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Physiology:Physiology: role of Arc A in regulation of catabolism 

Summar y y 

Thee Arc system is involved in transcriptional regulation of the expression of enzymes that function at 

thee branch points between aerobic and anaerobic catabolism. In order to assess the physiological role 

off  this regulation, a comparative study was performed with a wild type E. coli and a mutant lacking 

thee ArcA regulator. Data on glucose catabolism, distribution of catabolic fluxes over parallel 

pathways,pathways, changes in redox state (as reflected by the NADH/NAD ratio) is presented for steady state 

glucose-limitedd chemostat cultures with controlled oxygen availability ranging from full aerobiosis to 

completee anaerobiosis. 

AA quantitative analysis of the relative catabolic fluxes through the major aerobic and anaerobic 

catabolicc pathways revealed that in the microaerobic range the functioning of fermentative pathways 

iss gradually replaced by respiratory pathways, as oxygen availability increased. Remarkably, PFL 

contributedd significantly to the catabolic flux under microaerobic conditions and was found to be 

activee simultaneously with PDHc and (in the wild type) cytochrome bd -dependent respiration. An 

arcAarcA deletion neither altered significantly the in vivo activity of PDHc and PFL nor did it significantly 

affectt fully aerobic and fully anaerobic catabolism. 

Inn contrast, a significant effect of the lack of the ArcA regulator was found under microaerobic 

conditions:: Increased respiratory activity and an altered distribution of the respiratory flux between 

thee cytochrome o- and d- terminal oxidases, an increased flux via the citric acid cycle, and a severe 

effectt on the NADH/NAD homeostasis. 

6.11 Introductio n 
EscherichiaEscherichia coli possesses distinct catabolic routes that enable it to conserve energy 

efficientlyy under a wide range of redox conditions. In environments that provide the 

celll  with external electron acceptors such as oxygen, nitrate, fumarate or 

dimethylsulfoxidee (DMSO), reoxidation of reducing equivalents generated by the 

oxidationn of the energy source, occurs via the respiratory chain. This process can be 

coupledd to the formation of a proton motive force (pmf) and constitutes an efficient 

pathwayy for energy conservation. In the absence of oxygen or other external electron 

acceptors,, ATP synthesis occurs at the level of substrate-level phosphorylation. Under 

suchh fermentative conditions E. coli, when growing on glucose for instance, excretes 

specificc products such as ethanol, acetate, lactate, succinate and formate (or CO2 and 

H2).. The relative rate of formation of these products is governed by the demand of 

redoxx neutrality (Clark, 1989; Holms, 1996) and is brought about by the specific 

activityy of a number of catabolic enzymes. 

Largelyy three major branch points (Fig. 1.9) determine the actual in vivo fluxes of 

carbonn and electrons through the various pathways. The first of these involves the 
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ChapterChapter 6 

cleavagee of pyruvate, which serves as a common substrate for pyruvate formate-lyase 

(PFL)) and the pyruvate dehydrogenase complex (PDHc). Entry into the fermentative 

pathwayy depends largely on the activity of PFL. whereas entry into the respiratory 

pathwayy is largely governed by the activity of the PDHc. At the second branch point, 

acetyl-CoAA - the product of both former reactions- can be converted into either of the 

twoo major fermentation products acetate and ethanol or subsequently undergo further 

oxidationn in the tricarboxylic acid (TCA) cycle resulting in the complex oxidation of 

glucosee to CO:. Finally, since E. coli possesses a branched respiratory chain, the 

electronn flow into respiration can follow alternative routes to oxygen, via a coupled or 

ann uncoupled NADH dehydrogenase (NDH 1 or NDH II, respectively) to quinone 

(Hayashii  etal., 1989; Matsushita etal., 1987). Subsequently, quinol is oxidised either 

byy the cytochrome bd or by the cytochrome bo terminal oxidase complex, which in 

turnn passes the electrons to oxygen with concomitant reduction of the latter to water. 

Thee two terminal oxidases differ in their affinity for oxygen, as well as in their H 7e" 

stoichiometry.. Cytochrome bd presumably translocates 1 H7e~ (Miller and Gennis, 

1985;; Puustinen et al., 1991), and has a high affinity for oxygen (D'Mello et a/., 1996; 

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

oxidasee is thought to translocate 2 H/e (Calhoun etal., 1993; Puustinen et al, 1991). 

Thee regulation of expression of genes encoding catabolic enzymes in enterobacteria 

hass been the subject of many studies. In E. coli, two global regulatory systems have 

beenn identified which control aerobic respiration and fermentation. These are the 

ArcABB two-component regulatory system and the Fnr protein (Gunsalus and Park, 

1994;; Iuchi and Lin, 1993; Spiro and Guest, 1990; Spiro and Guest, 1991). Fnr serves 

ass an activator of a number of genes whose products are involved in anaerobic 

respiratoryy metabolism, whereas the ArcAB system plays an important role in 

transcriptionall  regulation under both anaerobic and aerobic conditions. This system has 

beenn shown to repress a number of genes coding for TCA cycle enzymes, cyoABCDE 

(codingg for the low affinity terminal oxidase) and, to a lesser extent, transcription of 

pdhR-aceEF-Ipd,pdhR-aceEF-Ipd, encoding the PDHc and its regulator during fermentative growth 

(Casseyy et al, 1998; de Graefe/a/., 1999; Dietrich and Henning. 1970; Iuchi and Lin, 

1988;; Smith and Neidhardt, 1983; Spencer and Guest, 1985). Conversely, ArcA acts as 

ann activator of transcription, under appropriate conditions, of several catabolic operons. 

