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GeneralGeneral introduction 

1.11 Prologu e 
Thee ability of living cells to respond to environmental changes has been crucial for the 

developmentt of life on planet Earth. During some thousand million years the only 

inhabitantss on the Earth were anaerobic microorganisms, presumably anoxic 

phototrophss and fermenting heterotrophs, since the primitive atmosphere of the Earth 

didd not contain molecular oxygen. Therefore fermentation must have been the oldest 

(orr one of the oldest) form of energy metabolism acquired by a living cell (Walker, 

1980).. Different scenarios predict the beginning of oxygen accumulation in Archean 

(3.88 billion years ago) or in the earlier Proterozonic (2.2-2.3 billion years ago) 

(Canfieldd et al, 2000; Paytan, 2000; and references therein). As soon as the 

atmospheree became oxygenated due to the advent of oxygenic photosynthesis, aerobes 

couldd evolve. The atmospheric oxygen concentration increased and to survive a 

defencee mechanism had to evolve to resist this highly toxic gas, since it forms harmful 

reactivee free radicals when partially reduced. Although some microorganisms, such as 

methanogenss and other archaea have never gained the defence mechanisms to resist 

oxygenn (they have remained strict anaerobes), many others did. And even more, they 

evolvedd mechanisms to use oxygen for an efficient energy-yielding metabolic pathway: 

aerobicc respiration. In time, oxygen has become essential to the lif e of many aerobic 

organisms.. It is not surprising therefore, that nearly all cells, tissues and organisms can 

sensee and respond to a change in the environmental oxygen availability. 

1.22 Adaptiv e response s to oxyge n 
Similarr to other physiological responses, those to a change in oxygen availability may 

bee classified as immediate (acute) or delayed (chronic) responses. An acute response 

mayy occur within seconds and is determined by a change in reaction rate (as a result of 

aa change in external conditions, and thus dependent on the kinetics of the catalyst) or 

involvee post-translational modification of pre-existing proteins or other 

macromoleculess (such as phosphorylation or oxidation-reduction reactions). A chronic 

responsee usually includes alterations in gene expression and de novo protein synthesis 

andd therefore may take up to hours before a physiological change becomes evident. 

Al ll  cells undergo significant changes if the aerobic environment changes to an 

anaerobicc one or vice versa. All cells, capable of adapting (at least temporarily) to 

oxygenn deprivation change their catabolic mode and experience an adaptive change in 

genee expression. Both ensure matching between oxygen supply and oxygen demand, 
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ChapterChapter 1 

althoughh a wide variability in specific responses at the cellular level is known for 

differentt organisms or cell types. 

1.2.11 Change in catabolic mode 

Inn many cells hypoxia or anoxia leads to a change from aerobic to anaerobic energy 

catabolism.. where substrate-level phosphorylation is the sole energy source. Many 

bacteria,, but also some worms (Kita et a/., 1997), and even mammalian cells 

(Hochachkaa era/.. 1975; Penney and Cascarano, 1970; Pisarenko, 1996; Wiesner eta!., 

1988)) however, are able to use other compounds instead of oxygen (referred to as 

anaerobicc respiration; for a review see: Gottschalk, 1986; Unden and Bongaerts, 1997). 

Thesee processes involve energy generation by electron transport but require different 

respiratoryy chain components (see also Introduction to chapter 7). These well-adapted 

organismss occupy metabolic niches unsuitable for oxygen-dependent ones. 

Facultativelyy anaerobic organisms are capable of aerobic growth as well as prolonged 

adaptationn to oxygen deficiency and anaerobiosis in contrast to, for example, most 

mammaliann cells. Mammalian cells can also respond to hypoxia by switching their 

catabolicc mode from aerobic respiration to glycolytic metabolism with lactic acid as 

endd product and acidosis as a consequence. In the long run, this pathway does not 

providee enough energy, resulting in ATP deficiency and the inability of the cell to 

continuee maintenance of sodium, calcium, and potassium gradients, as they require 

activee transport and ATP hydrolysis. This may result in e.g. Ca2+ accumulation, 

increasedd membrane permeability and dysfunction, and may lead to cell death 

(Bernelli-Zazzera,, 1980; Nathan and Singer, 1999; Siesjo, 1992). The adaptation 

strategyy includes a balance between energy (ATP) supply and demand (upregulation of 

energyy producing pathways, such as glycolysis, at the cost of gluconeogenesis), and 

stabilisationn of membrane electrochemical gradients (e.g. closing ion channels)(Bickler 

andd Buck, 1998). Interestingly, some vertebrate species, for example the aquatic turtle, 

havee evolved capabilities, which allow them to survive for a prolonged period without 

oxygen.. These organisms are so anoxia tolerant that they are even referred to as 
ttfacultative,,, anaerobes (Hochachka et al., 1996; Hochachka et al., 1997). 

1.2.22 Virulence development 

Forr a striking number of pathogenic microorganisms, a decrease in oxygen availability 

iss the stimulus to become virulent and invade. Perhaps, for these pathogenic 
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microorganismss hypoxia is an indication of the presence of a suitable environment. For 

example,, Campylobacter jejuni, a microaerobic bacterium that produces an acute, self-

limiting,, watery or bloody diarrhea in humans, is only found localised intracellularly in 

celll  cultures when the interaction occurred in a microaerobic atmosphere (Bukholm 

andd Kapperud, 1987). An increase in the virulent properties of an amoebae (Entamoeba 

histolytica)histolytica) was also found in experiments carried out under microaerobic conditions 

(Brachaa and Mirelman, 1984). Two more examples are the regulation by 02 of 

pneumococcall  (Streptococcus pneumoniae) transformability and virulence (Auzat et 

al,al, 1999) and the hemolysin production in response to low O2 by Staphylococcus 

aureusaureus (Chan and Foster, 1998). 

Increasedd virulence in response to low oxygen, however, is not a common feature of all 

pathogens.. Some species become dormant in response to oxygen deprivation, 

seeminglyy waiting for better times for replication. For example, Mycobacterium 

tuberculosistuberculosis shifts from an oxygen-dependent catabolic pathway to reductive amination 

off  glyoxylate, which provides a substrate for the regeneration of NAD (Wayne and Lin, 

1982).. This adaptation ensures continued survival of M. tuberculosis in a 

nonreplicatingg persistent stage (dormant) under conditions of oxygen deprivation 

(Waynee and Hayes, 1996). The molecular basis of this adaptation is not understood. 

1.2.33 Other specific responses at the cellular level 

Oxygenn is the main environmental factor regulating nitrogen fixation by diazotrophic 

bacteriaa (Hill , 1992) and initiation of photosynthesis in both sulphur and non-sulphur 

purplee bacteria (Cohen-Bazire et a!., 1957). 

Amongg well-documented responses to hypoxia in mammalian cells are the release of 

neurotransmitterss by the glomulus cells of the carotid body, secretion of the hormone 

erythropoetinn by cells of the kidney and liver and release of vascular growth factors by 

parenchymall  cells in many tissues (Bickler and Buck, 1998; Bunn et al, 1998; Jiang et 

al.,al., 1997). Furthermore, tumour progression to the lethal phenotype in which cells 

becomee capable of invasion and metastasis is associated with adaptation to hypoxia 

(Brizell  et al, 1996; Hockel et al, 1996; Richard et al, 1999a). 

1.33 "Oxyge n sensors" , diversit y and similarit y 

Initiationn of each response requires a cellular sensing mechanism, which detects the 

oxygenn availability and transfers the information via a signal transduction pathway. 
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Thiss process culminates, finally, in an activation of the particular response. Thus, 

oxygenn sensors initiate most of the cell activities described above to avoid a mismatch 

betweenn oxygen supply and demand. Interestingly, only a few "oxygen sensors" do 

trulyy sense molecular oxygen, whereas the vast majority of "oxygen sensors" senses 

oxygenn indirectly. For the latter, it has been proposed that they are either sensing a 

changee in redox status, electron transport rate or proton motive force, or sensing 

respiratoryy intermediates, such as reactive oxygen species. Furthermore, despite the 

cruciall  role of oxygen sensing in important biological responses, the exact mechanism 

off  oxygen sensing for most of the "oxygen sensory" proteins remains elusive. This wil l 

bee illustrated by a variety of examples: 

1.3.11 Sensors conta in ing Fe-S cluster 

Duringg the last decade numerous Fe-S proteins have been characterised as essential 

componentss for sensing, signalling and regulation of gene expression in various 

organismss (recently reviewed by Beinert and Kiley, 1999). 

1.3.1.11 [4Fe-4S] clusters 

Fnr Fnr 

Thee E. coli Fnr (fumarate and nitrate reduction) protein was originally described as a 

transcriptionn factor, required for anaerobic respiratory gene expression (Lambden and 

Guest,, 1976). 

Activee Fnr (Fig. 1.1) contains a regulatory [4Fe-4S]~" cluster, which is essential for 

Fig.. 1.1. 

Act ivat ion/deact ivat ion n 

off the E. coli Fnr protein in 

thee presence and 

absencee of dioxygen. 

Bindingg of Fnr to 

regulatoryy regions of Fnr-

regulatedd promoters can 

eitherr act ivate or repress 

(x)) transcription; X -

irreversiblee conversion; (-

O2)) - under anaerobic 

conditions. . 

cysteinee + Fe ions + DTT 
++ NifS (A. vinelandii) (-0,| 

cytoplasm m 

DNA A 
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dimerisationn and DNA binding (Green et al., 1996; Lazazzera et al, 1996). The [4Fe-

4S]2-- cluster is rapidly and reversibly converted to the more oxygen stable [2Fe-2S]~ 

clusterr upon exposure to oxygen (Khoroshilova et al., 1997). This conversion has been 

confirmedd in vivo during exposure of anaerobically growing cells to air (Popescu et al., 

1998).. Excess of oxygen, however, destroys the cluster irreversibly (Jordan et al, 

1997).. Fnr dependent gene expression is observed in vivo only under anaerobic 

conditionss (Kiley and Beinert, 1998). Four conserved cysteine residues are generally 

consideredd to be the ligand for the [4Fe-4S] cluster (Melvill e and Gunsalus, 1990; 

Sharrockss et al., 1990), because substitution of each of these residues results in loss of 

thee cluster. An interesting mutant Fnr protein with a single amino acid substitution of 

Leu-28,, adjacent to one of the cysteines (Cys29), with His (Fnr-L28H; Kiley and 

Reznikoff,, 1991) has been described. This mutant protein retained in vivo activity 

independentt of the presence of air. A recent study of Bates et al. (2000) has 

demonstratedd that this substitution of Leu to His acted directly to stabilise the [4Fe-

4S]2""  cluster towards 02. This finding i) confirmed that the Fe-S cluster is a key 

componentt in DNA-binding activity and ii) indicated that the environment of the 

clusterr is crucial for sensitivity of Fnr to oxygen. Although it has been demonstrated 

thatt Fnr can directly interact with oxygen (Jordan et al, 1997; Khoroshilova et al., 

1997),, the study on Fnr-L28H mutant suggests that the presence of oxygen does not 

necessarilyy deactivate Fnr in vivo. Oxidised by air the [2Fe-2S]^+ Fnr form can be 

restoredd to the [4Fe-4S]2" form, as well as restore the DNA binding affinity, when 

incubatedd anaerobically with Cys, Fe, DTT (dithiothreitol) and NifS (an Azotobacter 

vinelandiivinelandii protein, which participates in the mobilisation of iron and sulphur for 

nitrogenase-specificc iron-sulphur cluster formation). Dithionite is also able to restore 

[4Fe-4S]2""  from [2Fe-2S]2_ in vitro with a good yield when anaerobic conditions are 

appliedd (Khoroshilova et al, 1997). These finding indicate on the one hand that redox 

reactionss may be involved in activation of Fnr in response to anoxia in vivo and on the 

otherr hand that reconstitution of the [4Fe-4S]2*  cluster in vivo may involve other 

proteinss and carriers of iron and sulphide (Beinert and Kiley, 1999; Zheng et al, 

1998a). . 

