of H2
and C0 2 and the consumption of formate). The latter can be explained by the
fact that the formate hydrogen lyase needs elevated levels of formate in order to
be induced (Birkmann el ai 1987a,b). It is known that aerobically grown cells
contain small amounts of the inactive (oxygen-insensitive) form of PFL
(Knappe and Sawers, 1990; see also the General Introduction). This PFL must
have been converted to the activated form upon depletion of oxygen. These
results show that the amount of PFL in aerobic cells must have been
considerable as it is able to sustain a specific
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Fig 4.1 Product formation during a transient state from aerobic to anaerobic conditions in a chemostat
culture of E. coli MC 4100. D=0.1 h'1, pH=6.5. T=35°C.
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Fig 4.2 NADH/NAD ratios during a transient state from aerobic to anaerobic conditions in a chemostat
culture of £ coli MC 4100. D=0.1 h', pH=6.5. T=35°C.
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Fig 4.3 PDHc enzyme activities (nmol reduced ferricvanide per minute per mg protein) dining a
transient state from aerobic to anaerobic conditions in a chemostat culture of E. coli MC 4100,
D=0. lh~', pH=6.5. T=35°C. PDHc washout was calculated starting with the amount of PDHc
measured at t=0 min.
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<
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minutes
Fig 4.4 Change in ATP/ADP ratio (closed symbols) and linking number of the DNA (dLK. open
symbols) during a transient state from aerobic to anaerobic conditions in a cheinostat culture of £ coli
MC 4100, D=0.1 h', pH=6.5. T=35°C. The steady state value is the mean of 5 independent
measurements.

production rate of approximately 30 % of the rate found in the final anaerobic,
steady state condition.
The NADH/NAD ratio was also measured during this transient state (fig. 4.2).
The ratio increased veiy rapidly to the steady state anaerobic level, which was
reached within a few minutes wich may explain the inactivation of the PDHc.
In vitro measurements of the PDHc (fig. 4.3) suggest that the lowered PDHc
content in anaerobic cells (see chapter 2) is due to a lowered synthesis but not
to active breakdown of PDHc since the activity did not decrease faster than
calculated from the wash out rate. However, the in vivo fluxes show that the
PDHc is inhibited within minutes. The transition from aerobic to anaerobic
conditions appears not to affect the cellular content of LDH (data not
shown) suggesting that the synthesis of this enzyme is not subject to an
oxygen-related regulation.
A threefold, temporary drop in the ATP/ADP ratio was observed upon the
aerobic-anaerobic transition (fig 4.4). Restoration of the ratio starts within 5
minutes after the disturbance. The immediate decrease in ATP/ADP ratio was
accompanied by a sudden increase in the linking number of the DNA (DNA is
becoming now more relaxed). After this peak the linking number slowly
decreased to the aerobic level (fig 4.4) although the sampling period has not
been long enough to confirm a new steady state.
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Anaerobic aerobic transient slate
A steady state anaerobic chemostat culture of MC4100 was switched to aerobic
conditions by replacing the nitrogen supply by an air supply. Within 20 seconds
the culture was fully aerobic, as measured by an oxygen electrode in the
chemostat. hi fig. 4.5 and 4.6 the effects on catabolic fluxes respectively the
NADH/NAD ratios are given. Clearly this switch has a profound effect on the
cells. Apparently, the transition causes a large imbalance in the capacity of the
glycolytic flux to pyruvate and the subsequent pyruvate dissimilating
machineiy with the consequence of a build-up and secretion of this
intermediate, as they cannot longer convert all the pyruvate into acetyl CoA.

1= 2<
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100 120 1-10 160 180 200

minutes
Fig 4.5 Product formation during a transient state from anaerobic to aerobic conditions in a chemostat
culture of £ coli MC 4100, D=0.1 If'. pH=6.5. T=35°C.

40

60
80
minutes
Fig 4.6. NADH/NAD ratios during a transient state from anaerobic to aerobic conditions in a chemostat
culture of E coli MC 4100. D=0.1 If', pH=6.5, T=35°C.
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Fig 4.7 PDHc cn/ymc activities (in ninol reduced ferricyanide per minute per mg protein) during a
transient state from anaerobic to aerobic conditions in a chemoslat culture of E coli MC 4100.
D=0.1 lï'.pH=6.5.T=35°C.
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Fig 4.8 Change in ATP/ADP ratio (closed symbols) and linking number of the DNA (dLK, open
symbols) during a transient state from anaerobic to aerobic conditions in a chemoslat culture of/;, coli
MC 4 KM). D=0.l h"1. pH=6 5. T=35°C. The slcad\ slate value is the mean of 5 independent
measurements.

As the PFL will be inactivated by oxygen, it is not surprising to see that the
mixed acid fermentation pattern is interrupted (acetate and ethanol were
washed out at a rate that equals the dilution rate) but, since LDH is present in
anaerobically grown cells, it was rather unexpected to observe that significant
amounts of pyruvate were excreted and no lactate was formed at all.
The changes in catabolic behaviour were accompanied by a decrease of the
NADH/NAD ratio (fig 4.6) which is however much slower than the increase
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during the aerobic/anaerobic switch. This may impede PDHc to come into
action, although the amount of this enzyme in the cells is increasing (fig 4.7),
but it cannot explain why no lactate formation is observed. With regard to the
effects on the ATP/ADP ratio and DNA supercoiling a complex pattern is
observed with an initial rise in ATP/ADP ratio and a subsequent fall to the
steady state level within 10 minutes (fig.4.8). A corresponding pattern was
observed for the linking number of DNA.
DISCUSSION

The above results show that cells can adapt rapidly when transferred from
aerobic to anaerobic conditions as illustrated by the fact that the fermentation
starts immediately without accumulation of either the subsftate (glucose) or
intermediates like pyruvate. Apparently, aerobic cells have the cellular makeup
to cope with anaerobiosis. In fact, it can be easily envisaged that for such an
adaptation only a certain level of PFL -in its oxygen insensitive form- has to
be maintained in the cell and this doesn't seem to be an energetic burden as
aerobic conditions are energetically favourable. As soon as all oxygen in the
environment (or intracellularly) is reduced and the NADH/NAD ratio has
increased sufficiently, all criteria are fulfilled for PFL to function properly.
Adaptation the other way around seems to be more complex as seen by the
accumulation of pyruvate and the complicated pattern of ATP/ADP changes
and the linking number of DNA. The observation that the organisms are not
able to invoke a homolactic fermentation upon a switch to aerobiosis seems
anomalous as all conditions seem to have been fulfilled for such a catabolic
response: LDH, high pyruvate concentrations and a sufficiently high
NADH/NAD ratio. However, an instantaneous NADH reoxidation must
have taken place upon the switch as, despite the fact that an oxidized
compound (pyruvate) is excreted, the NADH/NAD ratio drops. This
suggests that some respiratory potential is present in anaerobically growing
cells. It may be that as a consequence of the differences in affinities of the
respiratory machinery and LDH for NADH, a significant rate of lactate
production can only proceed for a short period. Finally, upon the presence
of an electron acceptor (in this case oxygen) NADH oxidation coupled to
the generation of a proton motive force and subsequent ATP synthesis then
would affect the ATP/ADP ratio positively. This seems to present a rather
disturbing event that results in a severe imbalance of the various carbon
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fluxes which we cannot explain at this point. In this context, further
quantitative studies with respect to the capacity of anaerobically grown cells
to commence respiration instantaneously would be of interest. We have
shown that transient conditions affect strongly the energy status (the
ATP/ADP ratio) as well as the redox state (NADH/NAD) ratio of the cell
and that the dynamics of the changes are quite different for the two
transitions studied here.
It can be concluded that the responses in the activities of the fermentative
enzyme systems, respectively the oxidative enzymes, cannot be generalized but
are on the contrary veiy diverse. Thus, lactate dehydrogenase synthesis is not
affected by a supply or depletion of oxygen whereas a minor but significant
change is seen for the pyruvate dehydrogenase complex with respect to
induction but strong effects are seen in activity. Finally, PFL activity changes
instantaneously and it should be mentioned that synthesis of this fermentative
enzyme is vastly different in steady state aerobic or anaerobic conditions (S.
Alexeeva, pers. comm.).
The significance of the observed changes in DNA super coiling is
noteworthy. When either transition occurs, an energetic stress is invoked
which causes a change in the DNA linking number. It is tempting to
speculate that the observed adaptations are triggered by rapid changes in
metabolic intermediates (ATP, NADH etc) that initiate general responses at
the level of gene expression. These, finally, generate the signals that are
responsible for adaptive mechanisms specific to the new environmental
conditions. In this view, the timescale of the cellular response to a switch in
oxygen availability in the environment can be divided into three stages:
(between parentheses the timescale of each stage is estimated roughly)
1. The cells respond immediately (seconds) at the level of activity of the
catabolic enzymes. For those enzymes that need oxygen as a substrate
(cytochrome oxidases) or that are irreversibly inactivated by oxygen
(pyruvate formate lyase), this is obvious and the response will be
immediate. In addition, the environmental change may indirectly affect
internal concentrations of metabolites that seive as effectors (e.g. allosteric
effectors). The modified activity per se will result in differences in
metabolite concentrations which may subsequently have an effect on gene
expression (see 3.).
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2. Supercoiling of DNA may change also very fast (0-1 minute), because the
extent of coiling is directly related to a rapidly changing ATP/ADP ratio
(seconds). This may constitute a general, non-specific response to stress
conditions. It has been reported that many genes are switched on or off by
such a mechanism. For example, it has been shown (Ni Bhriain et al., 1989)
that during an osmotic shock, not only proteins involved in protecting the
cells from such an osmotic shock are induced, but also many anaerobic
genes. This response can be within minutes after a stress situation occurs.
3. More specific regulators (globulators) come into action (minutes) like FNR
and Arc. These systems can fine tune the induction of genes on top of the
global regulation brought about by DNA supercoiling. In this way only
genes necessary for the current condition will remain induced. This
response is slower than the other two, because it involves de novo synthesis
after a certain stimulus has been sensed.
The sequence of events after an environmental transition thus would be as
follows. Firstly, enzyme activities are altered due to changes in substrate,
product and/or effector concentrations. Secondly, the subsequent change in the
energetic state of the cell induces modification of DNA supercoiling causing a
general response by inducing several stress related genes. Thirdly, the presence
of condition-specific signals will invoke a fine tuning system that
induces/represses the synthesis of enzymes as appropriate for the new
condition, whereas the general stress response comes to an end when the
metabolic network returns to a new steady state.
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ABSTRACT