Thesee include thefocApfl operon. encoding pyruvate formate-lyase (PFL) and a 
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Physiology:Physiology: role of ArcA in regulation of cotabolism 

formatee transport protein (Sawers and Suppmann, 1992; Suppmann and Sawers, 1994) 

andd the cydAB operon coding for cytochrome hd oxidase (Tseng et al, 1996). 

Regulationn of PFL synthesis and activity in vivo is very complex (see: Chapter 1.4.3 

andd Introduction to Chapter 3.3). Both are controlled by the prevalent oxygen status, 

whichh consequently has a major bearing on the control of catabolism (Kessler and 

Knappe,, 1996). Firstly, both ArcA and Fnr function in combination to act as anaerobic 

activatorss offocApfl gene expression. Secondly, interconversion of PFL between an 

inactive-- and an active, glycyl radical-bearing species, occurs at low oxygen tensions 

andd is controlled by the activity of the iron-sulphur protein PFL-activase and the 

productt of the adhE gene, PFL-deactivase (Kessler and Knappe, 1996; Sawers and 

Watson,, 1998). Thirdly, the active glycyl radical form of PFL is irreversibly destroyed 

byy molecular oxygen and hence must be either protected from oxygen damage or 

convertedd to the inactive, oxygen-stable species during the transition of the cells 

betweenn anaerobiosis and aerobiosis (Wagner et a!., 1992). 

Aerobicc respiratory activity in vivo is strictly dependent on the presence of terminal 

oxidases.. As the oxygen supply decreases, a concomitant increase in cydAB and 

decreasee in cyoABCDE expression occurs (Tseng et a!., 1996). Cytochrome /W oxidase 

mayy therefore provide a means of affording protection to the active PFL enzyme at low 

oxygenn levels. Transcriptional regulation of cyd is both ArcA- and Fnr-dependent, such 

thatt Fnr functions as an anaerobic repressor of cyd expression (Cotter et al, 1990; 

Cotterr and Gunsalus, 1992; Fu eta!., 1991). 

Althoughh a substantial amount of information is now available regarding the 

mechanismm of signal transduction by the ArcAB system (see Chapter 1.4.2; e.g. 

Georgellisétfff/.,, 1998; Georgellis eta!., 1997; Iuchi, 1993; luchi and Lin, 1992; Kato 

etai,etai, 1997; Matsushika and Mizuno, 1998a; Matsushika and Mizuno, 1998b; 

Matsushikaa and Mizuno, 1998c; Tsuzuki etai, 1995), no unequivocal proof has been 

presentedd as to the nature of the signal that stimulates this regulatory cascade in vivo. 

Sincee molecular oxygen has been excluded as the biochemical signal being sensed by 

ArcBB (luchi et al, 1990; Iuchi and Lin. 1995; Lynch and Lin, 1996), a number of other 

potentiall  signals have been proposed, including intracellular metabolites (i.e. NADH, 

D-lactate,, pyruvate), the redox state of the respiratory chain, and the proton motive 

forcee (Bogachev etai, 1995; Iuchi, 1993; Iuchi eta!., 1990; Iuchi and Weiner. 1996). 

Inn this study we use steady-state chemostat cultures to investigate in detail the response 

off  E. coii to varying oxygen availability. Furthermore, to assess the contribution of the 
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Arc-mediatedd transcriptional regulation to catabolism we investigated the effect of lack 

off  the Arc A regulator on activity of catabolic pathways. The results of this study 

stronglyy indicate that the major role of the ArcAB system is to maintain the redox 

balancee under microaerobic growth conditions in such a manner, that NADH 

productionn by catabolic pathways is tuned to the availability of accessible oxygen. 

Furthermore,, we propose that in E. colt respiratory protection of the active species of 

PFLL by cytochrome bd oxidase may occur during microaerobic growth. 

6.22 Material s and Method s 

6.2.11 Strains and growth conditions 

/:'.. coli wild type strains RVI 123/.RM23. (MC'4100 recA, Wp/l-IacZ); Sawers and Bock. 1988). 

ASAI 22 (MC4100 rec.4, /.RSS2) and ASM 1 (MC'4100 ret-A. /.RSS1) (chapter 4) and \arcA strains 

RM3133/.RM233 (MC4100 \arcA::tct. ^(pfl-lac/)) . ASA32 (MC4100 \arcA::tet. /.RSS2) and 

ASA311 (MC'4100 \urcA::tct. /.RSS1) (Chapter 4) were used throughout this study. These strains are 

derivativess of E. co/i MC4100. containing a chromosomal fusion in the A. attachment site. MC4100 

wass used in a number of experiments as a control. 

Cellss were grown in chemostat cultures under glucose-limited conditions (New Brunswick Bioflo 

30000 and 111, Applicon types (21)) at a constant dilution rate (D) of 0.15 + 0.01 h ! at variable oxygen 

supplyy rates. Glucose (45 mM) was used as the single carbon and energy source. A simple salts 

mediumm as described by Evans et ui (1970) was used, but instead of citrate, nitriloacetic acid (2 mM) 

wass used as chelator. Selenite (30 ug/1) and thiamine (15 mg/1) were added to the medium. The pH 

wass maintained at 7.0  0.1 by titrating with sterile 4 M NaOH and the temperature was set at 35 C. 