Thee [4Fe-4S] containing sensory (regulatory) proteins have been found in a number of 

bacteriall  species. In Azotobacter vinelandii CydR is a repressor of the synthesis of high 

affinityy terminal oxidase (cydAB), which, in the presence of oxygen, protects the highly 
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oxygenn sensitive nitrogenase by scavenging oxygen (for review see Poole and Hill . 

1997).. Similar to Fnr. loss of CydR's ability to bind DNA was associated with [4Fe-

4S]~**  cluster conversion under low O? concentrations (Wu et al., 2000). 

Ann oxygen responsive transcriptional regulator of the pig pathogen Actinobacillus 

pleuropneumoniaepleuropneumoniae (HlyX) was identified on the basis of homology with the E. coli Fnr 

protein.. Although the function of this regulator is not fully explored, HlyX can acquire 

aa [4Fe-4S]~~ cluster, which promotes binding to the Fnr box under anaerobic conditions 

(Greenn and Baldwin, 1997). Interestingly, whereas the incorporation of a [4Fe-4S]~ 

clusterr into Fnr, CydR or HlyX enhances interaction with target DNA, it abolishes 

DNAA binding by FlpA (Scott et a/., 2000). a Lactococcus lactis Fnr-like transcriptional 

regulatorr containing an oxygen-labile [4Fe-4S]~ cluster. 

Ann example of an oxygen sensor that contains a [4Fe-4S]"cluster, although it does not 

actt as a transcriptional regulator, can also be found in mammalian cells. Mitochondrial 

aconitasee contains an [4Fe-4S]~ cluster and exposure of this enzyme to oxygen results 

inn loss of the cluster with concomitant conversion of the enzyme into an iron regulatory 

proteinn (IRP1). IRP1 binds to iron-responsive elements of messenger RNA (e.g. of 

ferridinn and the transferrin receptor) and by this means regulates translation of proteins 

involvedd in iron homeostasis. Thus, the aconitase/iron regulatory proteins are 

modulatedd through the assembly/disassembly of their [4Fe-4S]~ cluster and can 

functionn as an oxygen-modulated posttranscriptional regulator of protein synthesis 

(Brownn etal., 1998). 

1.3.1.22 Fnr-like proteins 

NifA NifA 

NifAA protein is a transcriptional activator of «//'genes (encoding the oxygen-sensitive 

nitrogenase).. In Bradyrhizobium japonicum. Rhizobiwn trifolii  and Rhizobium 

meliloti,meliloti, and HerbaspiriUwn seropedicae (Monteiro et a!., 1999), NifA is responsive to 

oxygen,, which deactivates NifA (reviewed by Dixon, 1998). No iron sulphur cluster 

associatedd with this protein has been demonstrated yet. However, a conserved cysteine-

richh sequence (Cys-X -Cys-X -Cys-X -Cys), typical of a metal-ion-binding site, 

suggestss analogy with iron-sulphur cluster binding in the oxygen responsive Fnr 

protein.. The precise nature of the oxygen-sensing mechanism of NifA remains to be 

established. . 

12 2 
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OtherOther proteins 

Fnr-likee proteins have been found in many taxonomically diverse bacterial species (for 

revieww see Spiro, 1994; Van Spanning et al, 1997), mostly identified on the basis of 

thee conservation of cysteine residues and regions of amino acid identity (Arai et al, 

1995;; Bannan et al, 1993; Brehm etal, 1996; Colonna-Romano etal, 1990; Cuypers 

andd Zumft, 1993; Gostick et al, 1998; Gostick et al, 1999; Joshi and Dikshit, 1994; 

Lavillee et al, 1998; Oh et al, 2000; Page and Guennot, 1995; Tomura et al, 1994; 

Vann Spanning et al., 1995; Van Spanning et al, 1997; Zeilstra-Ryalls and Kaplan, 

1995).. Although most of the Fnr-like proteins show Fnr-sequence similarities, it 

remainss to be elucidated which molecules these proteins sense. For example, whereas 

E.E. coli Fnr can respond directly to oxygen, Fnr-like transcriptional activators in 

ParacoccusParacoccus denitrifwans can be activated under aerobic conditions by respiratory 

inhibitors,, suggesting, that oxygen is sensed by Fnr in an indirect way, possibly via the 

redoxx state of a cellular component (Kucera et al, 1994). Nitric oxide has been 

recentlyy shown to activate an NNR(Fnr analogue)-mediated transcription in 

ParacoccusParacoccus denitrifwans (Van Spanning et al, 1999). 

1.3.1.33 [2Fe-2S] clusters 

SoxR SoxR 

Inn E. coli SoxR (Fig. 1.2) is a homodimer, each of the subunits contain a [2Fe-2S] 

cluster.. SoxR is a transcription factor, which in oxidised form triggers transcription of 

thee soxS gene. SoxS, in turn, activates transcription of-15 genes of the "superoxide 

response""  such as genes encoding Mn-containing superoxide dismutase (which 

destroyss superoxide radicals) and endonuclease IV (which repairs radical-induced 

damagess in DNA) (reviewed by Demple et al, 1999). Multiple pathways can influence 

thee balance between oxidised and reduced forms of SoxR. Induction of the SoxRS 

regulonn occurs to a certain extent under normal aerobic conditions and increases further 

underr conditions of oxidative stress (Chan and Weiss, 1987; Compan and Touati, 1993; 

Gauduu et al, 2000). SoxR's activity as a transcription factor, but not DNA binding, 

dependss on the one electron oxidation and reduction of the [2Fe-2S] clusters, since 

apo-SoxRR prepared in vitro binds to the soxS promoter with unchanged affinity but 

doess not have an activity as a transcription factor (Ding et al, 1996). The primary 

signall  proposed for this pathway was superoxide, because it could directly oxidise 

SoxR,, as well as because of the inducing capacity of superoxide generating agents such 
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Fig.. 1.2. 

Act ivat ion/deact ivat ionn of 

thee E. coli SoxR protein in the 

presencee of oxygen or other 

agents.. Only binding of 

oxidisedd SoxR to regulatory 

regionss of the soxS promoter 

resultt in open complex 

formationn with RNA 

polymerasee and act ivat ion 

off soxS expression. (+O2) -

underr aerobic conditions, (-

O2)) - under anaerobic 

conditions. . 

cytoplasm m 

D N A A 

paraquatt (+();) 

paraquatt (-O:) + NO 
NADPI I I 

GSHH loss of |Fe-S] 
clusterr inactivation of 
t raostr ip t ion n 

ass paraquat (Greenberg et al., 1990; Tsaneva and Weiss, 1990). Nowadays it is clear 

thatt multiple ways exist to modulate the SoxR activity. NADPH-dependent reduction 

wass demonstrated (Kobayashi and Tagawa, 1999; Liochev and Fridovich, 1992). 

Reducedd glutathione (GSH) in an aerobic solution can disrupt the SoxR [2Fe-2S] 

clusters,, releasing Fe from the protein and eliminating SoxR activity as a transcription 

factorr (Ding and Demple, 1996). Depletion of cellular reductants can induce SoxRS 

independentt of superoxide, as anaerobic induction was observed with paraquat plus the 

electronn sink nitrate (Privalle et al, 1989; Privalle and Fridovich, 1988). Furthermore, 

aa novel pathway for SoxR oxidation by NO, which leads to activation of the response 

(Nunoshibaa et al, 1993), has recently been demonstrated to occur via nitrosylation of 

thee [2Fe-2S] cluster in the protein (Ding and Demple, 2000). 

SoxRR is also found in Pseudomonas aeruginosa. It has been suggested that in 

PseudomonasPseudomonas aeruginosa the soxR gene plays an important role in the infection of burn 

woundss (Ha and Jin, 1999). 
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1.3.22 Disulphide bonds 

OxyR OxyR 

Thee OxyR transcription factor involved in protection against oxidative damage in 

responsee to H2O2, has been found in a number of bacterial species: e.g. Escherichia 

colicoli and Salmonella typhimurium (e.g. Christman et a!., 1985), Erwinia carotovora, 

ErwiniaErwinia chrysanthemi (Miguel et ah, 2000), Haemophilus influenzae (Maciver and 

Hansen.. 1996). Xanthomonas campestris (Loprasert et al., 1997), Mycobacterium 

lepraeleprae (Deretic et al., 1995). and even in the obligate anaerobe Bacteroides fragilis 

(Rochaf?«/.,2000). . 

E.E. coli OxyR (Fig. 1.3) is the best characterised protein of this family. Only the 

oxidisedd form of OxyR can activate transcription. It has been shown recently that 

oxidationn of OxyR leads to the formation of an intramolecular disulphide bond 

betweenn conserved cysteine residues 199 and 208 (Zheng et al, 1998b). Two 

mechanismss of OxyR activation have been demonstrated: through a decrease in the 

redoxx status of the cell (thiol-disulphide ratio), as OxyR is constitutively active in 

mutantss defective in the disulphide bond reducing systems, and by the levels of 

hydrogenn peroxide (Aslund et al, 1999). Reduction (deactivation) occurs due to 

enzymaticc reduction of the disulphide bond (Zheng et al, 1998b). In vitro experiments 

havee shown that the enzymatic reduction can be mediated by either glutaredoxin 1 or 

thioredoxinn and the synthesis of both are regulated by OxyR, thus providing 

autoregulationn (Zheng et al, 1998b). 