The E3 component (dihydrolipoamide dehydrogenase) of the pyruvate
dehydrogenase complex of Enterococcus faecalis was cloned and
sequenced. The enzyme was cloned on a plasmid in Escherichia coli and in
E. coli high overexpression could be obtained (22 mg 1" ). The sequence
showed homology with dihydrolipoamide dehydrogenases from other
sources. The enzyme consists of 469 amino acids and has a molecular
weight of 49158 Da.
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INTRODUCTION

One of the central enzymes in aerobic pyruvate catabolism is the pyruvate
dehydrogenase complex (PDHc). It catalyses the reaction from pyruvate to
acetyl CoA with concomitant reduction of NAD (for a review see Mattevi et
al, 1992; Guest et al, 1989). The pyruvate dehydrogenase complex
consists of three enzymes: a pyruvate decarboxylase (pyruvate
dehydrogenase, El), a dihydrolipoamide transacetylase (E2) and a
dihydrolipoamide dehydrogenase (E3).
For a long time, it has been thought, that the enzyme complex is active only
aerobically, but recent studies (chapter 2; Snoep et al. 1990) have revealed
that this multienzyme complex can also be active anaerobically. In
anaerobic cultures of Enlerococcus faecalis, high levels of pyruvate
dehydrogenase were observed. The complex of E. faecalis was purified
from these anaerobic cultures (Snoep et ai, 1992).
TheEl:E2:E3 polypeptide ratios are 1.2-1.5:1.0:0.6-0.8 (Mr of the complex
is appr. 5• 106) (Reed, 1974; Packman et ai, 1984; Snoep et ai, 1992). The
pyruvate dehydrogenase complex is regulated both at the level of gene
expression and at the level of enzyme activity (Dietrich and Henning,
1970). More recently, it has been shown that the synthesis of the complex
in E. coli is regulated by the Arc two component regulatory system (Quail
et al., 1994; see General Introduction). The operon consists of three genes:
aceElrïoï resp. El and E2 and Ipdencoding E3. E. coli has a separate
promoter for E3, but a transcript of all three genes is possible from the
aceEE promoter. In E. faecalis there is no additional promotor for E3 (Allen
and Perham. 1991).
Snoep et al. (1993) observed that the PDHc from several bacteria! species
showed a different sensitivity towards NADH. In earlier studies (Snoep el
al. 1990) it was concluded that this was due to the sensitivity of the E3
component towards NADH. Of the studied strains, the PDHc from
Enlerococcus faecalis showed the lowest sensitivity towards NADH and
Escherichia coli the highest. This difference probably explains why the
complex of E. faecalis can be active anaerobically without an electron
acceptor and the complex of/:", coli cannot (chapter 2). This feature makes
the lipoamide dehydrogenase of A' faecalis interesting for cloning and
overexpression, in order to resolve the structure. Until now Ipd genes from
several species have been cloned and sequenced: a.o. Azotohacter

85

Chapter 5

vinelandii, Escherichia coli, Bacillus siihlilis, Pseudomonas fluoresceins (fig
5.4). The dihydrolipoamide dehydrogenase oxidises the lipoyl groups on the
E2 component with concomitant reduction of NAD. These liypoyl groups
have an interesting feature: they can act as swinging anus interacting
sequentially with the active sites of the El and E2 enzymes (Bleile et al.,
1979). The enzyme belongs to the family of FAD-containing pyridine
nucleotide oxidoreductases, which include glutathione reductase,
thioredoxin reductase, mercuric reductase and tryptanothion reductase.
These enzymes all contain a redox-active disulphide bridge, which
participates in catalysis.
The Ipd gene is also used for the 2-oxoglutarate dehydrogenase
multienzyme complex (ODHc, sucAB operon). A Ipd mutant lacks the
activity of the pyruvate dehydrogenase complex and the 2-oxoglutarate
dehydrogenase complex and requires acetate for aerobic growth (Guest et
ai, 1989).
In this chapter we report the studies of cloning and sequencing the Ipd gene
of E. faecalis.
MATERIALS AND METHODS

Bacterial strains and vectors, culture conditions
Bacterial strains: Enterococcus faecalis NCTC 775, Escherichia coli TG2
(Gibson (1984)) recA' A{lac-pro) thi supE hsdM hsdR F' {traD36proA*B+
lacZ lad AMI 5)
Plasmids: pUC18, pUCBM20 (Boehringer Mannheim), pBluescnpt KS+
(Promega), pES18 (personal comm. E. Schulze and A. Westphal) pUC18
containing Asul/Aval fragment from the PDHc of E. faecalis ligated into
Smal site of pUC18 (this fragment carries the gene for E2 and part of the
gene for E3, see fig 5.1), pAM 1 (this study, 3.5 kb clal fragment of E.
faecalis in Pbluescript KS+), pAM2 (this study, as pAMl but in pUC18
reversed orientation),pAM4 (this study, asel fragment of pAMl in
pUCBM20), pAM5 (this study, as pAM4, reversed orientation)
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probe
pES18
Fig 5.1. Position of the probe and pES18 on the PDHc Operon of E. faecalis

E. faecalis was grown in medium described previously (Snoep et ai,
1990). E. coli was grown in TY medium (10 g tryptone, 5 g Yeast Extract, 5
g NaCl, 1 1 distilled water).
Materials
Restriction endonucleases were obtained from Gibco-BRL or New England
Biolabs. T4-DNA ligase and Klenow fragment of E. coli DNA polymerase I
were obtained from Gibco-BRL. Calf intestinal alkaline phosphatase and
universal sequencing primer were obtained from Boehringer.
Lipoamide dehydrogenase assay
Activity of lipoamide dehydrogenase was measured spectrophotometrically
at 340 nm by the formation of NADH at 25°C as described by Westphal
and de Kok (1988). The standard mix contained 50 mM sodium
pyrophosphate (pH 8.0), 0.5 mM EDTA, 1 mM reduced dihydrolipoamide
and 1 mM NAD. The reaction was started by the addition of enzyme.
Isolation ofE. faecalis chromosomal DNA andplasmid DNA
Cells of E. faecalis were harvested by centrifugation (10 min, 6000xg) and
washed once with 0.1 M Tris/acetate, pH 8.0, 0.2 M NaCl. The pellet was
resuspended in 5 ml 10 mM Tris/Cl, pH 8.0 containing 10% (w/v) sucrose,
0.1 M EDTA. Lysozyme (5 mg) was added followed by incubation for 1 h
at 37°C. Next 2.5 mg proteinase K was added followed by another
incubation for 1 h at 37°C. This is the same procedure as used by Westphal
and de Kok (1988). The lysate was extracted as described by Sambrook et
al. (1989).
Plasmid DNA was isolated using a kit (Magic Miniprep, Promega).