Thee \arcA genotype was regularly confirmed by Western blot analysis with polyclonal ArcA-

antiserumm (see Chapter 3). The strains were maintained in vials in LB medium with 30% (w v) 

glyceroll  at 70 C. 

Oxygenn supply was varied by varying the percentage of oxygen in a gas mixture of air and N':. while 

stirringg the culture at a constant speed (exactly as described in Chapter 2). 

6.2.22 Analytical procedures 

Steadyy state bacterial dry weight was measured by the procedure of Herbert et al, (Herbert et a/., 

1971).. Glucose, pyruvate, lactate, formate, acetate, succinate and ethanol were determined by HPLC 

(LKB )) with a REZEX organic acid analysis column (Phenomenex) at a temperature of 40=C with 7.2 

mMM H;S04 as elucnt. using a RI 1530 refractive index detector (Jasco) and a Borvvin chromatography 

softwaree for data integration. CO; production and 0 : consumption were measured by passing the 

elucntt gas from the fermentor through a Servomex CO; analyser and a Servomex 0 : analyser, 

respectively. . 
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Physiology:Physiology: role of Arc A in regulation of cataboiism 

Concentrationss of NADH and NAD were determined in extracts, obtained by rapid sampling of 

chemostatt cultures into 5 M KOH and 5 M HC1, respectively, and assayed after neutralisation and 

filtrationfiltration as described previously (Snoep et al, 1990). 

6.2.33 Calculation of metabolic tluxes via PDHc, PFL and the 

TCAA cycle 

Thee analysis of the specific product formation rates (q values; mmol (g dry weight)"1 h ') allowed the 

calculationn of the carbon fluxes (J values; mmol (g dry weight)"1 h ') via PDHc. PFL, and the TCA 

cycle,, respectively. These calculations are mainly based on the scheme depicted in Fig. 1.9. under the 

assumptionn that the prerequisite for a complete redox balance was fulfilled. 

qNADHH ~ QEthOH + ^Acet + QSucc + QLact + 5-JjCA + JpDHc 

QNADD = 2-qKthon + qsucc + Qua + 2q0: 

Redoxx balance: qNAo/qNADH 100 

JpDHcc = qNAD " (qtthOU + CjActt + QSucc + qLact + 5 J T C A) 

JphLL  = QForm + QCO: " 2 JyCA " JpDHc 

QCO:: (TCA) = 2 /3 ( q c o: + qFonn " qEthOH " QAcet) 

JJ TCA ~ I / 2 qC O: ( T C A ) 

YATPP = u qAJP
l (g(dry weight) mol"1) 

vv (MICRO)AEROBIC_ v ANAEROBIC ,. \/
ii  ATP — i ATP  a constant Y ATP IS assumed for each strain, grown at a 
similarr growth rate, carbon source and nature of growth limitation, thus qATP(TOTAL) ~ QATP 

(ANAEROBIC)) ) 

Q.ATPP (TOTAL) = Q.ATP <SLP)+QATP (ETP) 

q.\TPP (SLP) = qpthOH + 2 qAcet + qSucc + qLact + 2JT C A 

Alll  data present a carbon balance of 95 + 3% as calculated from the glucose consumption and product 

formationn rates. All aerobic and anaerobic redox balances were 95 - 98%, again as calculated from all 

productss and biomass. Under anaerobic conditions the acetate to ethanol ratio was invariably found to 

equall  1. Biomass formation from glucose as carbon source and ammonium ions as nitrogen source is 

aa redox neutral process (Herbert el ai, 1971) which means that succinate production must be redox 

neutrall  (see also de Graef et al. 1999). This assumption has been made in all calculations. Because 

succinatee is invariably a minor product this may result in a small alteration of the calculated values, 

butt does not alter overall trends. 
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6.33 Result s 

6.3.11 Glucose catabolism at variable oxygen availability 

E.E. coli was grown in chemostat cultures 

usingg glucose as the sole carbon and energy 

source.. Oxygen availability was varied as 

describedd in Chapter 2. The organisms 

respondedd to these changes in oxygen 

availabilityy very explicitly as is exemplified 

byy the observed changes in the cell yield 

perr mol of glucose, which increased from 

20.44  1.5 g anaerobically to 69.3  0.8 g 

underr fully aerobic conditions (Fig. 6.1). 

Inn Fig. 6.2a the specific production rates of 

thee major fermentation products are 

presented.. For fully aerobic and fully 

fermentativee conditions the data are 

400 60 80 

%% of aerob ios is 

Fig.. 6.1. Effect of variation of the 

oxygenn supply rate on the substrate 

yieldd in wild type (filled circles, solid 

line)) and \arcA (triangles, dashed line) 

glucose-limitedd E. coli cultures. 

a) ) b) ) 

e» » 
c c 

O" " 

O O 

" " 

200 40 60 80 100 

%% of aerob ios is 

200 40 60 80 

%% of aerob ios is 

Fig.. 6.2. Effect of variation of the oxygen supply rate on the formation of the 

majorr fermentat ion products in a) wild type and b) \arcA glucose-limited E. 

colicoli cultures. Diamonds, no line - formate, open circles, dashed line -

ethanol,, squares, solid line - ace ta te . Insert in b) - ace ta te /e thano l ratio in 

wildd type (filled circles) and AarcA cultures (triangles) 
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Physiology:Physiology: role of Arc A in regulation of cataboiism 

quantitativelyy virtually identical to those found earlier (de Graef et ai, 1999). 

