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Genera// discussion 

Microorganismss must adjust themselves to respond to changes in environmental 

conditions.. Sensing is the initial step in this adaptation process, to obtain a proper 

response.. An example of such adaptive responses is the transcriptional regulation of 

genee expression. Not surprisingly, therefore, numerous sensor-controlled regulatory 

systemss are involved in various adaptive responses, that have evolved in 

microorganisms.. Of these, the so-called two-component regulatory systems (TCRSs) 

aree abundantly present in prokaryotes; in addition, some have been found in a number 

off eukaryotes (Parkinson, 1993; Posase/a/.. 1996). 

Inn the research described in this thesis, the impact of such a TCRS, the ArcAB 

system,, on the physiology of Escherichia coli has been investigated. Most of the 

resultss obtained have been discussed already in the previous chapters. Several selected 

topics,, however, deserve further discussion in the light of the combined results 

describedd in this thesis. A number of more general conclusions will be drawn, a 

(speculative)) interpretation of a number of still incompletely resolved observations, 

madee during this investigation, will be provided, and suggestions will be made as to 

howw these unresolved issues can be addressed further. 

8.11 With respect to catabolism, the major role of thee Arc 

systemm is the maintenance of microaerobic redox 

homeostasis s 
Sugarr catabolism of Escherichia coli is to a large extent determined by the availability 

off an external electron acceptor in the growth medium and elaborate sensing and 

regulatoryy systems have evolved to monitor the presence and nature of these acceptors 

andd to tune their catabolism accordingly. A major role in the regulation of the synthesis 

off a number of key catabolic enzymes has been assigned to the ArcAB two component 

phospho-relayy system which consists of the membrane sensor ArcB and the 

transcriptionall regulator ArcA (Iuchi, 1993; Iuchi et al., 1989; Iuchi and Lin, 1988; 

IuchiIuchi etal., 1990). 

Inn contrast to general assumptions that the Arc system regulates aerobic and anaerobic 

catabolismm we have provided proof in this thesis that this system plays a major role 

underr microaerobic conditions. With respect to catabolism, the major role of the Arc 

systemm is the maintenance of microaerobic redox homeostasis. 

Wee found that loss of the ArcA regulator, despite a severe alteration in catabolic gene 

expressionn (Chapter 3) does not significantly alter catabolism under fully aerobic and 

fullyy fermentative conditions (Chapter 6). In contrast to these findings is the effect of 

lackk of the Arc regulation (ArcA deletion) on microaerobic catabolism, which results in 
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releasee of activity of NADH producing pathways (such as TCA cycle) under conditions 

off an insufficient electron acceptor supply (microaerobic conditions) and, consequently 

perturbationss in the redox homeostasis. 

Thee importance of microaerobic Arc-regulation is strongly supported by the finding 

thatt maximal activity (phosphorylation levels of Arc A) of the Arc system occurs under 

microaerobicc conditions (Chapter 5). 

Inn conclusion, the primary role of the Arc system is the microaerobic control of the 

floww of reducing equivalents generated during substrate degradation, into the 

respiratoryy chain and into fermentation, matching the amount of reducing equivalents 

too the amount of accessible oxygen. 

8.22 Arc-mediated regulation is a fine-tuning of catabolism 
Wee show that the Arc system is a fine-tuning mechanism with respect to growth at 

differentt oxygen oxygen supply rates and is not required for vital functions. Lack of 

ArcAA does not result in severely impaired growth under any of the conditions tested. 

Instead,, only a slightly reduced energetic efficiency of growth (as indicated by cell 

yieldd on substrate), of approximately 10-15%, as compared to the wild type cells, is 

observedd (Chapter 6). From an evolutionary point of view, however, it is relevant to 

notee that even 1% advantage may help to more rapidly occupy ecological niches and 

overgroww less efficient neighbours. 

8.33 What constitutes the biochemical signal that activates 

Arc? ? 
Too date, the nature of the biochemical signal(s) that trigger phosphorylation of ArcB 

hass not been identified. It is clear that oxygen per se is not the direct signal for ArcB 

phosphorylationn (Iuchi and Lin, 1995; Lynch and Lin, 1996). Rather, NADH, D-

lactate,, acetate and pyruvate, which can accumulate under microaerobic/anaerobic 

conditions,, have been proposed as potential signals (Iuchi, 1993), based on the finding 

thatt in vitro high concentrations of these intermediates inhibit the intrinsic phosphatase 

activityy of ArcB. Moreover, intracellular concentrations of at least one of the proposed 

intermediates,, NADH, has been found to vary significantly under aerobic, 

microaerobicc and anaerobic conditions (de Graef et al. 1999; Snoep et al, 1993). 

Thee proton motive force (A/?, pmf) has also been proposed as a signal being sensed by 

thee Arc system (Bogachev et al. 1995; Iuchi and Weiner, 1996). 
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Ourr results established that maximal phosphorylation levels of ArcA occur in the 

higherr microaerobic range (Chapter 5). indicating that the stimul(i)us, modulating 

ArcBB kinase activity towards ArcA, must have a maximum level in this range. 