87

Chapter 5

Cloning and sequencing
Standard techniques according to Sambrook el a/. (1989) and Ausubel
(1987) were used for plasmid preparation, restrictions and ligations.
Restriction enzymes and buffers etc. were used from GibcoBRL.
Southern blot analysis
Chromosomal DNA of E. faecalis was restricted by several restriction
enzymes and the fragments were separated on an agarose gel (0.8% agarose
in TBE). The fragments were transferred to a nylon filter (Mobilon). Filters
were hybridised with radioactive homologous DNA probes at 65°C,
according to Sambrook et al. (1989). Probes were radiolabelled by the nick
translation method and purified through a Sephadex column (Sambrook et
al, 1989). The probe contained a 197 bp Hindlll/Hindlll fragment of
pES18. After hybridisation filters were washed in 2xSSC and 0.1% SDS at
65°C and then exposed to X-ray film (Kodak).
Sequence analysis
Sequencing was performed by standard sequencing methods on an Applied
Biosystems 373 DNA Sequencer Strech wrt 48 cm. An ABI prism dye
terminator sequencing ready reaction kit with amplitaq DNA polymerase
was used. The following primers were used: the standard forward
sequencing primer, GAAACCGGGTGAAACACC,
CAGCACCTGGTACGATG, CCGCCAAATTTGAATCC and for the
reversed sequencing: the standard reverse sequencing primer,
GTCATCGGTGCTGAATTAG, GGATTCATGCGTTTAG.
RESULTS AND DISCUSSION

Enterococcus faecalis chromosomal DNA was digested by various
restriction enzymes and separated on an 0.8% agarose gel. pES18 was
digested by Hindlll yielding a 197bp fragment, which was used as a probe
in Southern blot analysis of the digested chromosomal DNA of E. faecalis
(see fig. 5. land 5.2).
Hybridised fragments, digested by Clal, of ca. 3.5 kb size, were purified
from the gel and ligated into pBluescript II KS+. E. coli TG2 cells were
transformed with the ligation mixture and using the blue/white screening,
positive colonies were blotted on a nylon membrane. On a southern blot of
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Fig 5.2. Southern blot analysis of the restricted chromosomal DNA of E. faecalis. On top of the
lanes the different restriction enzymes are shown. Marker is X DNA restricted with Hindlll.
Pes 18 was restricted with Hindlll.

this membrane, using the same 197 bp probe, clones containing the
dihydrolipoamide dehydrogenase were selected.
These clones, however, showed no lipoamide dehydrogenase activity,
according to the assay used. There are two explanations for this: (i) the gene
is ligated in reversed orientation in the plasmid, (ii) the 467 basepairs in
front of the start codon of the Ipd gene prevent the lac promotor to induce
the Ipd gene.
To overcome this problem two different strategies were followed. First the
fragment was ligated in the reverse orientation into pUC18; this new
plasmid (pAM2) was then transformed to TG2 cells. Again, these cells
showed no significant overexpression of the E3 (table 5.1).

-

PAM2
PAM4
PAM5

0.42 mgl"1
1.5 mgf'
22 mgl'1
1.1 mgl"1

Table 5.1. Expression of the E3 unit of the PDHc of Ii. faecalis in E. coli TG2, using different
Plasmids. Cells were grown to the same optical density in TY medium.
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Subsequently, the fragment was subcloned by using the restriction enzyme
asel, which was used to cut the original 3.5 kb Clal fragment and the new
fragment was ligated into pUCBM20, yielding pAM4 and pAM5 (reverse
orientation). This new clone (pAM4) showed high expression (compared to
the wild type) of the dihydrolipoamide dehydrogenase. (Table 5.1).
The sequence of the subcloned fragment (4777 bp) was analysed. Complete
overlap was obtained and 95% of the sequence was derived from both
strands. The analysis of the sequence is given in fig 5.3
-> E3
# W K
D D #
Q M V
V G D F
A I E
1 ATTAATGGAA GGATGATTAA CAAATGGTAG TAGGAGATTT CGCCATTGAA
L D T
V V I G
A G P
G G Y
V A A I
51 CTAGATACAG TCGTAATCGG AGCTGGTCCT GGAGGATACG TTGCCGCAAT
R A A
E M G
Q K V A
I I E
R E Y
101 TCGTGCCGCA GAAATGGGTC AAAAAGTTGC GATTATCGAA CGTGAATACA
I G G V
C L N
V G C
I P S K
A L I
151 TCGGAGGCGT TTGTTTAAAC GTTGGATGTA TTCCTTCAAA AGCTTTAATT
A A G
H H Y Q
E A Q
D S S
T F G V
201 GCTGCTGGAC ATCATTACCA AGAAGCACAA GATTCTTCAA CTTTTGGTGT
T A K
G V K
L D F A
K T Q
D W K
251 AACAGCTAAA GGAGTCAAAT TAGACTTTGC AAAAACACAA GACTGGAAAG
D N T V
V K S
L T S
G V G M
L L K
301 ATAACACAGT TGTTAAATCA TTAACAAGCG GCGTTGGCAT GTTATTGAAA
K H K
V E I I
E G E
Ä F F
V D E N
351 AAACACAAAG TAGAAATTAT TGAAGGCGAA GCATTTTTCG TTGACGAAAA
T L R
V I H
P D S A
Q T Y
S F N
401 TACATTGCGT GTTATTCACC CAGACTCAGC ACAAACTTAC TCATTCAATA
N A I V
A T G
S R P
I E I P
G F K
451 ATGCTATTGT AGCAACAGGT TCTCGTCCAA TTGAAATCCC AGGATTCAAA
F G G
R V L D
S T G
G L N
L K E V
501 TTTGGCGGAC GCGTGTTAGA TTCTACAGGC GGTTTAAACT TAAAAGAAGT
P K K
F V I
I G G G
V I G
A E L
551 TCCTAAAAAA TTCGTTATTA TCGGTGGCGG TGTCATCGGT GCTGAATTAG
G G A Y
A N L
G S E
V T I L
E G S
601 GTGGCGCTTA TGCTAACTTA GGTTCAGAAG TAACAATTTT AGAAGGTAGC
P S I
L P T Y
E K D
M V K
V V T D
651 CCATCAATTT TACCAACTTA TGAAAAAGAT ATGGTTAAAG TTGTCACAGA
D F K
K K N
V T I V
T S A
M A K
701 CGACTTCAAG AAGAAAAACG TAACAATCGT GACTTCTGCA ATGGCTAAAG
E A V D
N G D
S V T
V K Y E
V N G
751 AAGCTGTTGA CAATGGCGAT AGCGTCACTG TTAAATATGA AGTTAACGGA
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K E E
S V E A
D Y V
M V T
V G R R
801 AAAGAAGAAA GTGTTGAAGC AGATTACGTA ATGGTCACTG TTGGACGTCG
P N T
D D L
G L E Q
A G V
E I G
851 TCCAAACACA GACGACTTAG GCTTAGAACA AGCGGGCGTT GAAATTGGCG
E R G L
I P V
D N Q
G R T N
V K N
901 AACGTGGTTT AATCCCAGTT GACAACCAAG GACGTACTAA CGTGAAAAAC
I F A
I G D I
V P G
A A L
A H K A
951 ATCTTCGCAA TCGGCGACAT CGTACCAGGT GCTGCGTTAG CGCATAAAGC
S Y E
A K I
A A E A
I S G
K K V
1001 AAGCTACGAA GCAAAAATTG CTGCTGAAGC AATTTCTGGT AAGAAAGTTG
A V D Y
K A M
P A V
A F T D
P E L
1051 CAGTTGATTA CAAAGCAATG CCAGCTGTTG CCTTTACTGA TCCAGAATTG
A S V
G M T V
A E A
K E A
G I E A
1101 GCAAGCGTTG GTATGACTGT TGCAGAAGCA AAAGAAGCGG GAATCGAAGC
K G Y
K F P
F A G N
G R A
I S L
115 1 AAAAGGCTAT AAATTCCCAT TTGCTGGTAA CGGCCGTGCA ATCTCTTTAG
D K T E
G F M
R L V
T A V E
D N V
12 01 ATAAAACTGA AGGATTCATG CGTTTAGTTA CAGCTGTAGA AGACAATGTC
I I G
A Q I A
G V G
A S D
M I S E
1251 ATCATCGGTG CACAAATTGC CGGTGTCGGT GCAAGTGACA TGATTTCTGA
L A L
A I E
S G M N
A E D
I A L
1301 ATTAGCTTTA GCTATTGAAT CTGGCATGAA TGCAGAAGAC ATTGCTTTAA
T I H P
H P S
L G E
I T M D
T A E
1351 CAATCCACCC ACACCCATCA TTGGGCGAAA TCACTATGGA TACAGCTGAA
<-E3
L A L
G L P I
H I #
@ Y H
F V A R
14 01 TTGGCTTTAG GTTTACCAAT TCATATTTAA TAGTATCACT TTGTCGCACG
Q I #
C A F
C T C C
I S H
S K S
1451 ACAGATATAA TGCGCCTTTT GCACTTGTTG CATTAGCCAC AGCAAGAGCA
K R C K
K T T
T S R
S R
C F
M L
1501 AAAGGTGTAA AAAAACAACG ACTTCTAGGA GTCGTTGTTT TNTTATGCTC