Clearly,, the cell switches gradually from completely fermentative to completely 

respiratoryy metabolism as more oxygen becomes available, formate being the first 

productt to disappear. 

6.3.22 Effect of orcA deletion on glucose cataboiism at 

variablee oxygen availability 

Thee ArcAB system activity has a severe effect on transcription of many a(na)erobic 

catabolicc enzymes. Therefore it was interesting to investigate whether or not and if so. 

howw the lack of this regulatory system affects cataboiism. Both the wild type and the 

AarcAAarcA strain, grown in glucose-limited chemostat cultures, responded to increasing 

oxygenn availability by increasing catabolic efficiency, as indicated by the change in the 

celll  yield per mol of glucose (Fig. 6.1). Although lack of the Arc A regulator resulted in 

aa slight reduction of the molar yield on glucose under aerobic and anaerobic 

conditions,, the most significant difference (about 15%), was found invariably in the 

higherr microaerobic range (from 50 to 95% of aerobiosis). Interestingly, in the lower 

microaerobicc range the difference between the wild type and the AarcA strain with 

respectt to catabolic efficiency was negligible. 

Similarlyy as in the wild type, increasing the oxygen supply led also to a gradual 

decreasee of the rate of fermentation product formation in the AarcA strain, but the 

patternn of fermentation product formation was slightly changed (Fig. 6.2b). In wild 

typee cells ethanol production vanished at 70% of aerobiosis (quoii < 0.05mmolg~' h"1); 

inn contrast, the mutant cells produced always measurable amounts of ethanol up to 

100%% of aerobiosis. In contrast, acetate production in the AarcA cultures was slightly 

lowerr in the range above 50% of aerobiosis as compared to the wild type. Although the 

differencesdifferences in acetate and ethanol production seem to be minor (Fig. 6.2a and 6.2b), the 

acetate/ethanoll  ratio was altered dramatically (Fig. 6.2b. insert), indicating a significant 

differencee in distribution of the electron flow over internal and external acceptors, 

betweenn the two strains. 
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6.3.33 /n v/Vo catabolic fluxes through TCA cycle, PFL and PDHc 

att variable oxygen availability 

Thee steady state specific product formation 

ratess and respiration rates (Fig. 6.3a) allow a 

calculationn (based on a closed redox cycle, 

seee Materials and Methods) of the fluxes 

throughh TCA cycle, PFL, and PDHc (Figs. 

6.44 and 6.5a). From these calculations it 

followss that under fully fermentative 

conditionss the catabolic flux proceeds solely 

throughh PFL. What is of particular interest 

heree is how the flux distribution shifts upon 

changess in the availability of the electron 

acceptor.. The analysis shows (Fig. 6.5a) that 

PFLL and PDHc can be active simultaneously 

underr low microaerobic conditions (10-40% 

off  aerobiosis) and that their in vivo activity 

o o 

O O 

00 20 40 60 80 

%% of aerob ios is 

Fig.. 6.3 a). Effect of variation of the 

oxygenn supply rate on respiration 

ratee in wild type (filled circles, solid 

line)) and AarcA (triangles, dashed 

line)) glucose-limited £. coli cultures. 

b) ) 

en n 
o o 

O O 

o o 
E E 
£_ _ 

O O 
CJ J 

. . 
: : 

: : 

-::  qO , 

; ; 

; ; 

 1 

 / ' 

: 8 / V * * 
mm' ' 

UU ' ' ' ' 1 

4 4 

- ï --

/ / / / 

J -H--

©© ^ -

q 0 2 2 

/ / 

--

11 ' ' i ' 

o o 

, , - --

' \ \ 
qo 2 ( c c 

cytcff ] 

11  1  ' ' 

© © 

""  "

yto) ) 

 1 '

200 40 60 80 100 

%% of ae rob ios is 

00 20 40 60 80 100 

%% of ae rob ios i s 

Fig.. 6.3 b) Distribution of the total respiratory flux (qO?, grey circles) 
betweenn two alternative terminal oxidases - cy tochrome d (open squares) 
andd cytochrome o (black circles) in the wild type and Fig. 6.3 c) in AarcA 
strain,, grown at different rates of oxygen supply. The distribution of flux was 
ca lcu la ted,, assuming Michaelis-Menten kinetics (see text and Chapter 2 for 
furtherr details). 
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changess smoothly in response to oxygen 

availability.. It is noteworthy that there is a 

rangee where ethanol production is due to 

PDHcc activity. Moreover, as catabolism 

noww proceeds more efficiently with respect 

too the conservation of energy, a decrease in 

thee cjgiucose (the specific rate of glucose 

consumption),, and hence a decrease in the 

absolutee value of the JPDHc is observed. The 

TCAA cycle activity remains low in the 

rangee between 10 and 50% of aerobiosis 

andd then gradually reaches its maximal 

activityy at 100% of aerobiosis (Fig. 6.4). At 

levelss of aerobiosis above 70% acetate is 

thee only significant fermentation product 

excretedd (only traces of ethanol, below 100 

uM,, could be detected, Fig. 6.2a). 