8.3.11 Pmf and electron transport rate increase simultaneously 

withh an increase in ArcA~P levels in the range 20-80 % of 

aerobiosis s 

Too measure directly the steady state pmf in metabolising cells is technically very 

demanding.. The electron transport phosphorylation rate (qATP IETPI- Chapter 6) may 

thereforee be taken as an (indirect) reporter for the magnitude of the pmf- protons are 

thee substrate for the proton-translocating ATPase reaction, and therefore the reaction 

ratee must be determined by the proton gradient. In addition, it must be noted that the 

expressionn level of the FoFrproton translocating ATPase has been reported to be 

relativelyy constant under various growth conditions (Kasimoglu et al, 1996). 

Furthermore,, it has been earlier established that E. coli cells growing aerobically have a 

significantlyy higher pmf value (210m V to 255mV (depending on pH)) than 

anaerobicallyy grown cells (where the 

pmff consists of only the ApH 

component,, 75mV; (Kashket. 1981). 

Itt seems therefore justified to assume 

thatt with increasing respiration rates 

andd increasing electron transport 

phosphorylationn rates, the magnitude 

off the pmf will increase. 

Whenn oxygen is present, respiration 

ratess are a direct reflection of the 

electronn transport rate. Respiration 

ratess (as a measure of ET (electron 

transport)) rate) and qATP IETPI (as an 

indirectt measure of pmf) and Arc-P 

levelss (Chapter 5) at different oxygen 

availabilityy have been compared in 

Fie.. 8.1. From this fieure it is 

200 40 60 80 

%% of aerob ios is 

Fig.. 8.1. In vivo ArcA phosphorylation level as 

analysedd by the reporter construct (closed 

circles,, solid line), respiration rates (grey 

squares)) and electron transport 

phosphorylationn rate (open circles) in E. coli 

cellss grown with varying oxygen availability 

rates. . 
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obvious,, that neither the pmf nor the electron transport rate correlate with the pattern of 

ArcA-PP levels over the whole range, although increasing ArcA-P levels in the 

microaerobicc range between 20 and 80% of aerobiosis coincide with increasing pmf 

andd ET. Clearly, if one of these signals is sensed by ArcB in this range, there must be 

anotherr signal, responsible for deactivation of ArcAB in the higher range (85%-100%) 

andd neither pmf nor ET can be the sole signal sensed by ArcB. 

Whereass in our experiments ArcA phosphorylation coincides with increasing pmf, 

earlierr work (Bogachev et a!., 1995) suggested an inverse correlation. This discrepancy 

indicatess that the overall electron flow rate per se may operate as a signal. In both 

experiments,, the activation of the Arc system may coincide with increasing respiratory 

activity:: it was found earlier that addition of uncouplers stimulates respiration 

(Neijssel,, 1977). The means by which the electron flow rate can be sensed by ArcB 

remainss to be resolved. PAS domains have been proposed as a link between electron 

floww or proton motive force and the sensory responses (Taylor et ah, 1999). Recent 

workk of (Matsushika and Mizuno, 2000) demonstrated that the PAS domain of ArcB 

playss an important role in reception of the stimulus. It has also been suggested that the 

PASS domain of Aer, the aerotaxis sensor, is involved in a sensing the electron flow or 

pmff (Rebbapragada et ctl., 1997). An example of electron transport-dependent 

processess has recently been demonstrated by the elegant study of Bader & colleagues 

(Baderr et al., 1999), who demonstrated electron transport-dependent oxidative protein 

folding.. Our results do not exclude that the pmf can be sensed in the microaerobic 

rangee (between 20 and 80% of aerobiosis). Pmf-dependent 

phosphorylation/dephosphorylationn of proteins has been described for light-dependent 

phosphoproteinss in Halobacteria (Spudich and Spudich, 1981). In recent years 

evidencee has accumulated, which indicates that the pmf may play a role in the topology 

off membrane proteins (Delgado-Partin and Dalbey, 1998; Schuenemann et al., 1999), 

forr example, by inhibiting translocation of positively charged residues across the 

membranee (Schuenemann et al, 1999) or promoting translocation of amino-terminal 

domainss of membrane proteins (Delgado-Partin and Dalbey, 1998). 
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8.3.22 The decrease in NADH/NAD ratio coincides with a 

decreasee in ArcA~P levels in the range between 85 and 

100%% of aerobiosis 

Wee also analysed changes in the 

intracellularr redox state (as reflected 

byy the NADH/NAD ratio, Fig. 6.6). 

Inn contrast to the gradual increase in 

respirationn rate with increasing 

oxygenn availability, the intracellular 

NADH/NADD ratio is likely to 

decreasee stepwise, remaining 

constantt in the range 50-90% (or 

slightlyy decreasing) (Fig. 8.2; note 

thatt not the NADH/NAD ratio but 

NADHH concentrations are plotted). 