Fig.. 1.3. 

Activaa tion/deactivation 

off the E. coli OxyR protein 

(tetramer,, each 

monomerr of which can 

formm a disulphide bond) 

inn the presence of 

oxygenn or other agents -

disulphidee bond 

formation. . 

cytoplasm m 
H:0 2 2 

diamine e 

glutathione e 

defectt in disulphide 
bondd reduein» s\siem', 

|| GSH/GSSG > 5 5 

l i lutaredo\ inn 1 

th ioredo\ in n 
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DsbB DsbB 

Dsbb (thiol-disulphide oxidoreductase) proteins (e.g. Bardwell el al., 1991; Bardwell et 

al.,al., 1993) are responsible for disulphide bond formation in prokaryotes. An elegant 

studyy of M. Bader and colleagues has clearly demonstrated that this process is strictly 

dependentt on the presence of oxygen (or an other electron acceptor) and that oxidative 

proteinn folding, mediated by DsbB-DsbA, is driven by electron transport (Bader et al, 

1999;; Bader et al, 1998). DsbB-DsbA is central in the thiol oxidation reactions. In this 

systemm periplasmic DsbA (Fig. 1.4) is the catalytic unit and DsbB is the regulatory 

unit,, located in the inner membrane. When oxidised by DsbB. DsbA is a catalyst of 

disulphidee bond formation. Although in the absence of oxygen DsbB is unable to 

oxidisee DsbA, even low levels of oxygen are sufficient to catalyse DsbB-dependent 

disulphidee bond formation (Bader el al, 1998). Reconstitution of this system with the 

purifiedd components demonstrated that DsbB links disulphide bond formation to 

electronn transport (Bader et al, 1999). DsbB is reoxidised by ubiquinone, which in turn 

iss reoxidised by terminal cytochrome oxidases that pass electrons on to oxygen. This 

systemm provides the first evidence of a link between electron flow and regulatory 

processess in the cell. 

Fig.. 1.4. 

Act ivat ion/deact ivat ion n 

off the E. coli DsbB 

proteinn in the presence 

off oxygen or an 

alternativee electron 

acceptorr - disulphide 

Pondd formation as a 

resultt of electron 

transport. . 

cytoplasm m 
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1.3.33 Flavoproteins 

NifL NifL 

NifLL is a flavoprotein with FAD (flavin adenine dinucleotide) as the prosthetic group 

(Hil ll  et ai, 1996) and the flavin-binding PAS domain (PAS - an acronym that refers to 

PER,, ARNT, and SIM, the first proteins in which this motif was identified). In 

diazotrophicc representatives like K. pneumoniae, A. vinelandii, Enterobacter 

agghmeransagghmerans the NifA protein is non-responsive to oxygen, in contrast to other 

diazotrophss (see above). In these species the oxygen sensor NifL modulates the 

transcriptionall  activity of NifA . This resembles a two-component regulation system 

withh (reviewed by Dixon, 1998) which is unique in the sense that no 

autophosphorylationn of NifL or phosphotransfer to NifA has been detected (Dixon, 

1998;; Schmitz, 1997). Interaction seems to occur by direct protein-protein interaction 

ratherr than by catalytic modification of the NifA protein (Money et al, 1999). The 

NifLL protein is an inhibitor of NifA transcriptional activity when its prosthetic group 

(FAD)) is oxidised and has no effect when the latter is reduced (Macheroux et a!., 1998; 

Soderbacke/tf/.,, 1998). 

NAD(P)HNAD(P)H oxidase 

Itt has been suggested that a cytochrome 6-type NAD(P)H oxidoreductase (containing 

flavo-cytochromee b) is involved in the oxygen sensing and signalling pathway by 

generatingg ROS (reactive oxygen species), creating a relatively oxidised redox state in 

thee cytosol and thereby modifying downstream target(s), such as regulatory proteins 

(Acker,, 1994; Ehleben^a/., 1998; Woline/o/., 1999; Zhu and Bunn, 1999). 

Accordingg to this hypothesis hypoxia should decrease the production of ROS by the 

NADPHH oxidase system, causing the cytosol to alter to a more reduced state. A few 

studies,, however, contradict this hypothesis (discussed in Chandel and Schumacker, 

2000).. For example, transgenic mice lacking the gp91phox subunit of NADPH oxidase 

showedd a decrease in the generation of ROS, but response to hypoxia persisted (Archer 

etai,etai, 1999). 

Inn Streptococcus pneumoniae NADH oxidase (encoded by nox) is also suggested to be 

involvedd in transducing the external signal, corresponding to low O2 availability, which 

determines,, in turn, increase in transformability and virulence (Auzat et al.. 1999). 
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A e r r 

Inn E. coli aerotaxis is mediated by Aer. Induction of Aer-mediated aerotaxis involves 

transmissionn of information to the flagellar motor by direct protein-protein interactions 

betweenn Aer and CheW. This activates the CheW-CheA-CheY pathway (Fig. 1.5: 

Rowselll  et al, 1995). The PAS domain in Aer has a non-covalently bound FAD as a 

Fig.. 1.5. Activation of the E. 

colicoli Aer protein leading to 

behaviourall response -

aerotaxis.. Except for the 

FADD binding site, an 

"activee centre" (*) within 

thee PAS domain is required 

forr signa 

perception/transduction. . 

cofactorr (Bibikov et al, 1997; Rebbapragada et al, 1997). It was reported that FAD 

bindingg part of Aer is sufficient for detecting the aerotactic stimuli, but anchoring in a 

membranee is required (Bibikov et al, 2000). A recent study, however, showed that 

severall  PAS domain residues, in addition to those required for binding FAD, are 

involvedd in signal transduction (Repik et al., 2000). Aer is an indirect oxygen sensor 

(Taylorr and Zhulin, 1998), the signal for Aer-mediated behavioural response is 

generatedd in the electron transport system (Rebbapragada et al, 1997). Based on the 

midpointt redox potential of Aer-bound FAD (-220mV), Aer may sense changes in 

electronn transport between dehydrogenases and quinones. The signal may also be the 

protonn motive force, since electron flow and proton motive force are tightly coupled 

(Rebbapragadaa et al, 1997). 

Ann aerotactic protein (homologous to E. coli Aer) has also been found in Pseudomonas 

putidaputida (Nichols and Harwood, 2000) 
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1.3.44 Hemoproteins 

Microbiall  hemoglobins (reviewed by Poole, 1994; Poole and Hughes, 2000) consist of 

twoo groups of heme-containing proteins: dimeric hemoproteins, having one heme per 

polypeptidee (Wakabayashi et al. 1986) and monomeric flavohemoproteins, containing 

aa single heme and an FAD. Among other functions such as oxygen storage and 

deliveryy (Wakabayashi et al, 1986), terminal oxidase (Dikshit et al, 1989). 

denitrificationn (Cramm et al, 1994), deoxygenase activity (Gardner et al, 1998), 

hemoproteinss have a putative oxygen sensory function (Poole et al, 1994). 

FixL FixL 

FixLL is an oxygen receptor (Gilles-Gonzalez et al, 1994), containing a haemoglobin 

domainn homologous to the PAS family in which oxygen binds directly to a heme, and a 

histidinee kinase domain (Monson et al, 1995). Spin transition in the heme of FixL 

controlss the kinase activity (Gilles-Gonzalez et al, 1995; recently reviewed by Perutz 

etet al, 1999). Oxygen dissociation from the input PAS domain (Bertolucci et al, 1996; 

Gilles-Gonzalezz et al, 1995; Gilles-Gonzalez et al, 1994; Gong et al, 1998; Monson 

etet al, 1995; Rodgers et al, 1996) alters its structure and increases autophosphorylation 

off  the FixL transmitter domain (Gilles-Gonzalez et al, 1995; Gilles-Gonzalez et al, 

1994;; Gong et al, 1998; Monson et al, 1992). FixL forms a two-component signalling 

complexx with FixJ that regulates the expression of nitrogenase genes in Rhizobium. 

Apparently,, this is the best understood mechanism of oxygen sensing. 

Hmp Hmp 

Hmp,, a soluble flavohaemoglobin of E. eoli, containing heme B and FAD has been 

proposedd to act as an oxygen sensor. Binding of oxygen to the heme of Hmp modulates 

thee reduction level of FAD on a "seconds scale" (Poole et al, 1994; Poole et al, 1997). 

Hmpp has an NADH oxidase activity and a broad specificity as a reductase, since it is 

ablee to reduce various acceptors, including purified mitochondrial cytochrome c (Poole 

etet al, 1997), NifL (of Azotobacter vinelandii) (Macheroux et al, 1998), and Fe(III) 

(Andrewss et al, 1992; Eschenbrenner et al, 1994; Membrillo-Hernandez et al, 1996) 

byy electron transfer from NADH via FAD (Poole et al, 1997). It has recently been 

foundd that Hmp can provide protection both aerobically and anaerobically from 

inhibitionn of growth by NO and agents that cause nitrosative stress (Kim et al, 1999b). 

Interestingly,, synthesis of Hmp is induced by paraquat (a superoxide generator) 

(Membrillo-Hernandezz et al, 1997), but Hmp itself generates free superoxide 
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(Membrillo-Hernandezz et al. 1996). suggesting a function as an amplifier of oxidative 

stresss (Membrillo-Hernandez etal., 1999). In addition Fnr negatively regulates Hrnp 

underr anaerobic conditions (Poole eta/.. 1996). 

Dos Dos 

Doss (direct oxygen sensor) has recently been characterised in E. coll (Delgado-Nixon 

etet a/., 2000). This heme-based PAS protein is the second heme-containing sensor (see 

above)) found in E. coll, capable of direct interaction with oxygen, although the affinity 

iss relatively low (KM=13uM). As well as (X Dos is capable of binding NO and CO. 

Doss seems to be a dimer. containing one heme per monomer. The sensory heme-PAS 

domainn is coupled to a phosphodiesterase domain, as deduced from sequence 

homologyy (Delgado-Nixon et a/.. 2000). Phosphodiesterases regulate the intracellular 

levell  of cyclic nucleotides (such as hydrolysis of the phosphodiester bond in cyclic 

AMPP to form AMP). This suggests that this protein may be involved in regulation of 

intracellularr cAMP levels and hence in the regulation of cAMP-dependent processes, 

suchh as catabolite repression. The exact physiological role of this protein, however, 

remainss to be elucidated. 