Fig. 5.3, Sequence analysis oflhc cloned fragment ofpAM-t. The E3 fragment is beginning at bp
24. The stop codon is indicated with the asterisk.

The part that is coding for E3, codes for 469 amino acids and the calculated
molecular weight is 49158 Da, FAD excluded. The sequence shows 100%
homology with the part of the E3 sequence that was published by Allen and
Perham (1991). The homology with other published E3 sequences are given
in fig.5.4.
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Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

1
1
1
1
1
1
1

SQKFDVIVIG
MSTEIKTQVWLG
MSQKFDVWIG
MWGDFAIELDTWIG
MAEQTDLLILG
WGDFPIETDTLVIG
WGDFAIETETLWG

AGPGGYVAAI
AGPAGYSAAF
AGPGGYVAAI
AGPGGYVAAI
GGTGGYVAAI
AGPGGYVAAI
AGPGGYVAAI

KSAQLGLK-T
RCADLGLE-T
RAAQLGLK-T
RAAEMGQK-V
RAAQKGLN-V
RAAQLGQK-V
RAAQLGQK-V

ALIEKYKGKE
VIVERY
ACIEKYIGKE
AIIEKE
TIVEKY
TWEKA
TIVEKG

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

40 G--KTALGGT CLNVGCIPSKALL DSSYKFHEAH ESFKLH-GIS
39
NTLGGV CLNVGCIPSKALL HVAKVIEEAK ALAEH--GIV
41 G--KVALGGT CLNVGCIPSKALL DSSYKYHEAK EAFKVH-GIE
42
YIGGV CLNVGCIPSKALI AAGHHYQEAQ D S S T F — G V T
37
KLGGT CLHKGCIPTKALL RSAEVFDTLK QAASF--GIE
41
TLGGV CLNVGCIPSKALI NAGHRYEQAK HSDDM--GIT
41
NLGGV CLNVGCIPSKALI SASHRYEQAK HSEEM--GIK

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

88 VPTMIARKDQ IVRNLTGGVA SLIKAN--GV TLFEGHGKLL AGKKVEVTAA
83 IDKIRTWKEK VINQLTGGLA GMAKGR--KV K W N G L G K F T GANTLEVEG8 9 VPAMVARKAN IVKNLTGGIA TLFKAN--GV TSFEGHGKLL ANKQVEVTGL
87 AKTQDWKDNT W K S L T S G V G MLLKKH--KV EIIEGEAFFV DENTLRVIHP
81 FSKIQQRKEG IIEQLHKGVE GLCKKN--KI KILAGEGAIL GPSIFSPVSG
85 FTKVQEWKAS W N K L T G G V A GLLKGN--KV D W K G E A Y F V DSNSVRVMD83 FAKVQEWKAS W K K L T G G V E GLLKGN--KV EIVKGEAYFV D A N T V R W N -

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

135
130
136
135
138
132
130

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

111
166
172
169
183
167
165

TGALDFQNVP
TDALELKEVP
TGALEFQAVP
TGGLNLKEVP
DGMLELEELP
TGALALKEIP
TGALNLGEVP

GKLGVIGAGV
ERLLVMGGGI
KKLGVIGAGV
KKFVIIGGGV
ESIAIIGGGV
KKLWIGGGY
KSLWIGGGY

IGLELGSVWA
IGLEMGTVYH
IGLELGSVWA
IGAELGGAYA
IGVEWASLLN
IGTELGTAYA
IGIELGTAYA

RLGAEVTVLE
ALGSQIDWE
RLGAEVTVLE
NLGSEVTILE
SLGVNVTIIE
NFGTELVILE
NFGTKVTILE

AMDKFLP
MFDQVIP
ALDKFLP
GSPSILP
FLDRLLI
GGDEILP
GAGEILS

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

219
214
22 0
217
231
215
213

-AV-DEQVAK
-AA-DKDIVK
-AA-DEQIAK
-TY-EKDMVK
--N-ESATIS
-GF-EKQMSS
-GF-EKQMAA

EAQKILTKQVFTKRISKKF
EALKVLTKQWTDDFKKKKELKKRLEQR
LVTRRLKKKIIKKRLKKK-

GLKILLGARV
-NLMLETKVT
GLNIRLGARV
NVTIVTSAMA
GINILLGSKV
GNVEIHTNAM
GVEWTNALA

TGTEVKN-KQ
AVEAKE--DG
TASEVKK-KQ
KEAVDNG-DS
QEAKV
TG
AKGVEERPDG
KGAEERE-DG

VTVKFVDAEG
IYVTMEGKKA
VTVTFTDANG
VTVKYEVNGK
QKVQVEVAGVTVTFEVKGE
VTVTYEANGE

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

2 64
258
265
262
272
261
260
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DGSSQVLDTE
ENGKTVINFD
DGKTQVLEAE
-DSAQTYSFN
-AVAVTFNDP TREEEIIVPK
ENSAQTYTFK
GDSAQTYTFK

P

NVILASGSKP
NAIIAAGSRP
NVIIASGSRP
NAIVATGSRP
NVIIATGSSP
NAIIATGSRP
NAIIATGSRP

VEI--PPAPV
IQL--PFIPH
VEI--PPAPL
IEI--PGFKF
KTL--PNLPL
IEI--PNFKF
IEL—PNFKF

TGEVAI
D
FGEPKT
D
AKGVTI
D
AKGVKL—DF
TEAASI
D
AENVTV
D
AENVTI
D

DQDV--IVDS
EDPR—IWDS
TDDI--IVDS
GGR
VLDS
DEEF--ILSS
GKR
VLNS
SNR
ILDS

EKSQ AFDKLIVAVG RRPVTTDLLA ADS-GVTLDE RGFIYVDDYC
AEPQ RYDAVLVAIG RVPNGKNLDA GKA-GVEVDD RGFIRVDKQL
EQKE TFDKLIVAVG RRPVTTDLLA ADS-GVTLDE RGFIYVDDHC
EESV EADYVMVTVG RRPNTDDLGL EQA-GVEIGE RGLIPVDNQG
QESL TVDKVMVAIG RQPNINKLGL QNT-SVKYTD KGIEVNEFYEKTV DADYVLITVG RRPNTDELGL EQV-GIEMTD RGIVKTDKQC
TKTI DADYVLVTVG RRPNTDELGL EQI-GIKMTN RGLIEVDQQC
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Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

303
297
304
301
310
300
299

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

349 YDLIPAVIYT HPEIAGVGKT EQALKAEGV334 PKVIPSIAYT EPEVAWVGLT EKEAKEKGI348 YDLIPSVIYT HPEIAWVGKT EQTLKAEGV337
AVD YKAMPAVAFT DPELASVGMT
339
HLLD ETVEP-LNYT NPEIASVGYT
336
EID Y L G I P A W F S EPELASVGYT
333
AVD Y V A I P A W F S DPECASVGYF