--
c c 
E E 

200 40 6C 80 

%% of aerob ios is 

Fig.. 6.4. Effect of variation of the oxygen 

supplyy rate on the in vivo TCA cycle 

activityy in wild type (filled circles, solid 

line)) and AarcA (open triangles, dashed 

line)) glucose-limited E. coli cultures. 
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c c 
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Fig.. 6.5. Effect of variation of the oxygen supply rate on the in vivo fluxes via 

PFLL (open squares, dashed line) and PDHc (filled circles, solid line) in a) wild 

type,, grey do t ted lines are the lines from plot 5b, given for comparison and 

b)) AarcA glucose-limited £. coli cultures. 
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6.3.44 Effect of an arcA deletion on in vivo catabolic fluxes 

throughh the TCA cycle, PFL and PDHc at variable oxygen 

availability y 

Ann analysis of the catabolic fluxes, carried out as with the wild type, revealed that 

deletionn of a re A does not affect the in vivo catabolic fluxes through PFL and PDHc. 

Thiss observation is rather surprising since PFL and PDHc, the enzymes that catabolise 

pyruvatee under anaerobic and aerobic conditions, respectively are known to be under 

transcriptionall  control of the ArcAB two component system (see Introduction of 

Chapterr 3.3 and 3.4). Increasing the oxygen supply rate resulted in a gradual shift from 

PFL-dependentt catabolism to PDHc-dependent catabolism (Fig. 6.5b) also in the 

\urcA\urcA strain. It is noteworthy that (in the range between 15 and 50°o of aerobiosis) the 

twoo enzymes are active simultaneously. 

Thee in vivo TCA cycle activity in the \arcA strain was increasing continuously with 

increasingg oxygen supply. Specifically in the microaerobic range above 30% (Fig. 6.4), 

thee TCA cycle activities in cultures of the mutant were significantly higher than those 

inn the wild type. 

6.3.55 Respiratory activity at variable oxygen availability 

Oxygenn consumption was already observed with the lowest oxygen supply rate applied 

(Fig.. 6.3a). Increasing the oxygen supply rate resulted in a new steady state, with the 

cellss respiring at a higher specific rate but it is remarkable that initially (up to an 

oxygenn supply rate allowing approximately 40% of full aerobiosis) no statistically 

significantt changes in dissolved oxygen concentration were detected (Fig. 2,4a). This 

suggestss that in this range the overall capacity of the respiratory chain (i.e. like the 

V\i..\xx of the organism) is not constant, which can be due to either quantitative 

(affectingg the capacity of the respiratory chain) or qualitative (like an altered affinity 

forr oxygen) changes in its composition. This explanation is in accord with the observed 

changess in the cytochrome hd content of the cell (Fig. 3.10). Assuming Michaelis-

Mcntenn kinetics, it was possible to calculate the distribution of the respiratory flux via 

thee cytochrome /Wand cytochrome ho terminal oxidases. This calculation (also 

presentedd in Chapter 2. see Chapter 2.2: Calculations) is shown for wild type cells in 

Fig.. 6.3b. and is based on measured respiration rates (q();). the cytochrome hd content 
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Physiology:Physiology: role of Arc A in regulation of catobolism 

(Fig.. 3.10). residual oxygen concentrations {Fig. 2.4a) and kinetic parameters as 

determinedd earlier for the two terminal oxidases in whole cells (for cytochrome d\ KM 

== 0.024 uM 02. V\1AX = 42 umol(0:) nmol(cytochrome o)'] h"1; and for cytochrome o: 

KMM  = 0.2 uM 02. V M A X = 66 90 ^mol(0;) nmol(cytochrome o)"'"h"'; Rice and 

Hempfling,, 1978)). The flux via cytochrome o was calculated by subtracting the 

calculatedd flux via cytochrome d from the total flux of electrons to oxygen (qO:). 

Accordingg to the calculations, in the range below 50% of aerobiosis cytochrome t/is 

thee sole terminal oxidase that contributes to respiratory activity. In this range the 

enzymee functions under constant turn-over conditions (-75% of VMAX , see Table 2.2). 

Thiss results in relatively constant average rDOT values in this range. Under fully 

aerobicc conditions the flux via cytochrome o was calculated to occur with a rate of 4.75 

mmol(0:)g""  h" . This corresponds to cytochrome o content of 73 nmol g( dry weight)"1 

(rDOTT value 16jiM, KM=0.2uM, and VMAX = 66umol(02)nmol(cytochrome o)'1 h"1), 

whichh is in good agreement with the cytochrome o content found in fully aerobic cells 

(-1000 nmol g(dry weight)"'; Rice and Hempfling, 1978). The latter confirms the 

validityy of the calculations. 

Evenn at very low oxygen availability already a flux of electrons through the respiratory 

chainn occurs, although the main carbon flux finds its way to the end products through 

thee fermentative pathway. As NADH under these conditions is also reoxidised by 

respiration,, there is no need for a 1:1 ratio of acetate and ethanol production to 

maintainn redox neutrality (Figs. 6.2a and 6.3), which is in line with observations made. 

6.3.66 Effect of an arcA deletion on respiratory activity at 

variablee oxygen availability 

Despitee the fact that the mutant lacking ArcA has an altered respiratory chain (Cotter 

andd Gunsalus, 1992; Tseng et al, 1996; see also Fig. 3.10) these cells were responding 

too an increase in oxygen availability by increasing respiration rates with a pattern, 

similarr to the wild type cells. Although in the latter respiratory flux was distributed 

betweenn terminal oxidases differently, as compared to the wild type. Calculations of 

thee cytochrome d- and cytochrome o- mediated contribution to the total respiration rate 

(Fig.. 6.3c), carried out as for the wild type cultures (Fig 6.3b), show that a major flux 

occurss via cytochrome o throughout the entire range of oxygen availability rates. 

Specificc rates of respiration in these save A cultures were significantly increased in the 
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rangee above 25-30% of aerobiosis (Fig. 6.3a) as compared to those in the wild type. 

