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RegulationRegulation of expression of key enzymes 

Summar y y 

Thee flexibility  of E. coli to adjust its catabolic machinery to various respiratory conditions resides, in 

part,, in the regulation of gene expression in response to a change in environmental conditions. This 

regulationn ensures that a proper set of enzymes is present in sufficient amounts, i.e. it also prevents 

expressionn of genes who's products are not required. The ArcAB two component system plays an 

importantt role in adjusting expression of catabolic genes in response to oxygen availability. This 

studyy describes expression of several catabolic key operons. encoding pyruvate formate lyase {PFL, 

focApfl),focApfl), the pyruvate dehydrogenase complex (PDHc. aceE-lpd), cytochrome bd oxidase (cydAB), 

andd the regulator ArcA (arcA), through the entire range from fully anaerobic to aerobic conditions. 

Thee synthesis of PFL and cytochrome bd terminal oxidase was found to be maximal in the lower 

microaerobicc range but not in a sarcA mutant, which leads to the conclusion that the Arc system is 

moree active with respect to the regulation of these two positively regulated operons during 

microaerobiosiss than during anaerobiosis. Expression of the dihydrolipoamidc dehydrogenase subunit 

(E3.. Ipd) of PDHc was found to be maximal in the higher microaerobic range. Expression of this part 

off  the complex in the larcA mutant was higher than in the wild type cells under both aerobic and 

anaerobicc conditions, indicating that ArcA exerts a negative control on the Ipd promoter under 

anaerobicc as well as under aerobic conditions. Analysis of the ArcA content in the cells showed no 

significantt variation in response to the 0 : availability. 

Remarkably,, supplementing the anaerobic cultures with different amounts of nitrate or fumarate 

resultedd in a /;// expression pattern similar to the expression pattern in response to different oxygen 

supplyy rates, exhibiting a maximum in the intermediate electron acceptor supply rate. Furthermore, in 

anaerobicc cultures grown at different pH values (6-8.2) decreasing/>//expression coincided with the 

decreasee in the NADH/NAD ratio with increasing pH. Under aerobic conditions the pH of the growth 

mediumm had an effect neither on the intracellular NADH/NAD ratio nor on /;// expression. During a 

switchh from aerobic to anaerobic conditions the in vivo PFL activity, as reflected by immediate 

formatee production, was found to be independent of changes in /;// expression. This suggests that the 

aerobicc cell possesses sufficient amounts of this enzyme in a form that is not irreversibly inactivated 

byy oxygen. 

3.11 Introductio n 

Enterobacteriaceae,Enterobacteriaceae, such as Escherichia coli, possess great methabolic flexibilit y wich 

alloww them to survive under constantly changing environmental conditions. In the 

coursee of evolution, these facultative anaerobes acquired distinct catabolic pathways 

forr the breakdown of sugars under a wide variety of external respiratory conditions. 

Apartt from oxygen, which is the most energetically favourable electron acceptor with 

respectt to energy conservation, E. coli can use various other external electron acceptors 

suchh as fumarate, nitrate, DMSO, TMAO or perform a true fermentation of sugars 
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whenn no electron acceptors are present in the environment. Possession of these distinct 

pathwayss allows the organism to gain maximum benefit from the environment. 

Itt has long been known that the chemical make up of micro-organisms capable of 

growingg both aerobically and anaerobically is greatly influenced by the presence of 

oxygenn (Chin, 1950; Ephrussi eta/., 1950). Since then, data has been collected 

concerningg structural changes associated with the shift from anaerobic to aerobic 

conditionss (Dietrich and Henning, 1970; Gray et al.t 1966; Harrison and Loveless. 

1971;; Harrison and Pirt, 1967; Thomas et a/.. 1972; Wimpenny and Necklen, 1971). In 

19844 a study by Clark (1984) revealed that in E. coli over 50 genes are induced 

specificallyy anaerobically. In 1988 a two-dimensional gel electrophoretic analysis 

showed,, that synthesis of over 125 polypeptides varies in response to a shift between 

aerobicc and anaerobic growth conditions (Sawers et ui. 1988). The tools of molecular 

biologyy allowed the identification of the molecular mechanisms involved in the 

regulationn of gene expression in response to changes in the respiratory conditions (see 

alsoo Chapter 1.4): 

Twoo regulation systems were identified which are involved in sensing and 

respondingg to aeration conditions by protecting against oxidative stress. SoxRS 

controlss a superoxide response regulon (Wu and Weiss, 1991) and OxyR (reviewed by 

Storz,, 1990) is a positive regulator of hydrogen peroxide-inducible genes. 