1.3.55 Ion channels 

Ionn channels mediate fast cellular responses to hypoxia (scale of seconds, recently 

reviewedd by Lopez-Barneo et a/.. 1999). The 02-sensitivity of ion-channel activity 

appearss to be a broadly distributed phenomenon, found in many cell types (Buckler, 

1997;; Lopez-Barneo, 1996; Lopez-Barneo etal, 1997). In general, reduction of the 

oxygenn tension inhibits a KT current and decreases the probability of channel opening. 

Thiss leads to a membrane potential depolarisation and the opening of voltage-sensitive 

calciumm channels. The latter results in a Ca: ' influx and the subsequent biological 

response,, such as for example neurotransmitter release or smooth muscle cell 

contractionn (Lopez-Barneo, 1996; Lopez-Barneo etal, 1988; Pardal etal, 2000). 

Thee mechanism, by which 02 modulates the ion channel activity is not exactly known. 

Itt is not clear whether a component of the channel, another membrane-related 

processes,, or a separate sensor is responsive to 0 ; . The PAS domain, a possible oxygen 

sensorr (Taylor and Zhulin. 1999). has recently been identified in the pore-forming 

subunitt of the K channel (Ponting and Aravind. 1997; Zhulin etal, 1997). In the light 

off  this discovery, a study of Morais Cabral and coworkers indicated that hydrophobic 

interactionss between a PAS domain and the mouth of a channel may be responsible for 
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regulationn of the HERG voltage-dependent K channel (Morais Cabral et al., 1998). 

Reconstitutionn of channels from purified components into a lipid bilayer could show 

whetherr CK-sensing is intrinsic to the channels or whether other membrane components 

aree required (Chandel and Schumacker, 2000). 

1.3.66 PAS-domain 

Severall  oxygen-responsive proteins require no cofactor for sensing the change in 

oxygenn availability. The mechanism of this sensing is unresolved, and no activation by 

otherr proteins or oxidation-reduction reaction within a protein could be unambiguously 

detectedd so far. Only the presence of a PAS domain, a common feature of many 

oxygen,, light and redox sensors (Taylor and Zhulin, 1999), unite them into one group. 

ArcB B 

E.E. coli ArcB (Arc originally stands for aerobic respiration control, later changed to 

anoxicc redox control) is a membrane sensor, and ArcA its response regulator (Fig. 1.6), 

belongg to a large family of bacterial two-component signal transduction systems 

(Parkinsonn and Kofoid, 1992). In these systems a membrane sensor detects a change in 

externall  conditions and then transfers the signal to a cytoplasmatic response regulator 

viaa transphosphorylation. ArcA and ArcB together control transcription of at least 30 

geness (Iuchi et al., 1989; Iuchi and Lin, 1988; Lynch and Lin, 1996b; Lynch and Lin, 

1996c),, most of which code for enzymes of aerobic and anaerobic catabolism. The 

membranee sensor ArcB belongs to a tripartite hybrid sensory kinase subfamily (Ishige 

etal.,etal., 1994; Iuchi and Lin, 1992a; Katoe/o/., 1997; Tsuzuki eta!., 1995). This 

indicatess that, besides possessing a primary transmitter domain, it also contains an 

intrinsicc receiver domain and an additional Hpt (histidine phosphotransfer) domain. It 

iss established that ArcB does not sense molecular oxygen directly (reviewed by Iuchi 

andd Lin, 1996). 

ArcAB-dependentt regulation in response to a shift between aerobic and anaerobic 

conditionss is abolished in mutants lacking terminal cytochrome oxidases (Iuchi et al., 

1990a).. A hypoxic Arc-dependent response can be provoked by addition of 

protonophorouss uncouplers under fully aerobic conditions (Bogachev et al, 1995). 

Thesee two facts indicate that electron transfer-related processes or the proton motive 
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Fig.. 1.6. Activation/ deactivation of the E. coli ArcA B two component 

systemm in the presence of oxygen or other agents (based on analysis of 

facZ-reporterfacZ-reporter constructs) - phosphorylation cascade is initiated by an 

unknownn stimul(i)us. ArcA~P can either activate or repress (x) transcription 
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forcee may play an important role in the sensing of the signal. On the other hand, in 

vitrovitro experiments have shown that several metabolic intermediates (D-lactate. acetate, 

pyruvate,, and NADH) can facilitate autophosphorylation of ArcB at His" " of the 

primaryy transmitter domain, which is an essential step in signal transduction (Iuchi, 

1993).. Interestingly, accumulation of intracellular pyruvate (2 mM anaerobic [de Graef 

etet al., 1999] versus 0.46  0.14 mM aerobic), lactate (~1.7mM anaerobic versus 0.066 

77 mM aerobic), and NADH (de Graef et a!., 1999) has been demonstrated. 

Besidess autokinase activity, ArcB exhibits autophosphatase activity (which is inhibited 

byy the above mentioned metabolic intermediates, facilitating autophosphorylation 

[Iuchi,, 1993]), as well as phosphatase activity towards ArcA-P with release of P, 

(Georgellisf/a/.,, 1999). 

Despitee a decade of intensive investigations it has not been possible to demonstrate the 

exactt nature of the stimulus, sensed by ArcB. Molecular, as well as physiological 

aspectss of ArcAB regulation play a central role in this thesis, and therefore wil l be 

discussedd in greater detail below. 

HIF-1 HIF-1 

HIF-11 (hypoxia-inducible factor) is, perhaps, the most intensively studied oxygen 

responsivee protein, but the mechanism by which HIF-1 activation is initiated remains 

unclearr (recently reviewed by Semenza, 1999; Semenza, 2000). HIF-1 is widely 

expressedd in mammalian tissues and controls many hypoxia responses including 

adaptationn to anaerobic metabolism. The protein belongs to a group of bHLH-PAS 

(bHLHH basic helix-loop-helix) transcription factors (reviewed in Crews and Fan, 

1999).. HIF-1-responsive genes include examples with functions in cellular energy 

metabolism,, iron metabolism, catecholamine metabolism, vasomotor control, 

angiogenesis,, erythropoiesis, cell proliferation and viability, vascular remodelling, 

suggestingg an important role in the co-ordination of oxygen supply and cellular 

metabolism.. In its active form HIF-1 is a heterodimer, consisting of 2 subunits: HIF-1 a 

andd HIF-1 p. The biological activity resides on the HIF-la subunit, which is regulated 

att multiple levels: stability (it is subject to proteosomal degradation when oxygen is not 

limiting),, transactivation ((de)-repression of the TADs (transactivation domains)), 

localisation,, and transcription (Jiang et ai, 1996; Jiang et al, 1997). It has been shown 

recentlyy that an active electron transport chain is required for the hypoxia response and 

thatt production of ROS (reactive oxygen species) by complex III during hypoxia is 
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requiredd and sufficient for HIF-1 a stabilisation (which is one of the control points in 

thee regulation of HIF-1 activity) (Chandel et al., 2000). Another report shows that 

phosphorylationn of the HIF-1 a carboxy-terminal domain is a step in the hypoxia-

inducedd activity (as a transcription factor), but not stabilisation of HIF-la (Minet et a/.. 

2000).. It has been suggested that the complex regulation of HIF-la synthesis provides 

aa mechanism by which a variety of physiological parameters e.g. cell cycle, energy 

charge.. pH. or redox status (including possibly cross-talk with other systems) in 

concertt modulate the kinetics, magnitude, or specificity of the response (Semenza, 

1999). . 

1.3.77 Summary 

Inn this overview no attempt has been made to describe all the known responses to 

oxygen,, let alone all sensory mechanisms. The responses and mechanisms described 

aimedd to reflect the diversity and similarity of the living cell to sense and respond to 

thee changes in oxygen availability in the environment. All (aerobic and facultatively 

anaerobic)) cells face similar problems the need to "switch on" an (emergency) 

anaerobicc energy production mechanism in the case of oxygen deprivation and the need 

too "switch on" a defence mechanisms against reactive oxygen species when oxygen is 

present.. Both prokaryotic and eukaryotic cells have developed defence systems against 

oxidativee stresses (Greenberg and Demple, 1989), because reactive oxygen species, 

includingg superoxide (0:~), hydrogen peroxide (H202), and hydroxyl radical (OH ). are 

easilyy generated by normal aerobic metabolism (Storz et a!.. 1987) 

Oxygenn sensing seems to be a well-conserved process among prokaryotic and 

eukaryoticc cells. It is obvious that most of the cells from taxonomically diverse groups 

adoptedd oxygen-binding (heme) or redox-sensitivc (FAD or Fe-S clusters) cofactors to 

sensee changes in environmental oxygen. Several sensors utilise disulphide bridges to 

sensee oxygen. Perhaps, the recent discovery of the link between oxidative protein 

foldingg to electron flow (Bader et al.. 1999) will attract attention to this possibility of 

oxygenn sensing, specifically for sensors with unresolved sensing mechanisms. 

Thee best example of diversity in oxygen-sensing mechanisms may be (inside) the E. 

co/ico/i cell. Because this is the most intensively studied model organism, many oxygen-

sensoryy devises are found and described for E. co/i. At least eight different proteins 

servee for proper E. co/i responses to oxygen. This indicates that in contrast to similarity 

betweenn organisms with respect to. for example, use of co-factors for oxygen-sensing. 

24 4 



GeneralGeneral introduction 

aa variety of sensors may be situated within a single cell, all ensuring a complex 

responsee to a change in oxygen availability in the environment. The latter is not 

surprising,, because of the functional diversity of the sensors. Some sensors are 

responsiblee for immediate responses, such as protection mechanisms or taxis, others 

mediatee long-term adaptation. Finally, different sensors may be responsive to different 

levelss of hypoxia/superoxia. 

Thee molecular basis by which the cell senses oxygen is only beginning to be 

understoodd and numerous molecular details remain to be discovered. 

1.44 E. coli response s to change s in oxyge n availabilit y 

1.4.11 "Oxygen sensors" of E. coli 

Att least eight sensory proteins (Aer, Dos, Fnr, ArcB, OxyR, SoxR, Hmp, DsbB) 

controll  the complex response of a single E. coli cell to a change in oxygen availability. 

Al ll  known E. coli "oxygen sensors" may be classified by their physiological function. 

Severall  sensors mediate defensive responses. ROS (reactive oxygen species): both 

hydrogenn peroxide (H2O2) and superoxide (02 ), are generated by normal aerobic 

metabolismm (Gonzalez-Flecha and Demple, 1995; Imlay and Fridovich, 1991). 

Intracellularr concentrations of (Vand H202 are kept low (Gonzalez-Flecha and 

Demple,, 1997; Imlay and Fridovich, 1991) despite relatively high ROS production 

duringg respiration. This is due to the activity of superoxide dismutase and catalase. 