Overr this range, a significant 

increasee in ArcA-phosphorylation 

occurred.. This excludes NADH or 

thee redox status of the cell 

(NADH/NADD ratio) as a possible 

solee stimul(i)us, sensed by ArcB. On the other hand, varying oxygen availability under 

nearlyy aerobic conditions (greater than 85% of aerobiosis) did not result in significant 

changess in respiration rate but did affect the NADH/NAD ratio dramatically. In the 

latterr range dephosphorylation of Arc A was observed. 

So.. the increase in ArcA-phosphorylation levels coincides with increasing respiratory 

activityy (and presumably an increasing pmf) in the lower range of oxygen availability, 

whereass the pattern of decreasing NADH concentrations correlates with the decrease in 

thee phosphorylation levels. The decrease in NADH concentration may relieve ArcB 

(intrinsic)) phosphatase activity (Iuchi. 1993) and by this means may block the 

phosphorylationn cascade under (nearly) aerobic conditions. In conclusion: our 

observationss strongly suggest that both the redox state and the rate of respiration play a 

rolee in ArcAB-dependent regulation. These observations are summarised in Fig. 8.3, 

200 40 60 80 

%% of aerob ios is 

Fig.. 8.2. In vivo ArcA phosphorylation level 

(filledd circles, solid line) and intracellular NADH 

concentrationss (squares, dashed line) in E. coll 

cellss grown with varying oxygen availability 

rates. . 
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whichh is a model for ArcB sensing. In this context it is relevant to note that recently 

(Matsushikaa and Mizuno. 1998) have shown that dual-signal sensing is possible in the 

casee of ArcB. Their study revealed that ArcB is capable of propagating two types of 

stimuluss through two distinct phosphotransfer pathways within ArcB (Matsushika and 

Mizuno.. 1998). 

ADP P 

Fig.. 8.3. A model for oxygen availability level sensing by the Arc system, in 

whichh NADH as well as a respiration-dependent stimulus positively affect 

kinasee activity of ArcB towards ArcA, resulting in maximal microaerobic 

activity. . 

Otherr effectors, influencing the ArcB-ArcA phosphorylation cascade can. however, not 

bee excluded. Our model, based on in vivo observations awaits confirmation using a 

suitablee in vitro model. Reconstitution of the Arc-system in vitro from purified 

componentss (including components of the respiratory chain) in a lipid bilayer could 

providee a good model. In such experiments various parameters can be tested with 

respectt to the effect on ArcB kinase activity towards ArcA by measuring ArcA 

phosphorylationn levels in vitro. For the latter, a gel retardation method, described in 

Chapterr 4. may be used, since it allows discrimination between phosphorylated and 

unphosphorylatedd forms of ArcA. 
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8.44 Expression levels of Arc-dependent operons do not 

necessarilyy reflect ArcA-phosphorylation level 
Thee results of Chapter 3 show a differential Arc-dependent induction of Arc-dependent 

operonss (for example focApfl and cyd). The maximal induction of these operons does 

nott coincide with the maximal Arc phosphorylation level described in Chapter 5. It is 

importantt to realise that activity of a transcriptional regulator is not necessarily 

proportionall to the expression of an entire operon(s), containing the full-length 

regulatoryy region. This is specifically the case for regulators, such as ArcA, containing 

multiplee binding sites located upstream as well as downstream of the Arc-controlled 

promoter.. A hypothetical situation for an Arc-dependent regulation is drawn in Figure 

8.4.. In this hypothetical situation ArcA is unphosphorylated and therefore no induction 

off expression occurs (Fig. 8.4a). Slight phosphorylation of ArcA will result in 

increasedd expression due to binding of ArcA~P to a high affinity binding site upstream 

Fig.8.4.. A hypothetical situation in which a slight increase in phosphorylation 

levell results in an activation of transcription, but further increase results in 

repression,, a) no induction; b) activation of transcription; c) repression 

203 3 



ChapterChapter 8 

off the promoter {the low affinity binding site downstream remains unoccupied) (Fig. 

8.4b).. Further increase of the phosphorylation level of ArcA results in binding of 

ArcA-PP to the low affinity binding site downstream and repression of the operon (Fig 

8.4c).. In this model the location and affinity of ArcA-P binding sites, rather than the 

phosphorylationn level per se determine the level of expression. This model provides a 

possiblee explanation for the differential Arc-dependent gene expression. In this respect 

itt would be interesting to analyse the expression from recombinant promoters with 

variouss combinations of ArcA-affmity sites. For example, introduction of a low affinity 

bindingg site downstream of the promoter into RSS2 construct (Chapter 4) must lead, 

accordingg to this model, to a repression of lacZ expression at the highest levels of 

ArcAA phosphorylation and a change the expression pattern through the entire 

microaerobicc range. 

Inn conclusion, measurement of in vivo activity of transcriptional regulators, such as a 

directt measurement of in vivo phosphorylation levels of transcriptional regulators, in 

combinationn with in vitro analysis of affinity constants will provide a powerful tool for 

aa deeper understanding of molecular details of various regulatory aspects of the role of 

thee Arc system in enterobacterial physiology. 
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