Thee Fnr regulator, a global transcriptional regulator of anaerobic gene expression 

wass discovered when a mutant, defective in fumarate and nitrate reduction (Lambden 

andd Guest, 1976; for review see Bauer et ai, 1999; Spiro and Guest, 1990), was 

analysed. . 

NarLL (Stewart, 1982) and NarP (Rabin and Stewart, 1993) are both the regulator 

componentss of a two component system, with cognate sensory kinases NarX and 

NarQ.. respectively. Both NarXL and NarQP mediate nitrate regulation of anaerobic 

respiratoryy gene expression. 

Finally,, the ArcA regulator (Iuchi and Lin, 1988) of the ArcAB two component 

regulationn system (Iuchi et ai. 1989a; Iuchi et al.. 1989b) is involved in regulation of 

overr 40 operons, most of which code for enzymes involved in aerobic/anaerobic 

catabolismm (for further details see Chapter 1.4.2). 

ArcAA has been shown to repress, amongst others, a number of genes coding for TCA 

cyclee enzymes. cyoABCDE (coding for the low affinity terminal oxidase) and. to a 

lesserr extent, transcription ofpdhR-aceEF-lpü cluster, encoding the pyruvate 
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dehydrogenasee complex (PDHc) and its regulator during fermentative growth (see 

Tablee 1.1; Cassey et al., 1998; de Graef et al., 1999; Dietrich and Henning, 1970; Iuchi 

andd Lin. 1988; Smith and Neidhardt, 1983; Spencer and Guest, 1985). Conversely, 

Arcc A acts as an activator of transcription, under appropriate conditions, of some 

catabolicc operons (see Table 1.2). These include the focApfl operon encoding pyruvate 

formate-lyasee (PFL) and a formate transport protein (Sawers and Suppmann, 1992; 

Suppmannn and Sawers, 1994) and the cydAB operon coding for cytochrome bd oxidase 

(Tsengg et al., 1996). 

Althoughh E. colt is the most intensively studied microorganism, most of our 

knowledge,, with respect to catabolic pathways, has been obtained under "laboratory 

conditions",, such as excess of oxygen or the absolute absence of oxygen. In this study 

wee analysed changes in the synthesis rate of a number of catabolic key enzymes (see 

Fig.. 1.9) through a large range of microaerobic conditions, from fully aerobic to fully 

anaerobic,, by cells grown under well-defined conditions in chemostat cultures. The 

effectt of the external pH and the availability of different electron acceptors on the 

synthesiss of PFL and the effect of oxygen availability on the synthesis of PDHc, the 

highh affinity cytochrome d oxidase, and the transcriptional regulator ArcA, wil l be 

described.. All results will be jointly discussed at the end of the chapter. 

3.22 Material s and Method s 

3.2.11 Strains and growth conditions 

E.E. coli strains RM123/.RM23 (MC4100 recA, <x>{pfl-lacZ)) (Sawers and Bock. 1988). RM1003 

(MC41000 recA, <t>(aceE-iacZ) and RM3133/.RM23 (MC4100  <S>(pfl-lacZ)), a gift of Dr. 

G.. Sawers (Department of Molecular Microbiology. John Innes Centre. Norwich)(Alexeeva et al., 

2000)) were used throughout this study. These strains arc derivatives of £". coli MC4100. containing a 

chromosomall  lacZ fusion in the X attachment site. 

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

30000 and III ) at a constant dilution rate (D) of 0.15  0.01 h"1 at variable oxygen supply rates. Glucose 

(455 mM) was used as the single carbon and energy source. A simple salts medium as described by 

Evanss et al. (1970) was used but instead of citrate, nitriloacetic acid (2 tnM) was used as chelator. 

Sclenitee (30 ug 1) and thiamine (15 mg 1) were added to the medium. The pH value was maintained at 

7.00 T 0.1 (unless specified) by titrating with sterile 4M NaOH and the temperature was set to 35 C. 

Thee cultures were regularly checked for kanamycin resistance by plating on LB containing 20 ug ml 

kanamycin. . 
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Thee \arcA genotype was confirmed by Western blot analysis with polyclonal ArcA-antiserum each 

timee the \arcA strain was used. The strains were maintained in vials in LB medium with 30°o (w v) 

glyceroll  at 70 C. 