SoxRSS (Fig. 1.2) and OxyR (Fig. 1.3) regulate this protection at the transcriptional 

level.. Hmp (the soluble flavohaemoglobin) may act as an amplifier of oxidative stress 

(Membrillo-Hernandezz etal, 1999). 

Thee advantage of being motile is the ability to move to a (micro)environment that is 

optimall  for growth. Aerotaxis is the rapid movement towards oxygen. The aerotaxis 

sensorr Aer (Fig. 1.5) ensures that the cell moves towards the most energetically 

profitablee environment with respect to the electron acceptor (including oxygen) or 

carbonn source. In addition to Aer, the Tsr protein, originally described as a serine 

receptorr protein, can function as an independent sensor/transducer for aerotaxis 

(Rebbapragadaa et al., 1997). 

DsbBA,, (disulphide bond formation, Fig. 1.4) is responsible for oxidative folding of 

numerouss periplasmatic proteins, modulating their activity in response to oxygen 

(Bardwelll  et al, 1991; Bardwell et a!.. 1993; Bader et al., 1999; Bader etal., 1998). 
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Aerobicc and anaerobic catabolism in E. coli require different pathways (see below). 

Enzymess of each pathway are regulated at the kinetic level and at the level of 

transcription.. At least 120 proteins are shown to change expression in response to a 

shiftt from aerobic to anaerobic conditions (Sawers et al., 1988). Of these proteins, 

expressionn of at least 40 operons is controlled by ArcAB (Fig. 1.6) and over 30 operons 

(overr 70 genes) are under control of the Fnr regulator (Fig. 1.1) (see: Lynch and Lin 

[1996b]]  and references therein). These two global regulation systems are the major 

controllingg factors of catabolic gene expression and in most of the cases operate co-

ordinatelyy to fine-tune catabolism in response to oxygen. 

AA putative role of Dos (the direct oxygen sensor) in oxygen-mediated regulation of 

catabolismm by controlling the cyclic nucleotide level can be predicted on the basis of 

domainn organisation. Dos possesses an oxygen-binding domain and a putative 

phosphodiesterasee domain (Delgado-Nixon et a/., 2000), but the role of this regulator 

inn catabolism remains to be elucidated. 

1.4.22 The ArcAB two component system 

Thee cytoplasmatic Arc A regulator of the ArcAB two component regulation system 

(encodedd by the arcA gene, previously known as dye, sfrA,fexA, msp,or seg; see: luchi 

andd Lin (1988) and references therein) has a pleiotropic effect on a number of cellular 

functions.. It regulates gene expression in response to deprivation of oxygen and is 

requiredd for proper expression of catabolic genes, aerobic resistance against redox dyes 

(methylenee blue and toluidine blue), and the expression of F plasmid DNA transfer 

(tra)(tra) genes (Sfr function; Sfr stands for sex factor regulation) (Bachmann, 1983; 

Buxtonn and Drury, 1983). In addition, ArcA is required for efficient Aer-based 

recombinationn at the psi site (in plasmid pSClOl), the process that ensures 

maintenancee of the plasmids in a monomeric state and helps to promote stable plasmid 

inheritancee (Colloms et al, 1998). In concert with its cognate sensory kinase ArcB, it 

representss a global regulation system controlling negatively (Table 1.1) or positively 

(Tablee 1.2) expression of at least 40 E. coli operons, such as several dehydrogenases of 

thee flavoprotein class, terminal oxidases, tricarboxilic acid cycle enzymes, enzymes of 

thee glyoxylate shunt, and enzymes of the pathway for fatty acid degradation. 
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Tabl ee 1.1 Genes, repressed by ArcA under anaerobic conditions. * - after Lynch and Lin 

(1990b). . 

Gene(s) ) 

aceB aceB 

acnAacnA & acnB 

aldA aldA 

bet bet 

cyoABCDE cyoABCDE 

dctA dctA 

fadB fadB 

fdnGHI fdnGHI 

fumA fumA 

fumC fumC 

glcDEFGB glcDEFGB 

glpD glpD 

gltA gltA 

hybOABCDE hybOABCDE 

FG FG 

icd icd 

lidlid  (IctD) 

IpdA IpdA 

mdh mdh 

miomio A-N 

ohHGua ohHGua 

pdhR-aceEF-pdhR-aceEF-

Ipd Ipd 

Enzymee and/or function 

Isocitratee lyase 

Aconitase e 

Aldehydee dehydrogenase 

synthesiss of (osmoprotectant) glycine betaine 

fromm choline 

Cytochromee o oxidase 

aerobicc C(4)-dicarboxylate transporter 

3-Hydroxyacyll  coenzyme A dehydrogenase 

Formatee dehydrogenase-N 

Iron-containingg fumarase A (aerobic) 

Fumarasee C (aerobic) 

glyoxylatee pathway 

Glycerol-33 phosphate dehydrogenase 

(aerobic) ) 

Citratee synthase 

[NiFe]]  hydrogenases 2 

Isocitratee dehydrogenase 

L-Lactatee dehydrogenase 

Lipoamidee dehydrogenase 

Malatee dehydrogenase 

(protonn translocating) 

NADH-dehydrogenase-I I 

8-hydroxyguaninee endonuclease 

Pyruvatee dehydrogenase complex 

andd regulator 

Reference e 

*(Cunningham m 
etui..etui.. 1997) 

(Pellicerr el til.. 
1999b) ) 

(Lamarkk et at.. 
1996) ) 

* * 

(Daviess el a!.. 
1999) ) 

* * 

* * 

(Parkk and 
Gunsalus, , 

1995a) ) 
(Pellicerr et ai. 

1999a) ) 

* * 

* * 

(Richardd et ai. 
1999b) ) 

*(Chaoo et ai. 
1997) ) 

* * 

(Cunningham m 
eta!..eta!.. 1998; 
Cunningham m 
andd Guest, 

1998) ) 

* * 
(Bongaertss et 

ai.ai. 1995) 

(Leee et ai. 
199S) ) 
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sdhCDAB sdhCDAB 

socIA socIA 

sucAB sucAB 

sucCD sucCD 

tpx tpx 

NDD (not 

determined) ) 

Succinatee dehydrogenase 

Mn-containingg superoxide dismutase 

or-Ketoglutaratee dehydrogenase 

Succinatee thiolkinase 

Thioll  peroxidase 

D-Aminoo acid dehydrogenase 

*(Parkk t/t al. 
1995b:: Parket 

a!..a!.. 1997) 
* * 

*(Parkk et ai. 
1997) ) 

*(Parkk etal.. 
1997) ) 

( K i mm et ul.. 

1999a) ) 

Tabl ee 1.2 Genes, positively regulated by ArcA under anaerobic conditions. * - after Lynch 

andd Lin (1996b). 

Gene(s) ) 

arcarc A 

cacJA cacJA 

cob cob 

cydAB cydAB 

cyx-appA cyx-appA 

focApfl focApfl 

fumB fumB 

hemA hemA 

hyaABCDEF hyaABCDEF 

pdu pdu 

pocR pocR 

tdcABC tdcABC 

traY traY 

Enzymee and/or function 

ArcA A 

Lysinee decarboxylase 

Cobalaminee biosynthesis 

Cytochromee d oxidase 

Acidd phosphatase and 

aa putative cytochrome oxidase 

Formatee transport and 

pyruvate-formatee lyase 

Fumarasee (anaerobic) 

Glutamyl-tRNAA dehydrogenase 

[NiFe]]  hydrogenases 1 

Propanedioll  degradation 

Positivee regulator of cob and pdu 

Biodegradativee threonine dehydratase. 

membrane-associated d 

L-threonine-L-serinee pennease, and regulator 

FF plasmidd DNA transfer function 

Reference e 

* * 

(Reamss ct ul., 
1997) ) 

* * 

* * 

(Brondsted d 
andd Atlung. 

1996)) " 

* * 

(Tseng.. 1997) 

*(C'hoii  ct al.. 
1996) ) 

*(Dariee and 
(iiinsakis. . 

1994;; Richard 
eta/..eta/.. 1999b) 

* * 

* * 

(Chattopadhvay y 
ctul..ctul.. 1997)' 

*(Strohmaier r 
ctai.ctai. 199S: 
'l'akii  et ul.. 

199K) ) 
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ArcA,, a 29kDa (238 amino acids) cytoplasmatic transcriptional regulator, consists of 

ann N-terminal receiver domain with a phosphorylation site at Asp"1 and a C-terminal 

helix-turn-helixx (HTH) DNA binding domain (Iuchi and Lin. 1988). 

ArcAA does not have a strictly conserved DNA binding consensus sequence. A weight 

matrixx for binding recognition by ArcA has been recently proposed (McGuire et al., 

1999),, which gives a frequency score to each base pair of the binding motif. Using this 

matrix,, ArcA-binding sites in regulatory regions of operons not yet shown to be under 

controll  of the ArcAB system were identified (Table 1.3). The role of the ArcAB 

systemm in controlling these operons awaits further confirmation. 

Tablee 1.3 Operons, containing ArcA binding sites (identified by the weight matrix). After 

McGuiree et al. (1999). 

operon n 

ndh ndh 

caiT/fixA caiT/fixA 

dinJ dinJ 

dcuB dcuB 

araE araE 

fimE fimE 
ompC ompC 

ompF ompF 

ddlA ddlA 

xthA xthA 

acs/nr/A acs/nr/A 

hisL hisL 

sipsip A 

appY appY 

pykF pykF 

gcvT gcvT 

atpl atpl 

flhD flhD 

encodedd protein(s) 

NADHH dehydrogenase 

Carnitinee metabolism (both operons) 

DNA-damagee inducible gene 

Anaerobicc dicarboxylate transporter 

L-Arabinosee transport, proton symport system 

Regulatoryy gene for fimbriae expression 

Outerr membrane protein 1 b 

Outerr membrane protein la 

D-Alanine:D-alaninee ligase 

Exonucleasee III 

Acetyll  CoA synthase and formate-dependent nitrate reductase 

<acs)) His operon leader peptide 

Hns-likee protein, stimulates self-splicing of T4 thymidylate 

synthasee gene 

Regulatess hya and appY by P04 starvation and stationary 

phase e 

Fructosee 1,6-bisphosphate-activated pyruvate kinase I 

Tetrahydrofolate-dependentt aminomethyltransferase 

aa subunit of the membrane-bound FrF()-type proton-ATPase 

Transcriptionall  activator for fiagellum class 3 genes 
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ArcAA binding sites (in most cases multiple binding sites) are located upstream as well 

ass downstream of the target promoters and have different affinities for both 

phosphorylatedd and unphosphorylated ArcA forms in vitro (Chao et al, 1997; Cotter et 

a!..a!.. 1997: Drapal and Sawers. 1995: Shen and Gunsalus. 1997). Numerous DNAse 

protectionn studies with different Arc-dependent promoter regions have shown that 

ArcA-PP covers rather large DNA regions, extending up to 230 bp at high (>l|iM) 

ArcA~PP concentrations (Chao et al, 1997; Cotter et al, 1997: Drapal and Sawers, 

1995:: Lynch and Lin. 1996c: Pellicer et al, 1999a; Shen and Gunsalus. 1997; Tardat 

andd Touati. 1993). which are much larger than may be expected from a dimer or 

monomerr form of ArcA-P. It has been suggested, therefore, that ArcA-P binds as a 

higher-orderr oligomer (Drapal and Sawers, 1995; Lynch and Lin, 1996c; Pellicer et al, 

1999a). . 