Thee residua] dissolved oxygen concentrations in these AarcA cultures were different 

fromm those in the wild type cultures. Whereas no significant change in rDOT 

concentrationss were observed in the ranges from 0 to -45% of aerobiosis and from 70 

too -99% of aerobiosis in the wild type cultures with step-changes in between. rDOT 

concentrationss in the AarcA cultures showed an increasing trend throughout the range 

fromm 0 to -99% of aerobiosis (see Fig. 2.4) and overall rDOT concentrations were 

lower. . 
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6.3.77 Changes in NADH/NAD ratio 

Significantt differences between the steady 

statee NADH/NAD ratios of aerobic and 

anaerobicc cultures (0.02 and 0.75, 

respectively)) have been observed 

previously,, as well as a decrease in this 

ratioo whenever an increase in the dissolved 

oxygenn tension of a culture occurs (de 

Graeff  et al., 1999). We analysed changes 

inn intracellular concentrations of the 

pyridinee nucleotides over the complete 

rangee of oxygen supply rates, at small 

increments,, to be able to correlate it with 

changess in ArcA phosphorylation levels 

(Fig.. 5.5) and metabolic fluxes in vivo. 

Thee total amount of NADH plus NAD was 

foundd to be 4  0.3 umol (g dry weight)" 

underr all conditions. When trace amounts 

off  oxygen were supplied to the culture the 

NADH/NADD ratio decreased significantly to approximately 60 % of the value found 

underr anaerobic conditions (Fig. 6.6). Subsequent increases in oxygen supply did not 

affectt the ratio significantly up to approximately 40% aerobiosis. at which a slight but 

significantt shift in the steady state dissolved oxygen tension occurred (Fig. 2.4a). 

Betweenn approximately 45 and 90% of aerobiosis a second plateau in the NADH/NAD 

ratioo seems to occur (-35% of the values found in anaerobic growth), and in the range 

00 20 40 60 80 100 

%% of aerob ios is 

Fig.. 6.6. Effect of variation of the oxygen 

supplyy rate on the redox state (or: 

intracellularr NADH/NAD ratio) of wild 

typee (filled squares) and AarcA 

(triangles)) glucose-limited E. coli 

cultures. . 
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fromm 90 to 100 % the ratio decreased dramatically (-10 fold). The latter range 

coincidedd with the range where major shifts in ArcA phosphorylation levels were 

observedd (Fig. 5.5). as reflected by the strong decrease in /c/cZ expression from the 

reporterr construct. 

6.3.88 C h a n g e in NADH/NAD ratio in AarcA cultures 

Forr all growth conditions, the steady state internal redox state, as reflected by the 

NADH/NA DD ratio, was determined for the cultures lacking the ArcA regulator. 

Aerobicc and anaerobic NADH/NAD ratios in the AarcA cultures were virtually 

identicall  to the corresponding ratios in the wild type (Fig. 6.6). Moreover, the change 

inn the NADH/NAD ratio in response to a very low oxygen supply (5-10% of 

aerobiosis)) in the AarcA cultures was indistinguishable from that of the wild type cells 

-- it dropped to a value of approximately 60% of the anaerobic NADH/NAD ratio. An 

oxygenn supply above 25-30% of aerobiosis, in contrast, resulted in a strikingly 

differentt response between the wild type and the AarcA cells. Whereas in the wild type 

thee NADHNA D ratio was decreasing in response to an increasing oxygen availability, 

inn the mutant cells addition of oxygen above this range of 5 to 10% aerobiosis resulted 

inn a continuous increase of the ratio up to anaerobic levels. This high ratio was 

observedd up to 90% of aerobiosis. Above this range, in the AarcA cultures similar to 

thee wild type, the NADH NAD ratio dropped dramatically to the level observed in 

aerobicc cells. 

6.44 Discussio n 
Inn response to increasing oxygen availability, the glucose-limited cultures of 

EscherichiaEscherichia coli gradually adjusted their catabolic machinery according to the amount 

off  the accessible oxygen. Subsequently, fermentative catabolic pathways were 

smoothlyy replaced by respiratory pathways as more oxygen became available, which is 

inn striking contrast to the observed pattern of changes in catabolic gene expression 

(Chapterr 3). 
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6.4.11 Contribution of the Arc-mediated transcriptional control 

too the physiology of the cell 

Althoughh the ArcAB two component system has been the subject of many studies at 

thee molecular level, the question of the role of the Arc system in the physiology of the 

cell,, however, has never been addressed quantitatively. Here, for the first time the 

contributionn of the transcriptional regulation, mediated by the Arc system, to 

catabolismm is analysed quantitatively in steady state chemostat cultures. 