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

393
378
392
381
381
380
377

Azovi
Ecoli
Psefl
Entfal
Entfa2
Bacsu
Bacst

439
424
438
427
427
426
423

ATSVPGVYAI G D W R G - A M L A H K A S E E G W VAERIAGHKA
RTNVPHIFAI GDIV-GQPML AHKGVHEGHV AAEVIAGKKH
KTSVPGVFAI G D W R G - A M L AHKASEEGVM VAERIAGHKA
RTNVKNIFAI GDIV-PGAAL AHKASYEAKI AAEAISGKKV
QTTEGHIYAI GDCI-DTLQL AHVAMKEGEL AVQ
RTNVPNIYAI GDIIE-GPPL AHKASYEGKI AAEAIAGEPA
RTSVPNIFAI GDIVP-GPAL AHKASYEGKV AAEAIAGHPS

MAANDT
IASDCA
MAANDT
ISLDKT
LVYGET
LSLNET
LALNDT
SAEDLG--MM
DAEDIA--LT
SAEDLG--MM
NAEDIA--LT
APIEIG—EA
TAEDIA--MT
TAEDIA—LT

AGFVKVIADA
DGMTKLIFDK
TGLVKVIADR
EGFMRLVTAV
DGFIEVIRDK
DGFMKLITRK
DGFLKLWRK
VFAHPALSEA
IHAHPTLHES
VFSHPTLSEA
IHPHPSLGEI
IHAHPTMTEV
IHAHPTLGEI
IHAHPTLGEI

KTDRVLGVHV
ESHRVIGGAI
KTDRVLGVHV
EDNVIIGAQI
KTDDLLGVSM
EDGLVIGAQI
EDGVIIGAQI
LHEAALAVSG
VGLAAEVFEG
LHEAALAVNG
TMDTAELALG
LQEAALDTYG
TMEAAEVAIG
AMEAAEVALG

QMN
YFD
QMN
AVD
HLLD
EID
AVD

AINVGVF PFAASGRA—
SYETATF PWAASGRAEVNVGTF RFTTSGRA—
VAEAKEAGIEAKGYKF
RETLPADKEWI-GTF
EAQAKEEGLDIVAAKF
EQQAKDEGIDVIAAKF
IGPSAAELVQ
VGTNGGELLG
IGPSAAELVQ
AGVGASDMIS
IGPHVTDLIA
AGASASDMIS
IGPNASDMIA

QGAIAMEFGT
EIGLAIEMGC
QGAIGMEFGT
ELALAIESGM
EASTAMYLDA
ELSLAIEGGM
ELGLAIEAGM

HAIHVANRKK
SITDLPNPKAKKK
HAIHIANRKKR
LPIHI
LAIHK
SPIHIVK*
TPIHIITK*

Fig 5.4. Homology between difTercnl E.Vs from different species; Azovi, Azotobacter vinelandii
(Westphal and de Kok. 19X8); Ecoli, Escherichia coli (Stephens el at., 1983); Psefl,
Pseudomonas fluorescens (Benen et al. 1988); Ent/a, Enlerococcitsfaecalis (Ward. Bowman
School of Medicin. North Carolina. USA. personal communication; this report); Bacsu, Bacillus
subtilus (Hemilä et ai, 1990); Bacst, Bacillus slearothermophi/us (Borges et al, 1990); Entfal
is the sequence on which we report here.

The other E3 enzyme from E. faecalis in this comparison is a component of
the branched chain amino acid oxidation complex, (personal comm. D.
Ward, Bowman School of Medicine, North Carolina, USA).There is not
much homology between the two lipoamide dehydrogenases (fig. 5.4) of E.
faecalis, but this gene was cloned by using a nonhomologous probe against
E3. The sequencing of the E3 gene of £ faecalis makes it possible to
produce a mutant lacking this enzyme. This mutant could play an important
role in studying further the distribution of the pyruvate flux over the PFL
and the PDHc branch. A mutant of/:, coli carrying instead of the wild type
E3, the E3 from E. faecalis would be of interest to such a study, since it
would possess a PDHc, which is much less sensitive towards NADH. It
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could very well be possible that this mutant is active under anaerobic
conditions without an external electron acceptor.
The use of constructs like these could help to determine whether the
NADH/NAD ratio observed under steady state condtions is a resultant of
other regulatory systems or serves as an effector.
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Reading the huge encyclopedia of E. coli (Neidhardt et al, 1996) one is
tempted to think that this bacterium has no secrets to us anymore. Yet any
attempt to understand its fine details will lead to the discovery of numerous
gaps in our knowledge on the one hand and the complexity of its regulatory
machinery on the other. In this thesis an effort has been made to fill one of
these gaps: the effect of the redox environment on the pyruvate catabolism
of/:", coli, by studying the in vivo flux through the pyruvate dehydrogenase
complex and pyruvate formate lyase and the effect of the NADH/NAD ratio
on the physiological behaviour.
In the 60's some research has been done to evaluate the values for NAD(H)
in bacteria (London and Knight, 1966; Takaebe and Kitahara, 1963;
Wimpenny and Firth, 1972). From these studies, it was concluded that
NAD(H) plays no major role in regulation of metabolism, although
Wimpenny (1972) recognised a possibly significant role, especially during
transient states from anaerobic to aerobic conditions. Being such an
important metabolite it is surprising so little attention has been paid to
NAD(H) for many years. Only recently it has come into the picture again
(Snoep, 1992).
As becomes clear throughout this thesis the NADH/NAD ratio can serve as
a monitor of the redox state, in the sense of being a reflection of the
external redox state. The exact mechanism remains obscure, and it is
impossible to make out whether the NADH/NAD ratio is the effect or the
effector, as the total makeup of the cell (enzyme concentrations and
substrate/products) determines this ratio, but is also influenced by the same
ratio. The link with the (redox) regulators FNR and Arc is obvious, and
awaits further research, but we do know that FNR is most likely influenced
by the redox potential (Unden el ai, 1990). Although the internal redox
potential per se, has been proven to be an almost hypothetical parameter
(Walz, 1979), it remains intriguing how the external redox potential
influences the internal redox state.
The present studies prove that the NADH/NAD ratio is an important
parameter under different redox conditions. And although the mechanism
may be unknown, this implies that the NADH/NAD ratio can be
manipulated in many different ways, as one can read in this thesis. First by
changing the redox potential of the election acceptor (chapter 2), secondly
by the concentration of the electron acceptor (chapter 3). Moreover in
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transient states, the NADH/NAD ratio can change rapidly (chapter 4). The
question that remains, however, is whether the NADH/NAD ratio is just a
reflection of the redox state of the cell, or whether it has a more
physiological importance.
For alcohol dehydrogenase a direct link between expression of the gene
and the NADH/NAD ratio (Leonardo et al, 1996) has been found, but it
can not be excluded that NADH/NAD is only a mediator and the actual
gene expression is controlled by another regulation system. This effect of
the NADH/NAD ratio can easily be understood physiologically, as the
function of alcohol dehydrogenase in the catabolism off. coli is to remove
any excess of NADH.
A role for the NADH/NAD ratio in the regulation of fluxes has been
pointed out before in Clostridium acelobulylicum; Girbal and Soucaille
(1994) have shown that whether the cell follows the acetogenic or the
solventogenic pathway depends on the NADH/NAD ratio: a low ratio
corresponds to the acetogenic pathway and a high NADH/NAD ratio to the
solventogenic pathway.
Another enzyme that is known to be dependent on the NADH/NAD ratio in
the cell is the pyruvate dehydrogenase complex; for that reason special
attention had been paid in this thesis to the PDHc/PFL couple, catalyzing
the conversion of pyruvate into acetyl-CoA under different conditions.
Although it is not easy to measure the exact flux distribution over the PDHc
and the PFL, at least in wild type E. coli, from the studies in this thesis it is
very likely that this distribution takes place in response to changes in the
(redox) environment, giving E. coli the possibility not only to switch
between these enzymes but use them both at the same time to allow
pyruvate catabolism to be optimal under all conditions. This phenomenon
has been seen before in E. faecal'is (Snoep, 1992). One can only speculate
about the possible reason for this phenomenon, but it implies that E. coli
tries to maintain the flux from pyruvate to acetylCoA under all conditions
and is able to have the optimal stoichiometry for ATP synthesis.
Experiments with transitions from aerobic to anaerobic conditions have
proven that the pyruvate formate lyase is ready to take over the role of the
pyruvate dehydrogenase complex immediately and revealed the presence of
PFL in (micro)aerobic cells, again safeguarding the flux from pyruvate to
acetylCoA. In short, this gives E. coli the potential to cope with many
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natural habitats, where the environmental conditions are varying all the
time. Being veiy oxygen sensitive PFL will be inhibited whenever oxygen
is present, and now PDHc will come into action, which produces more
NADH to feed into the respiratory chain with subsequent
nergyceonservation. The PDHc being sensitive towards NADH is inhibited
under anaerobic conditions and the pyruvate flux is redirected via PFL.
High NADH production is undesirable under these conditions, because
redox neutrality has to be maintained.
Studies with the different pyruvate dehydrogenase complexes from
Enterococcus faecalis, Escherichia coli, Lactococcus lactis and Azotobacter
vinelandii have shown that the sensitivity towards NADH of the complex
varies from species to species: Enterococcus faecalis showed the lowest
sensitivity and E. coli the highest of the ones studied. (Snoep et ai, 1993).
This explains the high activities of E. faecalis under anaerobic conditions
and the low activities in anaerobic cultures of E. coli. Since the lipoamide
dehydrogenase component is responsible for this and now that this
component of E. faecalis has been cloned (chapter 5), structural studies can
give a clue why the different lipoamide dehydrogenases are so different
with respect to this NADH sensitivity and the possibility is open to make
mutants with an altered sensitivity.
From these studies it becomes once again clear that E. coli is capable to
adapt its catabolism in such a way, that it will take energetically as much
advantage of the environmental conditions as possible. In order to do so, E.
coli possesses a wide range of regulation systems and modes of regulation,
operating on different timescales and different levels.
A flux through an enzyme is built up of two components: the amount of
enzyme in the cell and the activity of this enzyme in the cell, which is
dependent on concentrations of substrate, products, effectors and inhibitors.
In enzyme synthesis different regulation systems are involved, which react
to (external) redox conditions. The most important systems are FNR and
Arc, which have been described in the general introduction. These systems
sense in some way the redox environment: FNR most likely senses the
redox potential of the cell (Unden el ai, 1990), although recently oxygen
has been put forward as being directly involved in the signal transduction
(Unden and Schirawski, 1997). Arc is probably influenced by a change in
intracellular catabolism (luchi, 1993; Iuchi el ai, 1994). Several
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metabolites like NADH and pyruvate can enhance the phosphorylation of
Arc (see general introduction) and this offers the possibility for the system
to sense changes in the catabolism. The exact primary stimulus of Arc
remains however unknown.
In figure 6.1 a model of the timescales of the events during adaptation to
different redox conditions is given.
adaptation
NADH/NAD ratio