ArcBB is an 82kDa (778 amino acids) multidomain membrane protein (see Fig. 1.7). 

constitutivelyy expressed under both aerobic and anaerobic conditions (Iuchi and Lin. 

1992a).. It is anchored in the cytoplasmatic membrane by two transmembrane segments 

att the N-terminus. connected by a short periplasmic bridge (Iuchi et al, 1990b; Kwon 

etet al, 2000b). Attached to the cytoplasmic site of the membrane, a sequence which 

resembless the leucine zipper (Georgellis et al, 1999) and a PAS input domain (Taylor 

andd Zhulin. 1999) have been identified. As a typical example of a histidine kinase of 

twoo component systems, in response to one or more stimuli. ArcB undergoes 

autophosphorylationn at His" " of the primary transmitter domain at the cost of ATP 

(Iuchii  and Lin, 1992b). This is the essential step for signal transduction (Iuchi and Lin. 

1992a;; Tsuzuki et al, 1995). ArcB belongs to a family of tripartite histidine kinases 

andd contains an intrinsic receiver domain and an additional C-terminal Hpt (histidine-

phosphotransfer)) domain, besides the primary transmitter (Ishige et al, 1994; Iuchi and 

233 I 58 I Leu 
422 77 

Primaryy Receiver Secondary 
Primaryy 1 ransmitter domain ,' Transmitter 

domain n 

5211 1 

HEE E 11 1 "H 9 

Gluu -Asp Lys 

Fig.. 1.7. Domain organisation of ArcB (adapted from Kwon et al, 2000a). 
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Lin.. 1992a: Matsushika and Mizuno. 1998a; Matsushika and Mizuno. 1998b: 

Matsushikaa and Mizuno, 1998c: Mizuno, 1997). 

Noo prosthetic groups or sequence similarities to heme, quinone. flavin nucleotide, or 

metall  binding sites have been detected in the ArcB protein. 

Uponn perception of a stimulus. ArcB autophosphorylates, and is subsequently able to 

phosphorylatee ArcA (Fig. 1.8). ArcA, upon phosphorylation, changes its activity (as a 

transcroptionn factor) towards the target genes. A model of ArcA phosphorylation by 

eitherr His" " of the primary transmitter domain or by His of the Hpt domain after 
2922 576  7 1 7 -

intrinsicc HisArcB" -»AspArcB~ ->His.\rcB intradomain phosphorelay (Georgellis et 

ai.ai. 1997; Tsuzuki etal., 1995) has been generally accepted (Fig. 1.8). 

Firstly,, it has been demonstrated that removal of the C-terminus of ArcB (including the 

receiverr domain) still allows transcriptional control of target operons (as analysed by 

sdh-lacZsdh-lacZ fusion) in vivo, although to a lesser extent (Iuchi and Lin. 1992a). Substitution 

off  His' by Leucine in the Hpt domain still exerts transcriptional control (although 

altered)) on the same fusion (Matsushika and Mizuno, 1998a). Secondly, /'/; vitro vitro studies 

havee also confirmed that His" ~~P of the ArcB transmitter domain can directly 

ADP P 

ArcB B 

Fig.. 1.8. ArcAB two component system. Signal transduction pathway. 

Dottedd arrow - possible phosphotransfer route (see text for details). 

31 1 



ChapterChapter 1 

phosphorylatee ArcA (luchi. 1993: Iuchi and Lin. 1992b: Tsuzuki et al.. 1995). 

AA recent study of Kwon et al. (2000a). however, has cast doubt on the validity of//? 

vivovivo His" " (of ArcB) -> ArcA phosphotransfer. In the latter study the phosphorylation 

levell  of ArcA was deduced from expression of cydA (coding for the high affinity 

cytochromee d) and UdP (coding for L-lactate dehydrogenase) and analysed by cvdA-

lacZlacZ (in \fnr background) and HdP-IacZ operon fusions, respectively. Substitution of 

eachh of the ArcB phosphorylation sites (His"4"". Aspr h and His ' ) resulted in a null 

phenotypee with respect to both cydA-hcZ and UdP-lacZ expression. Based on these 

resultss the authors concluded that HisArcB"g~^AspArL.B'v%HisArCB'' '-»AspArcA
M is the 

solee route for ArcB-ArcA phosphorelay in vivo and explained the contradiction to 

previouss results by the unreliability of in vitro phosphorylation data for the in vivo 

situationn and multiple gene dosage artefacts in the previous in vivo studies. 

Thee ArcB sensor is anchored in the membrane via two transmembrane domains with a 

shortt (17 amino acids, Kwon et al., 2000b) periplasmic bridge. Kwon et al. (2000b) 

havee shown recently that these transmembrane domains do not contribute significantly 

too signal reception under anaerobic and fully aerobic conditions. When one of the 

transmembranee segments or a transmembrane segment with the periplasmic bridge was 

replacedd by the corresponding segments of MalF (a subunit of maltose permease), a 

minorr effect on aerobic and anaerobic cyd-lacZ expression (in a Afnr strain) was 

observed.. Interestingly, Kwon et al. (2000b) reported that upon replacement of both 

transmembranee segments and the periplasmic region by MalF. ArcB became inactive 

ass an ArcA kinase. In contrast, ArcB with a truncated transmembrane part (™ ArcB, 

ArcBB is then liberated from the membrane) showed constitutive activity of ArcB as a 

kinasee for ArcA. None of these results, unfortunately, was shown in this article. 

Results,, conflicting to the results described above were also recently obtained. A study 

off  Matsushika & Mizuno (2000) demonstrated that ArcB mutant had a wild type 

phenotypee with respect to aerobic and anaerobic regulation of sdh-lacZ expression. It 

hass also been reported earlier that complementation of an arcB null mutant (dye 

sensitive)) with ArcB conferred dye resistance (Iuchi and Lin, 1992b). The wild type 

behaviourr of the ArcB indicates either that there is no physiological significance of 

thee membrane location of ArcB or that a cytoplasmic stimul(i)us, but not a membrane 

generatedd stimul(i)us, determines transcriptional activity under the conditions tested 

(fullyy aerobic and fully anaerobic). It should be noted that recent molecular and 
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physiologicall  evidence strongly indicates that more than one stimulus might trigger the 

Arcc system activity in vivo (Alexeeva et ai, 2000; Matsushika and Mizuno, 1998a). 

ArcBB contains two cysteine residues in the PAS domain. Cysteine residues have 

frequentlyy been found to be involved in redox sensing (see above). The possibility that 

thee two Cys residues (at position 180 and 240) play a role in sensing by ArcB was 

excluded,, since substitution of these residues to Gly yielded a wild type phenotype 

withh respect to sdh-lacZ expression. 

Furtherr exploration of the sensing site of ArcB indicated that the PAS domain, as well 

ass the LeuK7 of the leucine zipper, each independently do play an important role in 

perceptionn of the stimulus (Matsushika and Mizuno, 2000). Interestingly, whereas it 

wass impossible to show in vivo transcriptional activity of the ArcB-APAS and ArcB-

L87AA (LeuK7 to Ala substitution) proteins, using a sdh-lacZ fusion as a reporter, these 

proteinss retained the ability to phosphorylate Arc A in vitro (Matsushika and Mizuno, 

2000). . 

Beingg responsive to different levels of oxygen availability, ArcB does not sense 

molecularr oxygen per se (reviewed by Iuchi and Lin, 1996). In vitro experiments 

demonstratedd that several metabolic intermediates (D-lactate, acetate, pyruvate and 

NADH),, accumulating under anaerobic conditions directly stimulate 

transphosphorylationn in vitro of ArcA by ArcB via inhibition of the ArcB intrinsic 

phosphatasee activity and hence facilitate the kinase reaction (Iuchi, 1993). 

Furthermore,, numerous studies (based on 2-D gel analysis, mRNA quantification, or 

analysiss of "arc-dependent promoter region'VacZ fusions) report that a "hypoxia" 

stimuluss for ArcB may be provoked in vivo under fully aerobic condition by several 

manipulationss with the cells or with growth conditions: 

Inn wild type cells cyo and lid are highly expressed only in aerobic cells and 

repressedd by ArcA in anaerobically growing cells. Arc-dependent repression of these 

geness occurs in cells, growing under fully aerobic conditions, but lacking the terminal 

oxidasess (deletion of both cytochrome o and cytochrome d) as analysed by cyo-lacZ 

andd lid (lctD)-lacZ fusions (Iuchi et a!., 1990a; Lynch and Lin, 1996a). Alternatively, 

expressionn of cyd-lacZ and cad-lacZ (cyd and cad are expressed in microaerobically 

andd anaerobically growing cells) were induced in these cells, respectively (Iuchi et al., 

1990a;; Reams et al., 1997). 

Oxidationn (by phenazine methosulfate and ferricyanide) and reduction (by 

cyanide)) of the respiratory chain both result in Arc-dependent cytochrome d induction 
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underr fully aerobic conditions (Bogachev et ai. 1993). Addition of protonophorous 

uncouplerss had the same effect in aerobically growing cells (Bogachev et ai. 1995). 

wherebyy Arc-dependent induction of cyd expression was proportional to their 

uncouplingg activities. 

Additionn of chelating agents has been shown to result in repression of sdh-laeZ. 

suc-IaeZ,suc-IaeZ, aceA-lacZ and fadA-lacZ (all Arc-dependent aerobic genes) under fully 

aerobicc conditions (Reams et ai, 1997). These agents had no effect on anaerobic 

expression.. The opposite effect was seen in a cadA-lacZ fusion. The expression of Arc-

dependentt anaerobic cadA was derepressed under aerobic conditions by chelating 

agentss (Reams et ai, 1997). 