Severall  conclusions may be drawn based on the data presented in this chapter. Firstly, 

thee effect of an arc A deletion is greatest under moderate and high rates of oxygen 

supplyy (in the range between 25 and -95%). whereas the lack of this transcriptional 

regulatorr has only a minor effect under fully aerobic and fully anaerobic conditions. In 

thiss range (between 25 and -95%) the redox state (as reflected by NADH/NAD ratio 

andd q.w'qKthouK the in vivo TCA cycle activity, the respiration rate and the catabolic 

efficiencyy (YGt c) are significantly altered compared to the wild type. All the above 

alterationss may be explained by derepression of NADH producing enzymes, 

specificallyy TCA cycle enzymes, under inappropriate conditions of oxygen deprivation 

inn the AarcA cultures. We observed a significantly increased TCA cycle activity, which 

mayy lead to a shift in redox status and very high intracellular NADH concentrations, as 

oxygenn in this range still remains "limiting" . NADH, being a substrate for respiratory 

reactions,, may drive the increased respiration rates. This indicates, that ArcA is 

primarilyy involved in maintaining the microaerobic redox state of the cell, since 

absencee of the transcriptional regulation leads to a severe alteration of the "redox 

state""  as revealed by both the NADH/NAD ratio and the acetate ethanol ratio. Both 

PFLL and PDHc are under transcriptional control of the Arc system (Cassey et al.. 199S: 

dee Graef et al.. 1999; Iuchi and Lin, 1988; Sawers and Suppmann. 1992; Suppmann 

andd Sawers, 1994); see also Chapter 3.3 and 3.4). It was very surprising, therefore, that 

deletionn of ArcA did not have a significant effect on the in vivo activities of these 

enzymes.. With respect to PDHc this is even more surprising, as it is known that high 

NADHH concentrations inhibit PDHc activity in vitro (Snoep et al.. 1993). 

Thesee results, taken together, mean that control imparted by ArcA on in vivo 

catabolismm resides, at least under the given experimental conditions, downstream of 

Acetvl-CoA. . 
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6.4.22 Does E. coli possess a respiratory protection mechanism? 

Thee cytochrome bd content in steady state cultures of£. coli, as shown in Chapter 3 

(Fig.. 3.10), seems to be adjusted to oxygen availability in such a manner that the 

consumptionn of oxygen is maximised. Up to a certain level, an increased input of 

oxygenn results in an increased respiratory capacity, which, as a consequence, wil l 

maintainn a low residual oxygen concentration. This explains why no statistical 

differencee could be found in dissolved oxygen concentrations in wild-type cultures 

(Fig.. 2.4a) in the microaerobic range where the most significant microaerobic up-

regulationn of cydandpfl occurs (Chapter 3, Figs. 3.2 and 3.10). Maximal expression of 

cydcyd under microaerobic conditions has been reported earlier (Fu et a/., 1991; Rice and 

Hempfling,, 1978; Tseng et al, 1996). Significantly, increased expression of cyd and pfl 

underr microaerobic conditions is co-ordinated. It is also noteworthy that PFL activity is 

observedd only under conditions when dissolved oxygen concentrations remain low. 

PFLL is, in its active form, a radical-containing enzyme, known to be readily destroyed 

byy molecular oxygen (Wagner et al., 1992). Consequently, it has always been assumed 

thatt PFL activity was exclusive to anaerobiosis. We now present proof that this is not 

thee case. Even under microaerobic conditions, where respiration reaches already its 

half-maximall  rate, as much as half of the total catabolic flux from pyruvate is due to 

PFLL activity. We propose that PFL activity can be maintained under these conditions 

byy a mechanism very similar to the so-called respiratory protection known to occur in 

nitrogenn fixing micro-organisms, e.g. Azotobacter vinelandii, where cytochrome bd 

playss a crucial role in creating an intracellular environment that allows nitrogenase to 

functionn by rapidly consuming oxygen via uncoupled respiration (for review see: Poole 

andd Hill , 1997). In the microaerobic range up to 30% of aerobiosis, the NADH/NAD 

ratioo is found to remain as high as 0.42. In this range of concentrations NADH is 

knownn to inhibit PDHc activity in vitro (Snoep et al, 1993) and may, therefore be 

unfavourablee for PDHc activity in vivo. Hence, the organism needs an alternative route 

forr pyruvate catabolism. Based on the analogy to the above, we conclude that E. coli 

mayy also possess such a respiratory protection mechanism to prevent damage of the 

anaerobic,, oxygen-sensitive catabolic machinery. 

Onn basis of the results obtained in wild type cells, we proposed an additional 

physiologicall  function for the Arc system in controlling such a mechanism (Alexeeva 

etet al, 2000): Arc-dependent up-regulation of both cyd and ^//expression in the 
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microaerobicc range would be important to ensure rapid consumption of oxygen by 

cytochromee bd in order to maintain low intracellular oxygen concentrations and at the 

samee time allowing the oxygen-sensitive, active PFL enzyme to function in 

maintainingg a high catabolic flux. The detailed analysis of the AarcA strain presented 

inn this chapter, however, shows that, although a protective mechanism may be present, 

ArcABB cannot be solely responsible for it, because in vivo PFL activity was under our 

experimentall  conditions not altered in the deletion mutant. This suggests that either the 

Arcc system plays no role in the protection or that another mechanism takes over this 

rolee in the absence of the Arc system. For example, cytochrome d content in the AarcA 

cultures,, although to a much lesser extent than in the wild type, was increasing in the 

loww microaerobic range with increasing oxygen availability (Fig. 3.10). 

6.4.33 Microaerobic bioenergetics. Why cytochrome d? 

Ass revealed by the cell yield per mol of glucose, the impairment of the AarcA strain 

withh respect to the efficiency of glucose catabolism was greatest in the higher 

microaerobicc range (above 50%). In this range the cell yield on glucose was 

approximatelyy 15% higher in wild type cultures than in cultures lacking the regulator. 

Interestingly,, whereas in the cultures of the ArcA mutant the yield on glucose increased 

continuouslyy at increasing oxygen availability, wild type cultures showed a two-step 

curvee with a shift at approximately 45-50% of aerobiosis. 