enzyme activity
metabolites

ATP/A DP ratio
DNA supercoiling

\

\
seconds

gene expression
by FNR/Arc

hours

Fig 6.1. Model of the subsequent events in adaptation of E. coli to different redox conditions

As a result of the alteration of external conditions, internal concentrations
of metabolites and cofactors are changed and this will modulate enzyme
activities (seconds). Among these metabolites the ATP/ADP ratio will
change, and subsequently DNA supercoiling, which enables the cell to
response rapidly by inducing a wide variety of genes (chapter 4).
Meanwhile the redox state of the cell (NADH/NAD ratio) can change
rapidly, which will have its effect on the activity of many enzymes. This
change in redox state is likely sensed by regulatory systems such as FNR
and Arc. These systems react to a distinct stimulus (redox state, oxygen)
and induce (repress) only those genes that are (un)necessary for the new
situation (minutes). They are superimposed on the gene regulation by DNA
supercoiling.
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Bacteria have a tremendous capacity to adapt their metabolism to an ever
changing environment. To guarantee continuation of energy conservation, it
is necessary to adjust catabolism rapidly to a changing environment.
Escherichia coli, a well studied Gram negative bacterium, can invoke
different catabolic modes: respiration, anaerobic respiration and
fermentation. Pyruvate is the key intermediate in energy conversion, as the
carbon fluxes are branched at this intermediate. In this thesis we focus on
the pyruvate dehydrogenase complex (PDHc). This multi-enzyme complex
catalyses under aerobic conditions the conversion of pyruvate into acetylCoA and NADH , and it is activated by pyruvate and is sensitive towards
NADH. Its anaerobic counterpart, pyruvate formate lyase (PFL) catalyses
the cleavage of pyruvate into acetyl-CoA again but without NADH
generation, and is veiy sensitive to oxygen.
This thesis tries to elucidate the role of the redox environment at the
different levels of regulation of pyruvate catabolism. Steady states have
been studied, with different electron acceptors added to the medium to
manipulate the external redox potential (chapter 2) or by vaiying the
oxygen availability in the culture thus vaiying the external redox potential
(chapter 3). These experiments were done to study the regulation at the
level of enzyme synthesis as well as at the level of enzyme activity.
Studies on steady state cultures of a wild type E. coli as well as a PFL
mutant and a PDHc mutant revealed that the PDHc can be active under
anaerobic conditions when an external electron acceptor (nitrate or
fumarate) is added to the medium. Moreover, the flux through the PDHc
was found to be correlated to the NADH/NAD ratio of the cultures and is
regulated by both gene expression and enzyme activity (chapter 2).
When E. coli was cultured at different dissolved oxygen tensions (DOT)
again a correlation could be seen with the NADH/NAD ratio, although only
at DOT <1%: the NADH/NAD ratio increases with decreasing DOT. At
higher DOT values the NADH/NAD ratio is as low as in fully aerobic
cultures.
Suprisingly, at low DOT values a flux was measured through the pyruvate
formate lyase, although this enzyme is highly oxygen sensitive. We argue
that at these DOT values the high NADH/NAD ratio blocks the pyruvate
dehydrogenase complex and the intracellular oxygen concentration is
sufficiently low to allow for a functional PFL (chapter 3).
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To study direct effects on the kinetics of the PDHc, transient state cultures
were studied during a switch from aerobic to anaerobic conditions and vice
versa. Upon switching from aerobic to anaerobic conditions, the cells were
able to activate anaerobic pathways immediately (including the oxygen
sensitive PFL). PDHc activity was blocked immediately, and again the
decrease in PDHc was correlated with the NADH/NAD ratio, which
increased sharply during this switch. The ATP/ADP ratio dropped
immediately and this caused the linking number of DNA to rise. During the
reverse switch the cells were not able to immediately cany out aerobic
catabolism, as was seen by excretion of pyruvate. The NADH/NAD ratio
decreased more slowly than the increase during the switch from aerobic to
anaerobic conditions. In addition, the ATP/ADP ratio responded in a
complex maimer, first increasing rapidly, and after a period of a few
minutes decreasing back to the steady state level. The linking number of the
DNA showed the opposite trend compared to the ATP/ADP ratio, (chapter
4).
The PDHc of E. coli is not active under fully anaerobic conditions, due to
the enzyme being highly sensitive towards NADH. Yet, the enzyme is
present under anaerobic conditions. The differences in sensitivity towards
NADH of the PDHc from various bacteria explain the differences in
catabolic end-products under various conditions. Enterococcus faecalis has,
for example, a PDHc that is far less sensitive towards NADH than the
PDHc of/:, coli, and the E3 subunit (lipoamide dehydrogenase) of the
enzyme complex is responsible for this sensitivity. In chapter 5 the cloning
and sequencing is reported of the E3 subunit of the PDHc of E. faecalis. By
cloning this relatively insensitive enzyme a better understanding of the
mechanism of inhibition by NADH can be obtained.
The link between catabolism and the NADH/NAD ratio is an obvious one,
yet not fully understood. The correlation between in vivo activity of the
PDHc of E. coli and the NADH/NAD ratio is shown in chapter 2, 3 and 4.
Moreover we show that the NADH/NAD ratio reflects the external redox
conditions (e.g. anaerobic, aerobic). We have not yet elucidated the
molecular mechanism of the regulation by the NADH/NAD ratio. However,
in chapter 6 we provide a model as to the strategies that have evolved in E.
coli in order to adapt effectively to various redox-related conditions and to
respond adequately to changes thereof.
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Bacteriën beschikken over een enorme capaciteit om hun metabolisme aan
te passen aan een immer veranderende omgeving. Om continuering van
energieconservering te garanderen, is het noodzakelijk om het catabolisme
snel aan te passen aan de veranderende omgeving. Escherichia coli, een
Gram negatieve bacterie, kan verschillende catabolische modes gebruiken:
ademhaling, anaerobe ademhaling en fermentatie. Pyruvaat is het
sleutelintermediair in energie-omzetting, daar de koolstof fluxen worden
gesplitst vanaf dit intermediair. In dit proefschrift richten we ons op het
pyruvaat dehydrogenase complex (PDHc). Dit multi-enzym complex
katalyseert onder aerobe condities the omzetting van pyruvaat in acetylCoA en NADH, het wordt geactiveerd door pyruvaat en is gevoelig voor
NADH. Zijn anaerobe tegenhanger, pyruvaat formiaat lyase (PFL),
katalyseert ook de splitsing van pyruvaat in acetyl-CoA, maar zonder
NADH productie, tevens is dit enzym zeer gevoelig voor zuurstof.
Dit proefschrift tracht de rol van de redoxomgeving op de diverse niveaus
van de regulatie van pyruvaat catabolisme op te helderen. Steady states
werden bestudeerd, met verschillende electronenacceptoren aan het medium
toegevoegd om de externe redoxpotentiaal te manipuleren (hoofdstuk 2) of
door het veranderen van de beschikbaarheid van zuurstof en aldus de
externe redoxpotentiaal te variëren (hoofdstuk 3). Deze experimenten zijn
gedaan om de regulatie te bestuderen op zowel het niveau van
enzymsynthese als op het niveau van enzymactiviteit. Experimenten met
steady state cultures van een wild type E. coli, een PFL mutant en een
PDHc mutant lieten zien dat het PDHc actief kan zijn onder anaerobe