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

describedd in Chapter 2. In order to prevent long term adaptive responses the oxygen availability was 

variedd randomly. 

3.2.22 Immunological techniques 

Antibodies:Antibodies: The (rabbit)-ArcA polyclonal antiserum was produced for this study by immunisation of 

aa rabbit with the highly purified His,,-ArcA protein. The author is especially grateful to M Hendrix. 

Swammerdamm Institute for Life Sciences, for the work with animals and Dr. G. Saw ers. John Innes 

Centre.. Norwich for providing the highly purified ArcA protein. The antiserum was controlled for 

cross-reactionss and its titre was determined by Western blot analysis using cell free extracts of 

MC41000 and RM3 133 (lacking ArcA strain, as a negative control) E. coli strains The (rabbit)-LI'D 

{lipoamidcc dehydrogenase subunit of PDHc complex) polyclonal antiserum was kindly provided by 

A.. Westphal (Agricultural University of Wageningcn). 

Immunologicall  detection of ArcA and LPD was performed with Western blot analysis. Equal 

amountss of cell free extracts (10 or 20 ug total protein per lane) resolved on (12.5" o) SDS-PAGE 

weree blotted onto nitrocellulose in Trans-Blot semi-dry cell (Bio-Rad) and subsequently 

immunolabelledd according to Towbin et al. (1979). The rabbit anti-ArcA antibody was used at a 

dilutionn 1:10000 and the rabbit anti-LPD at dilution 1:1000. The secondary antibody, horseradish 

peroxidasee conjugated goat-anti-rabbit IgG (Bio-Rad). was used at a dilution of 1:3000 for subsequent 

visualisationn by a colour reaction. Amounts of ArcA (with the purified ArcA protein used as a 

reference)) and (relative amounts) of LPD were quantified using densitometric analysis (Image Master 

IDD prime, version 2.0. Pharmacia Biotech). 

Rockett immuno-electrophoresis (RIF.P) was performed for quantification of ArcA in cell-free extracts 

accordingg to Catty and Raykundalia (19SX-1989) using 3% ArcA antiserum in 1% agarose. A 

standardd curve was constructed from the peak height using standard antigen (purified ArcA) 

concentrations.. The concentration of ArcA in the cell free extracts is calculated from this curve. 

3.2.33 Analytical procedures 

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 eluent. using a RI 1530 refractive index detector (Jasco) and a Borvvin chromatography 

softwaree for data integration. 

C0 22 production and 0 2 consumption were measured by passing the eluent gas from the fermentor 

throughh a Sen, omex CO: analyser and a Servomex 0 : analyser, respectively. 

82 2 

file:///arcA
file:///arcA


RegulationRegulation of expression of key enzymes 

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

chemostatt cultures into 5M K.OH and 5M HC'1. respectively, and assayed after neutralisation and 

filtrationn as described previously (Snoep et ai, 1990). 

p-Galactosidasee activity was measured in penneabilised cells taken from steady state cultures as 

originallyy described by Miller (1972) and modified by Giacomini el al. (1992). 

Proteinn concentrations were measured by the microbiuret method (Goa. 1953). after precipitation 

withh trichloroacetic acid (Bensadoun and Weinstein, 1976). Bovine serum albumin was used as a 

standard. . 

3.2.44 Determination of the cytochrome d content 

Thee cytochrome d content of cells was estimated in French press (2.068-10 Pa) extracts, in 50mM 

Tris-HCl,, pH 7 by UV Vis difference spectrophotometry (Olden and Hempfling. 1973). Dithionite-

reducedd versus oxidised difference spectra (absorption maximum at 625 nm). recorded on an SLM 

AMINCO"" DW-2000TM UV-VIS type spectrophotometer, were analyzed to quantitate cytochrome cL 

usingg the wavelength pair (628-649 nm) and extinction coefficient 08.8 cm 'mM ') as given by Kita 

etui.etui. (1984). 