Thiss shift in YGLC coincides in wild type cultures with: 

Thee shift in NADH/NAD ratio to a lower level (Fig. 6.6); 

AA shift in dissolved oxygen concentration (Fig 2.4a); 

(Thee onset of) A decline in the cytochrome d activity (Fig. 6.3b) and content (Fig. 

3.10)) and an increase in the cytochrome o activity (Fig. 6.3b) and presumably content 

(itt has been earlier established that at increasing oxygen supply, the decrease in 

cytochromee d expression coincides with an increase in cytochrome o expression; 

(Tsengg etal., 1996). 

NADHH (indirectly, as electron donor) and oxygen both are needed as substrates for the 

terminall  cytochrome oxidases. All the above shifts are seemingly a result of re-

distributionn (at -50% of aerobiosis) of the electron flux from the less efficient (high 

affinity)) cytochrome t/ dependent respiration, to the more efficient (low affinity) 

cytochromee o-dependent respiration. 
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Analysiss of steady state fermentation product formation rates allows one to calculate 

substratee and electron transport phosphorylation rates with the assumption of a constant 

celll  yield per mol of ATP (YATP). Although YATp has been shown to vary with a 

numberr of factors, including growth rate, energy source, growth-limiting nutrient and 

mediumm composition (reviewed in Stouthamer, 1977; Stouthamer and Bettenhaussen, 

1973;; Tempest and Neijssel. 1984) all these factors were fixed in the experiments 

presentedd here (Calhoun et a/., 1993). The calculations give only the values of the 
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Fig.. 6.7. Electron transport phosphorylation rate (qATPipjpi - open circles) and 

substratee level phosphorylation rate (qATPisLPj - closed circles), at variable 

oxygenn supply rates in a) the wild type- and b) a AarcA strain. Calculations 

aree made with the assumption of constant YATP for each strain under similar 

growthh conditions (with respect to growth rate, carbon source and nature 

off growth limitation) 

actuall  amounts of ATP produced during oxidative phosphorylation (maintenance 

energyy is not included in this values). Anaerobic YATp was found to be 7.9  0.7gmof 

andd 8.9 + 0.8g'mol" for AarcA and wild type cultures, respectively, which is quite in 

agreementt with the experimental YATp (7.8-9.2) values in glucose-limited cultures 

publishedd elsewhere (Stouthamer, 1979). The calculated substrate level 

phosphorylationn rate (q.vrpisLPi) and electron transport phosphorylation rate (q..\TP(ETP>) 

aree presented in Fig. 6.7. From these calculations and the data on respiration rates (Fig. 

6.3).. the efficiency of respiration, expressed as the P O stoichiometry can be derived. 

Notee that only actual ATP produced during oxidative phosphorylation is included in 
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thiss calculation. The average value for the P/O stoichiometry in the range from 5 to 40 

%% of aerobiosis was found to be 0.7 whereas in the range from 50 to 100% of 

aerobiosiss invariably higher values were obtained (Fig. 6.8). An average value of 1.1

0.066 was obtained for the latter range. From these values it follows that by increasing 

oxygenn availability, the switch to more efficient respiration occurs most probably due 

too the switch from cytochrome d to cytochrome «-dependent respiration (at -45 of 

aerobiosis).. This may explain the two levels in NADH/NAD ratio. rDOT values and 

YGLCC in the low (below 45%) and high (above 50%) microaerobic range. At least in the 

rangee below 45% of aerobiosis the (unchanged) level of rDOT (Fig. 2.4a) agrees quite 

welll with the rDOT values, calculated on the basis of the cytochrome d content 

(Chapterr 3), respiration rates (this chapter) and known kinetic parameters of 

cytochromee bd (i.e. VMAX and KM; Rice and Hempfling, 1978). 

Noo such step-change in the P/O ratio (Fig. 6.8), cytochrome d versus cytochrome o 

dependentt respiration, or rDOT (but 

ratherr an increasing trend, Fig. 2.4b) was 

observedd in AarcA cultures. The wild 

typee cells exclusively use energetically 

inefficientt cytochrome d— dependent 

respirationn in the microaerobic range up 

too -45% of aerobiosis, whereas the 

AarcAAarcA does not. Apparently the AarcA 

strainn is able to respire more efficiently. 

Thee question then arises why the wild 

typee doesn't do so. 

ArcAA is known to repress cytochrome o 

synthesiss under microaerobic conditions 

(Tsengg etal, 1996). The lack of ArcA, 

therefore,, seems to lead to derepression 

off cytochrome o synthesis in the AarcA 

strainn and, as a consequence, more 

efficientt cytochrome o - dependent 

respiration.. What can be the 

physiologicall necessity of the use of 

o o 

c c 
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Fig.. 6.8. Effect of variation of the oxygen 

supplyy rate on P/O (left Y-axis) and hh/e 

(rightt Y-axis) ratios in wild type (filled 

circles,, solid line) and \arcA (triangles, 

dashedd line) glucose-limited E. coli 

cultures.. A constant YATP and a ratio of 

3H~/ATPP were assumed. Error bar on the 

Y-axiss represents at least 3 independent 

measurementss in the range indicated 

byy the X-error bar. 
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cytochromee d in the low microaerobic range? Analysis of a strain lacking cytochrome d 

inn the low microaerobic range may give some explanations. It is tempting to 

hypothesise,, based on the data presented in this chapter that wild type, but not the 

SureSure A strain, lacking cyd wil l be severely restricted in growth under low microaerobic 

conditions. . 
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