condities, mits een externe electronacceptor (nitraat of fumaraat) aan het
medium is toegevoegd. Bovendien was de flux door het PDHc gecorreleerd
aan de NADH/NAD ratio van de cultures en de flux wordt gereguleerd door
zowel genexpressie als enzymactiviteit (hoofdstuk 2).
Deze zelfde correlatie met de NADH/NAD ratio kon worden gezien,
wanneer E. coli werd gecultiveerd bij verschillende opgelostezuurstofspanningen (DOT), hoewel alleen bij D0T<1: de NADH/NAD
ratio stijgt bij afnemende DOT. Geheel onveiwacht bleek bij lage DOT
waarden een flux te kunnen worden gemeten door het PFL, hoewel dit
enzym zeer gevoelig is voor zuurstof. Waarschijnlijk wordt bij deze hoge
NADH/NAD ratio's het PDHc geblokkeerd en zal de intracellulaire
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zuurstofconcentratie laag genoeg zijn voor het PFL om te functioneren
(hoofdstuk 3)
Om de directe effecten op de kinetiek van het PDHc te bestuderen, transient
cultures werden bestudeerd gedurende een omschakeling van aerobe naar
anaerobe omstandigheden en vice versa. Na een omschakeling van aerobe
naar anaerobe omstandigheden waren de cellen in staat om onmiddellijk de
anaerobe routes te activeren (inclusief het zuurstof gevoelige PFL). PDHc
activiteit werd onmiddellijk geblokkeerd en wederom een afname in PDHc
was gecorreleerd met de NADH/NAD ratio, welke scherp steeg gedurende
de omschakeling. De ATP/ADP ratio zakte momentaan en dit veroorzaakte
een stijging van het linkingnummer van het DNA. Gedurende de
omgekeerde omschakeling waren de cellen niet in staat om direct het aerobe
catabolisme uit te voeren, zoals kon worden gezien aan de uitscheiding van
pyruvaat. De NADH/NAD ratio ging langzamer omlaag als de stijging
gedurende de omschakeling van aerobe naar anaerobe condities. De
ATP/ADP ratio reageerde op een complexe wijze, eerst steeg de ratio snel
om vervolgens na enkele minuten naar het steady state niveau te dalen. Het
linkingnummer van het DNA liet een omgekeerde trend zien, vergeleken
met de ATP/ADP ratio. (Hoofdstuk 4). Het PDHc van E. colt is niet actief
onder volledig anaerobe condities, als gevolg van het feit dat het enzym
zeer gevoelig is voor NADH.
Desalniettemin is het enzym aanwezig onder anaerobe condities. De
verschillen in gevoeligheid voor NADH van diverse bacteriën verklaren de
verschillen in catabole eindproducten onder verschillende condities.
Enterococcvs faecalis, bijvoorbeeld, heeft een PDHc, dat veel minder
gevoelig voor NADH dan het PDHc van E. coli, de E3 subunit (lipoamide
dehydrogenase) van het enzymcomplex is verantwoordelijk voor deze
gevoeligheid. In hoofdstuk 5 wordt het doneren en sequencen van E3
subunit van het PDHc van E. faecalis beschreven. Door dit relatief
ongevoelige PDHc te doneren kan men to beter begrip komen van het
mechanisme dat tot inhibitie door NADH leidt.
De link tussen catabolisme en de NADH/NAD ratio is een duidelijke link,
maar nog niet volledig begrepen. De correlatie tussen de in vivo activiteit
van het PDHc van E. coli en de NADH/NAD ratio komt naar voren in
hoofdstuk 2, 3 en 4. Bovendien blijkt dat de NADH/NAD ratio een reflectie
vormt van de externe redoxcondities (bijv. aëroob, anaëroob). We heb tot
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nu toe nog niet het moleculair mechanisme opgehelderd dat aan de regulatie
door de NADH/NAD ratio ten grondslag ligt. In hoofdstuk 6 wordt een
model gepresenteerd welke strategieën in E. coli zijn ontwikkeld om zich
effectief aan verschillende redox gerelateerde condities aan te passen en om
adequaat hierop te reageren.
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Iedereen heeft wel eens te maken met bacteriën, die kleine, door de meeste
mensen onaardig gevonden, diertjes. Een bacterie heeft ten opzichte van de
hogere organismen een belangrijk nadeel: het is voor een bacterie
onmogelijk om zijn eigen omgeving aan te passen en zal zich dus aan de
omgeving moeten aanpassen. De meeste bacteriën kunnen dat dan ook
uitstekend. Zeker bijvoorbeeld in darmen waar de omstandigheden
voortdurend variëren: wel of geen voedsel en de aard ervan. Om zich te
kunnen aanpassen aan de omgeving heeft de bacterie diverse instrumenten
tot zijn beschikking. Ten eerste door verandering van de omgeving zullen
allerlei concentraties van stoffen in de cel ook veranderen, waardoor
enzymen anders gaan werken (bijv. sneller, of worden gedeactiveerd).
Enzymen zijn katalysatoren die alle reacties in de cel laten werken. Deze
verandering is de meest eenvoudige aanpassing en hiervoor hoeft de cel
weinig te doen. De cel kan zich ook aanpassen door andere enzymen te
gaan gebruiken, hiervoor moeten andere genen worden afgelezen (genen
zijn de recepten voor enzymen). Hiervoor zijn er een aantal
regulatiesystemen die bepalen, wanneer welke genen worden afgelezen.
Deze regulatiesystemen moeten eerst de omgeving voelen en vervolgens
interpreteren en dan bepaalde genen wel of niet aflezen. In de
experimenten, die in dit proefschrift zijn beschreven, werd de invloed van
de redox omgeving bestudeerd. Onder redox omgeving wordt verstaan, de
aanwezigheid van stoffen die de bacterie kan gebruiken om te ademen (bijv.
zuurstof, nitraat). Als bacterie is Escherichia coli gebruikt, een van de
meest gebruikte modelbacteriën in microbiologisch onderzoek.
Twee enzymen staan centraal in dit proefschrift die allebei een enzym zijn
van de afbraakroute van glucose. Deze enzymen zetten beiden pyruvaat om
in acetyl-CoA, het ene, het pyruvaat dehydrogenase complex (PDHc), doet
dit onder aerobe (zuurstofrijke) omstandigheden en het andere, het
pyruvaat formiaat lyase (PFL), doet dit onder anaerobe (zonder zuurstof)
condities. De regulatie van deze twee enzymen is bestudeert en het bleek
dat het PDHc ook anaëroob actief kan zijn, mits de redox omgeving een
beetje op de aerobe redox omgeving lijkt. NADH wordt gebruikt als
intermediair in de ademhaling, hierbij wordt NADH in NAD omgezet. Als
graadmeter voor de interne redoxcondities is de NADH/NAD ratio gemeten
en vergeleken met de omzettingsnelheid in de cel van het PDHc. Het bleek
dat bij hoge NADH/NAD ratio het PDHc minder actief is. Dat is een direct
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effect op het enzym, het enzym is immers gevoelig voor hoge NADH
concentraties. Er is ook een effect op enzym synthese: bij hogere
NADH/NAD ratio wordt er minder PDHc gemaakt.
Om de aanpassing goed te bestuderen zijn de bacteriën bestudeerd tijdens
een switch van aerobe naar anaerobe omstandigheden en andersom.
Gekeken werd hoe de bacteriën zich aanpasten en hoe de diverse
parameters als PDHc hoeveelheid en NADH/NAD ratio varieerden. Uit
deze experimenten kwam wederom naar voren de relatie tussen de
NADH/NAD ratio en de activiteit van het PDHc. Het bleek tot mijn
verrassing dat aerobe cellen al alle anaerobe enzymen hebben om zich zo
snel mogelijk aan te passen. Onder verschillende omstandigheden is de
voorraad energie (ATP/ADP ratio) ongeveer gelijk, bij een snelle
verandering, zoals bij deze switches, verandert de ATP/ADP ratio
onmiddellijk, dit heeft als gevolg een stress respons: veel enzymen worden
aan- of uitgeschakeld. Hierna volgt een specifiek antwoord op de stress en
de echte adaptatie vindt plaats.
De exacte moleculaire mechanismen achter de regulatie van glucose
afbraak zijn nog niet geheel duidelijk, maar het is duidelijk dat E. coli
strategieën heeft ontwikkeld om zich effectief (en snel) aan verschillende
externe omstandigheden aan te passen en optimaal van die omstandigheden
gebruik te maken. Dit heeft een groot voordeel in de natuurlijke omgeving
van deze bacterie (o.a. de darmen). Escherichia coli is op deze manier in
staat deze omgeving zeer doeltreffend te koloniseren.
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ABBREVIATIONS