Thee "hypoxia"' ArcB stimulus seems also to be produced during aerobic glucose 

starvationn (stationary growth phase), as synthesis of several aerobic enzymes (malate 

dehydrogenase,, isocitrate dehydrogenase, lipoamide dehydrogenase, and succinate 

dehydrogenase)) markedly decreases under these conditions. At the same time pyruvate-

formatee lyase synthesis increased (Nystrom et ai, 1996). 

Finally,, an increase in the growth temperature resulted in Arc-dependent induction 

off  the cytochrome d mRNA synthesis under fully aerobic conditions (Wall et ai, 

1992). . 

Similarly,, several experiments indicate that when oxygen is absent, several growth 

conditionss can provoke an "oxic" ArcB stimulus: 

Additionn of an alternative electron acceptor (nitrate, TMAO, DMSO or fumarate) 

too anaerobic cultures results in derepression of some aerobic genes {sdh-IacZ and/or 

Ud-IaeZ)Ud-IaeZ) (Iuchi et ai, 1994; Matsubara and Mizuno, 2000; Park et ai, 1995b). 

-- Alkaline pH abolishes expression of cyd-lacZ fusion and derepresses cyo-IaeZ (in a 

A//7rr strain, which is known to repress both genes under anaerobic conditions)(Cotter et 

ai,ai, 1990). 

Thee above observations are summarised in Fig. 1.6. 

Finally,, a role of the SixA protein (phospho-histidine phosphatase) in the modulation 

off  ArcB kinase activity has been proposed on the basis of in vitro and in vivo 

experiments.. SixA protein exhibited the ability to release the phosphoryl group from 

thee Hpt domain of ArcB in vitro (Matsubara and Mizuno, 2000; Ogino et ai, 1998). In 

vivovivo SixA exerted no control on ArcAB dependent sdh-laeZ gene expression in 

responsee to oxygen, but was found to be involved in the ArcAB signalling under 
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anaerobicc respiratory conditions (in the presence of an alternative electron acceptor -

nitrate,, TMAO, DMSO, and fumarate) (Matsubara and Mizuno, 2000). 

Thiss all points to a complex regulatory network underlying Arc-dependent regulation 

off  the (an)aerobic catabolism in E. coli. Despite a decade of intensive investigations, 

thee stimul(i)us modulating the regulatory cascade remains unresolved. 

1.4.33 (An)aerobic glucose catabol ism in E. coli 

E.E. coli is able to proliferate in the presence as well as the absence of oxygen. As in all 

organismss capable of at least temporal adaptation to oxygen deprivation, catabolic 

pathwayss in E. coli differ dramatically under aerobic and anaerobic conditions. A drop 

inn oxygen availability necessitates on the one hand that the cell switches on an 

alternativee mode for energy conservation and on the other to switch on an alternative 

mechanismm for NADH reoxidation and hence maintenance of the redox balance (Clark, 

1989;; Holms, 1996). To prevent unnecessary costly protein production for both 

pathways,, enzyme synthesis is to a large extent adjusted according to oxygen 

availabilityy by means of transcriptional regulation, mediated by the ArcAB system and 

thee Fnr protein as described above. Except for this transcriptional control, in vivo 

catabolicc enzyme activities are also subject to control at the kinetic level. Thus, both 

kineticc and transcriptional control ensures proper adaptation upon a switch between 

aerobicc and anaerobic conditions. 

Thee initial glucose breakdown results in pyruvate formation (glycolysis). These 

reactionss are rather conserved and are not dependent on the presence of oxygen (for a 

revieww on glycolysis and its regulation see Fraenkel, 1996). Glycolysis results in 

energyy conservation and formation of redox equivalents (NADH). Oxygen has a major 

bearingg on the further fate of the pyruvate, formed during this reaction (see Fig. 1.9). 

1.4.3.11 Aerobic pyruvate degradation 

PyruvatePyruvate dehydrogenase complex 

Underr fully aerobic conditions pyruvate enters further catabolism via PDHc (pyruvate 

dehydrogenasee complex). E. coli pyruvate dehydrogenase is a large enzyme complex 

(55 million Dalton) which constitutes three major protein complexes: 

E11 or pyruvate dehydrogenase contains 24 subunits 

E22 or dihydrolipoyl transacetylase contains 24 subunits 

E33 or dihydrolipoamide dehydrogenase contains 12 subunits 
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Fig.. 1.9. Major aerobic (right) and anaerobic (ieft) pathways of glucose 
catabolismm in E. coli 

Thee structure of the PDHc and complex reactions yielding Aceryl-CoA have been 

investigatedd in detail (Guest et ai, 1989; Mattevi et al, 1992). The operon organisation 

off  the genes coding for the multienzyme complex and transcriptional regulation wil l be 

discussedd in Chapter 3.4. It is noteworthy to mention here that E3 subunit expression is 

underr control of the ArcAB system. The net reaction of pyruvate dehydrogenase is: 

pyruvatee + CoA + NAD' -> acetyl-CoA - C02 + NADH + rT 

Pyruvatee is a positive effector (Smith and Neidhardt, 1983) and products of the 

reaction,, Acetyl-CoA and NADH both are inhibitors of complex activity, the latter 

beingg due to sensitivity of the E3 to NADH (Snoep e? o/., 1993). 
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TCATCA cycle 

Acetyl-CoAA combines with oxaloacetate and undergoes further oxidation in the TCA 

(tricarboxylicc (or citric) acid) cycle. The TCA cycle is the central metabolic pathway 

forr all aerobic processes. The cycle provides the complete oxidation of C2 units 

(acetyl-CoA)) into carbon dioxide, gaining reductive power (or redox equivalents) in the 

formm of NADH and FADH plus energy conservation (1 molecule of GTP per cycle, 

whichh may be converted to ATP) due to substrate level phosphorylation. The net 

reactionn for the complete TCA cycle may be written as 

Acetyl-CoAA + 3NAD + FAD + GDP  2H; 0 -> 

3NADHH - FADH - GTP + CoA + 2C02 

Thiss pathway is the major source of redox equivalents (NADH or FADH). and is fully 

activee only under aerobic conditions. This is achieved due to both transcriptional 

controll  mediated partly by the ArcAB system and the Fnr regulator and regulation at 

thee kinetic level (see: Cronan Jr. and LaPorte [1996] and references therein). 

Underr fully aerobic conditions all glucose (if limiting the growth) is converted to a 

singlee product, C02 (Holms, 1996). All reducing equivalents (equal to 12 NADH 

(NADHH or FADH) per molecule of glucose consumed), produced during glucose 

oxidationn can be fed directly (in form of electrons) into the electron transport chain. 

Reoxidationn of reducing equivalents generated by the oxidation of the energy source 

occurss in the respiratory chain. This process can be coupled to the formation of a 

protonn motive force (pmf) and thus constitutes an efficient pathway for energy 

conservation. . 

Thee respiratory chain 

Respirationn serves two goals: energy conservation and reoxidation of reducing 

equivalentss formed in upstream pathways. 

Sincee E. coli possesses a branched respiratory chain (see Fig. 1.9), the electron flow 

intoo respiration can follow alternative routes to oxygen, via a coupled or an uncoupled 

NADHH dehydrogenase (NDH I or NDH II, respectively) to quinone (Hayashi et ai, 

1989;; Matsushita et al., 1987). Subsequently, quinol is oxidised either by the 

cytochromee bci or by the cytochrome bo terminal oxidase complex, which in turn 

passess the electrons to oxygen with concomitant reduction of the latter to water. The 

twoo terminal oxidases differ in their affinity for oxygen as well as in their H e" 

stoichiometry.. Cytochrome /W presumably translocates 1 H e" (Miller and Gennis. 
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1985;; PuustinenéV al., 1991), and has a high affinity for oxygen (D'Mello et a/., 1996; 

Kitaa et a!., 1984; Rice and Hempfling, 1978), whereas the low affinity cytochrome bo 

containingg terminal oxidase is thought to translocate 2 H'/e" (Calhoun et al., 1993; 

Puustineneff  a/.. 1991). 

Bothh rvt/and cyo (coding for cytochrome d and o ubiquinol oxidases respectively) are 

expressedd maximally when oxygen is available, although the former reaches its 

maximumm at low oxygen availability and the latter under fully aerobic conditions. This 

transcriptionall  control, amongst others, is governed by the ArcAB system (Cotter et a/., 

1990;; Iuchi and Lin, 1988; see also: Chapter 3.5). 

Thee Ndh II (uncoupled) primary dehydrogenase is maximally expressed during aerobic 

growthh (Green and Guest, 1994; Spiro et a/., 1989) and repressed by Arc A when 

oxygenn is absent. Ndh I is also induced by oxygen (Lin and Iuchi, 1991; Tran et ai, 

1997).. Based on sequence similarity, six ArcA binding sites have been identified in the 

regulatoryy region of the ndh gene (all 9-141 bp upstream from the start codon) coding 

forr Ndh I (McGuire et a!., 1999), suggesting ArcA control of this gene. 

Inn conclusion, this pathway of glucose oxidation to CO: (when glucose is limiting 

growth)) is the most profitable with respect to energy conservation mainly due to 

formationn of reducing power (NADH), which is used for energy conservation. It should 

bee emphasised here that the above description of glucose breakdown does not include 

interferencee by anabolic pathways (e.g. NADH oxidation in amino acid or cell wall 

componentss synthesis). 

1.4.3.22 Anaerobic pyruvate degradation 

Whenn no external electron acceptor is present, respiration can not take place and 

substrate-levell  phosphorylation is therefore the sole source of energy conservation. 

Obviously,, it yields less energy and reducing equivalents formed during glycolysis 

mustt find an alternative reoxidation route. E. coli solves this by using internal electron 

acceptors.. The oxidation of glucose results in mixed acid fermentation with ethanol, 

acetate,, formate (and/or CO^and H;) and small amounts of lactate and succinate as the 

endd products (Clark, 1989; Gottschalk. 1986; Sokatch. 1969). In contrast to aerobic 

conditions,, pyruvate formed during glycolysis under anaerobic conditions enters 

furtherr catabolism via an alternative anaerobic enzyme: the pyruvate-formate lyase 

(PFL). . 
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FormateFormate production - Pyruvate formate-iyase 

Activee PFL is a radical enzyme (Wagner et aL, 1992) catalysing anaerobic conversion 

off  pyruvate into Acetyl-CoA and formate (Fig. 1.9): 

pyruvatee - CoA -H. acetyl-CoA + formate 

PFLL is kinetically stable only under anaerobic conditions and is extremely sensitive to 

oxygen.. The glycyl radical of PFL is readily and irreversibly destroyed by oxygen with 

concomitantt fragmentation of the polypeptide chain (Wagner et al., 1992). Besides 

deactivationn by oxygen, PFL can be activated and deactivated by two enzymes - PFL-

activasee and PFL-deactivase (Kessler et a!., 1991). PFL activity is therefore subject to 

posttranslationall  control. 