ac
ac-CoA
ATP
CoA
D
(k)Da
DOT
DRW
e
E,,
E m .7

El
E2
E3
enzyme activity in vitro
enzyme activity in vivo
etOH
FAD(H)
for
glc
km

lac
LB
LDH
NAD(H)
ND
q

PDHc
PFL
pyr
SD
T

acetate
acetyl coenzyme-A
adenosine-5'-diphosphate
coenzyme-A
dilution rate (If')
(kilo)Dalton
dissolved oxygen tension
diy weight
extincion coefficient (M"! cm"1)
redoxpotential
midpoint redox potential at pH 7
pyruvate dehydrogenase, pyruvate :lipoate
oxidoreductase (EC 1.2.4.1)
dihydrolipoyl transacetylase, acetylCoA:dihydrolipoamide S-acetyltransferase (EC
2.3.1.12)
dihydrolipoamide dehydrogenase,
NADH:lipoamide oxidoreductase (EC 1.8.1.4)
Enzyme activity, measured in a cellfree extract
under standard conditions
enzyme activity, measured as a flux through the
enzyme in whole cells
ethanol
(reduced) flavin adenine dinucleotide
formate
glucose
Michaelis constant: substrate concentration at
the half maximal reaction velocity
lactate
Luria Bertani medium
lactate dehydrogenase
(reduced) nicotinamide adenine dinucleotide
not determined
specific rate of consumption or production
pyruvate dehydrogenase complex
pyruvate formate lyase (EC 2.3.1.54)
pyruvate
standard deviation
temperature
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Dankwoord
Ik kan het nog steeds niet geloven, maar mijn boekje gaat morgen naar de
drukker.
Ik wil natuurlijk toch een aantal mensen bedanken die aan mijn proefschrift
hebben bijgedragen in welke vorm dan ook.
Allereerst wil ik Oense Neijssel noemen, die eigenlijk mijn promotor had moeten
zijn. Ik waardeerde erg de vrijheid die hij mij gaf in het onderzoek en zijn grote
deskundigheid op microbieel fysiologisch gebied.
Joost, jij hebt meer dan wie dan ook bijgedragen aan het proefschrift. Je moet op
het einde wel moe zijn geworden van weer die laatste versie na te kijken. Je mag
best een beetje trots op jezelf zijn, het is mede aan jou te danken dat dit boekje er
nu ligt.
Karel van Dam, ik wil jou bedanken voor alle energie die jij in de eindfase in
deze promotie hebt gestoken en voor het feit dat jij na het overlijden van Oense
mijn promotor wilde zijn.
Jacky, als initiator van het onderzoek heb je een grote rol gespeeld in het hele
onderzoek, dat in dit proefschrift is beschreven. Ik waardeerde het zeer, datje
altijd even tijd voor me had en kritisch naar mijn stukken keek.
Klaas wil ik bedanken voor het kritisch lezen van het manuscript en zijn
belangstelling gedurende de hele promotieperiode. Prof. Willem de Vos voor het
zitting nemen in de promotiecommissie. Dr. Nie Lindley, thank you for reading
the manuscript and offering me the possibility for doing a postdoc in Toulouse.
Speciale dank voor de PDHc groep in Wageningen, Adrie Westphal voor de
begeleiding tijdens mijn eerste schreden op moleculair biologisch terrein en Aart
de Kok voor de geboden mogelijkheid en de discussies. De microbiologiegroep
van de VU, met name Silvy Verdooren, hebben me erg geholpen met het meten
van ATP/ADP ratio's en de DNA supercoiling.
Sara Blokland and Yvonne van Versendaal hebben een heel mooi omslag
ontworpen.
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Dan natuurlijk aandacht voor mijn kamergenoten: Rob en Sjoerd. Rob, jij wist
altijd iemand enthousiast voor iets te maken. Behalve van de microbiologie
genoten we ook nog van het flipperen en roeien. Sjoerd, jij wist altijd wat nodig
was in barre tijden (koek bij de koffie).
Ik wil speciaal de studenten bedanken, die bij mij stage hebben gelopen: Bas,
Heleen, Jaap, Morrow en Remus. Jullie zullen in meer of mindere mate jullie
resultaten in dit proefschrift terugzien.
De sfeer in de fysiologiegroep was altijd erg goed en werd mede bepaald door de
aanwezigheid van Svetlana, Mike, Frank, Arthur, Claudio, Jo, Gerald en de
Studenten.
Geert en Udo bedankt voor het repareren van de chemostaten en andere
onderdelen en het vervaardigen van de rapid sampling opstelling.
Ook de (ex)-leden van de andere groep wil ik bedanken: Ruben, Ronald, Rob van
de Zee, Ilse, Trienke, Bait, Wim, Wouter, Remco, Inge, Jasper, Robert, Andrea
en Daniël. Pieter wil ik bedanken voor alle bestellingen, Tilly voor het halen van
de post, inkjet-catridges en floppies.
Beroemd waren de Roetersessies met de negende: Hans Matthijs, Ben, Jef,
Jeroen, Ernesto, Pim, Helene, Stef, Bernd, Petra, Natascha en Josje, het was altijd
goed om een week microbiologie af te sluiten in de kroeg. Pim, we moeten toch
weer eens zwemmen.
Dan is het de beurt aan mijn paranimfen, Michiel, je hebt niet alleen een fysieke
bijdrage aan dit proefschrift geleverd, maar gedurende de hele periode heb je me
altijd gestimuleerd en gesteund. Beste Hans, ik weet niet of dit nu een forten- of
een kastelenproefschrift is geworden, maar het is af, ook dankzij jou nimmer
aflatende steun.
Mijn ouders zijn natuurlijk van onschatbare waarde geweest tijdens het
promoveren, hetgeen niet in deze paar regels te omschrijven is.
Nastja, jij was altijd weer het vrolijke rustpunt na een dag op het lab.
Als laatste noem ik jou, lieve CBETA, welk een fantastisch lot heb ik toch.
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