Thee product of the adhE gene, alcohol dehydrogenase/acetyl CoA reductase (ADH), 

actss as PFL deactivase (Kessler et al., 1991). It catalyses the quenching of the glycyl 

radicall  in PFL by using Fe2 , NAD and CoA as cofactors. This conversion results in 

formationn of a radical-free and oxygen stable PFL. The deactivation reaction is 

drasticallyy lowered by the presence of NADH and inhibited by pyruvate (Kessler et al., 

1991).. Hence, catalytic activity of ADH towards PFL is determined by the intracellular 

NADH/NADD ratio. In addition, adhE gene expression itself is shown to be repressed by 

aa high intracellular NAD levels (Leonardo et al.< 1996). 

Thee non-radical form of PFL may be reactivated by introduction of the free radical into 

thee polypeptide chain. This conversion is due to the activity of a distinct enzyme, PFL-

activase,, requiring Fe2^ as cofactor (Knappe et al., 1984; Knappe and Sawers, 1990; 

Knappee eta!., 1969). 

Too complete the complexity of in vivo regulation of PFL activity, its synthesis in 

responsee to environmental conditions is under control of a number of transcription 

factors,, including ArcA, IHF (integration host factor), Fnr, NarL, NarQ (the latter two 

aree nitrate responsive transcriptional factors) (Kaiser and Sawers, 1995; Sawers, 1993; 

Sawerss and Bock, 1988; Sawers and Bock, 1989; Sawers and Suppmann, 1992; Sirko 

etet aL. 1993). Transcriptional regulation of the focApfl operon, encoding the PFL wil l be 

discussedd in Chapter 3.3. 

HydrogenHydrogen and carbon dioxide production - Formate hydrogen lyase 

compiex compiex 

Formate,, the product of the PFL reaction can be converted into CO; and Hi by another 

enzyme,, the formate hydrogen lyase complex (for review see Bock and Sawers, 1996). 

39 9 



ChapterChapter 1 

formatee -> H2 - CO: 

Synthesiss of the active FHL complex requires selenium and molybdenum (Pinsent. 

1954)) and is regulated by pH and formate (Birkmann etal., 1987; Rossmann, 1991; 

Suppmannn and Sawers, 1994). At high formate concentration and low pH formate is 

reimportedd into the cell and activates transcription of the FhlA transcriptional 

regulator,, which consequently induces FHL complex biosynthesis (Rossmann, 1991; 

Schlensogg and Bock, 1990). 

AcetateAcetate and ethanol production 

Thee second product of the PFL reaction. Acetyl CoA, can be converted either to acetate 

orr to ethanol. Formation of ethanol by ADH allows NADH reoxidation, and is the 

majorr sink of electrons, produced during glycolysis under anaerobic conditions. The 

nett reaction: 

Acetyl-CoAA + 2NADH -> ethanol + 2NAD - CoA 

Formationn of acetate yields energy conservation by substrate level phosphorylation: 

Acetyl-CoAA + Pi - ADP -> CoA  ATP + acetate 

Thee latter reaction is subsequently catalysed by phosphate acetyltransferase (PTA) and 

acetatee kinase (ACK). 

Underr fully fermentative conditions acetate and ethanol are produced in equal amounts 

(Clark,, 1989;Sokatch. 1969). 

MinorMinor products - lactate and succinate 

Lactatee dehydrogenase is an anaerobic alternative to PFL in pyruvate cleavage (Garvie. 

1980). . 

pyruvatee - NADH -> lactate + NAD 

Thee major pathway of succinate formation is thought to comprise the reductive branch 

off  the TCA cycle (Fig. 1.10) (Ashworth and Kornberg. 1966; Cronan Jr. and LaPortc. 

1996;; Gottschalk, 1986). Net reaction: 

phosphoenolpyruvatee + C02 + 2NADH + FADH -> succinate + 2NAD  FAD 
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Inn this TCA cycle branch fumarate re-

ductasee replaces succinate dehydrogenase 

providingg an anaerobic respiratory pathway. 

Fumarate,, the intermediate of this pathway 

cann be used as an internal electron acceptor. 

Theree are other pathways that yield 

succinatee as the end fermentation product. 

Forr example, a mutant lacking 

phosphoenolpyruvatee carboxylase 

(catalysingg the initial reaction of the above 

pathway)) is still able to produce substantial 

amountss of succinate (Gokam et ah, 2000). 

Underr certain circumstances, succinate has 

beenn found to be a major fermentation 

productt of glucose breakdown (Donnelly et 

al,al, 1998; Stols and Donnelly, 1997; Stols et 

ah,ah, 1997), although the question of redox 

balancee in this fermentation pathway was unresolved. 

1.4.3.33 Summary 

Threee major branching points may be depicted between aerobic and anaerobic 

catabolicc pathways (see Fig. 1.9). The first branching point is pyruvate, which is a 

commonn substrate for the two alternative enzymes: pyruvate-formate lyase and 

pyruvatee dehydrogenase - both convert pyruvate to Acetyl-CoA. The second branching 

pointt is Acetyl-Co A - which may enter the TCA cycle or be converted to acetate or 

ethanol.. Finally, since E. coli possesses a branched respiratory chain, the electron flow 

intoo respiration can follow alternative routes to oxygen. The ArcAB system is involved 

inn transcriptional control of (nearly) all enzymes at the branch points. This system 

mightt therefore play an important role in distribution of the carbon and electron flow 

betweenn alternative routes of fermentative and respiratory catabolism, according to 

oxygenn availability. 

NADD «-'t 4 
/"II  , ATP 

<TT EXCRETE \ SUCCINATE 

Fig.. 1.10. Major pathway for 

anaerobicc succinate product ion 

-- reductive branch of the TCA 

cycle.. Enzymes involved: 1-

phosphoenolpyruvate e 

carboxylase:: 2 - malate 

dehydrogenase;; 3 - fumarase B; 

44 - fumarate reductase. 
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1.55 Outlin e of this thesi s 
Thiss study is focused on the physiological as wel! as the molecular aspects of Arc-

dependentt regulation of the response of £. co/i cells to oxygen. The major objective is 

too resolve the role of the ArcAB system in the regulation of physiological responses of 

E.E. coli, in part, through identification of the biochemical signal, sensed by the ArcB 

histidinee kinase. For this purpose the response of the cells with respect to both 

physiologyy and molecular events has been followed in response to changes in oxygen 

availabilityy to the cells. Arc-dependent regulation is sensitive to a number of growth 

parameterss (see 1.4.2). In addition, a variety of Arc-regulated operons have been shown 

too change expression depending on the growth rate (e.g. Chao et ai. 1997). 

Consideringg this, the choice to study ArcAB-dependent processes in chemostat cultures 

(withh strictly defined and controlled conditions, such as temperature, pH, growth rate) 

iss obvious. Moreover, this culturing technique allows one to study cataboiism in a 

quantitativee way. 

Whenn studying quantitatively the effect of oxygen availability, clearly, a definition of 

oxygenn availability is required. This definition was previously not available, because 

availabilityy of O: is a labile parameter that seems to be easily disrupted by uncontrolled 

experimentall  variables. This problem is discussed in Chapter 2 and a concept of 

cultivationn of cells in liquid (chemostat) cultures with (strictly defined) fixed oxygen 

availabilityy is presented. This experimental approach is used throughout all the work 

presentedd in this thesis. 

Whenn this study was initiated (1996) it was unknown whether ArcAB-dependent 

regulationn occurs gradually depending on oxygen availability or as an on/off switch of 

thee expression of the target operons. To resolve this, expression of a number of Arc-

dependentt operons (cydAB. aceEF-lpci.focApfl. and arc A itself) was investigated in 

Chapterr 3 through a range of conditions of different oxygen availability. In addition, 

onee of the Arc-dependent operons, focApfl (coding for PFL), was investigated more 

thoroughly.. The expression of this operon as a time-dependent response upon a switch 

fromm aerobic to anaerobic conditions, the response to different culture pH value and the 

additionn of alternative electron acceptors was studied. 

Locationn of the (multiple) ArcA binding sites at the ArcA-target promoters suggests 

thatt the expression of Arc-dependent genes does not necessarily reflect the 

phosphorylationn level of ArcA. Techniques to distinguish in vivo between 

phosphorylatedd and unphosphorylated forms of proteins when phosphorylation is at the 
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Aspp residue are currently not available. Therefore, an alternative approach to address 

thiss question was developed, which is described in Chapter 4. We constructed a 

reporterr strain, in which lacZ expression depends on ArcA phosphorylation only. This 

chapterr also quantitatively describes ArcA interactions with a DNA fragment 

containingg an ArcA binding site. 

Inn Chapter 5 in vivo phosphorylation of ArcA, depending on oxygen availability in 

batchh and chemostat cultures, and the effect of the growth rate on ArcA 

phosphorylationn levels was analysed using the approach described in Chapter 4. 

Chapterr 6 deals with physiological aspects of adaptation of E. colt to different oxygen 

availabilities.. To determine quantitatively the contribution of the Arc-dependent 

regulationn in catabolism, the change in distribution of catabolic fluxes, redox status and 

bioenergeticss were studied in wild type cells and cells lacking the ArcA regulator. 

Itt was of interest to analyse whether or not the response of the cells to changes in 

oxygenn availability with respect to catabolic adaptation would be similar or different 

whenn varying concentrations of an alternative electron acceptor are added instead of 

oxygenn to anaerobic cultures. Quantitative changes in distribution of catabolic fluxes 

viaa alternative pathways, redox status and bioenergetics in response to different nitrate 

andd fumarate supply are described in Chapter 7 and discussed in comparison to the 

responsee to a varying oxygen supply. 

Finally,, in Chapter 8 several conclusions, based on a combination of molecular and 

physiologicall  results of this study are drawn. A model for ArcB sensing and 

suggestionss for further studies are discussed. 

1.66 Epilogu e 
Inn contrast to the variety of "oxygen sensory devices" present in one organism, also 

conservationn of the oxygen sensory mechanisms in general is obvious. Therefore, 

completee understanding of at least one system may provide a powerful tool to facilitate 

understandingg others. In this sense investigation of the molecular mechanism of 0 : 

homeostasiss represents not only an effort to understand fundamental aspects but also is 

aa potential means of gaining new approaches to control biotechnological processes as 

welll  as novel therapeutic approaches in treatment of various diseases. 
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