3.33 Regulatio n of pf l opero n expressio n in stead y stat e 

chemosta tt  culture s in respons e to redo x change s in the 

environmen t t 

3.3.11 Introduction 

Inn Escherichia coli, during anaerobic growth, pyruvate is metabolised primarily by 

pyruvatee formate-lyase (PFL). Activity of this key anaerobic enzyme is regulated at 

differentt levels (see Chapter 1.4.3.2): kinetic, post-translational modification and at the 

levell  of transcription. Regulation of the expression of the focApfl operon, coding for 

bothh pyruvate formate-lyase and formate transport is mediated at the transcriptional 

levell  by a complex regulation of seven co-ordinately regulated promoters. It is under 

positivee control of both Fnr and the Arc system, as shown e.g. by the fact that it is 

stronglyy reduced in Afnr and AarcA strains under anaerobic conditions (Sawers and 

Suppmann,, 1992). Interestingly, addition of cyclic AMP completely restores anaerobic 

pflpfl expression in fnr and arc A mutants, indicating that the effect of these mutations 

mayy be mediated physiologically, due to a change in concentration of a metabolite(s) 

whichh affects transcription of the/?// operon in vivo (Chattopadhyay, 1997). It has been 

alsoo suggested that Arc A can act as a repressor of the pfl operon under certain 
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circumstancess (Drapal and Sawers. 1995b). The transcription of this operon is 

stimulatedd by the addition of pyruvate (Sawers and Bock. 1988) and induction by 

pyruvatee requires Fnr, but not Arc A. IHF (integration host factor) is necessary' for both 

pyruvatee induction and the anaerobic induction mediated by Arc A (Sirko et ah, 1993). 

Expressionn of the/;// operon is induced in an ArcA-dependent manner to the anaerobic 

levell  during aerobic glucose starvation (Nystrom. 1994). Promoter 7 (Fig. 3.1) of the 

pflpfl operon is a major determinant in the anaerobic regulation of its expression by ArcA 

(Drapall  and Sawers. 1995a). whereas Fnr activates transcription from the P6 promoter 

off  the pfl operon (Kaiser and Sawers. 1995a). Finally, the operon is also partially 

repressedd by nitrate (Sawers and Bock, 1988). Nitrate repression is mediated by a pair 

P77 pfl P6 pfl 

— ^^  ï=— 
ii  j i i i i i i 

Fnrr 2 A-4 A-3 IHF Fnr 1 
ii i ' 1 

A-22 A-l 

Fig.. 3.1. Schematic representation of the pfl promoter- regulatory region. 

Thee double line represents a 494 bp DNA fragment of the regulatory region. 

Thee transcription initiation sites of promoter 6 (P6) and promoter 7 (P7) are 

designatedd by an arrow. Grey bars A-l to A-4 show the location of ArcA 

bindingg sites, Fnrl and Fnr2 - Fnr binding sites and IHF - IHF binding site. 

Adop tedd from Drapal, N., and Sawers, G. (1995b). 

off  sensors (NarQ and NarX) and a pair of regulators (NarL and NarP) (Kaiser and 

Sawers.. 1995b). 

Too resolve the role of the Arc system in regulation of PFL in response to oxygen both 

inin vivo activities and the expression of the focApfl operon were analysed in glucose-

limitedd chemostat cultures grown at variable levels of oxygen availability. In addition, 

thee effect of other environmental factors - culture pH and the presence of variable 

amountss of alternative electron acceptors on expression of this operon was 

investigated. . 
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3.3.22 Results and discussion 

3.3.2.11 Pyruvate formate-lyase exhibits maximum expression under 

microaerobicc conditions 

Inn order to determine the influence of the 

oxygenn supply rate on the Arc-dependent 

inductionn of the/?// operon, expression of 

thee operon was studied in a wild type E. 

colicoli and a AarcA strain. Expression of 

focApflfocApfl was monitored directly via a 

chromosomall  /c/cZ fusion. In Fig. 3.2 it 

cann be seen that expression of the/;// 

operonn in the wild type displays a 

maximumm at intermediate oxygen supply 

ratess between 15 and 35% of aerobiosis, 

whereass this is not the case in the AarcA 

strain,, suggesting a strong dependence of 

the/;//expressionn on ArcA. The operon 

wass induced 5 times under anaerobic 
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Fig.. 3.2. Effect of oxygen availability on 

pflpfl operon expression in a wild-type (filled 

circles)) and a AarcA strain E. coll (filled 

triangles). . 

conditionss as compared to fully aerobic conditions, but maximal microaerobic 

inductionn exceeded the latter level 8 times. Expression was found to remain elevated 

untill  85% of aerobiosis and severe reduction occurred above 85%. Aerobic expression 

off  the /;// operon in the AarcA strain, as well as in the wild type, was lower than under 

microaerobicc conditions. This may indicate that this decrease between 85 and 100% of 

aerobiosiss is only partially Arc-dependent. 

3.3.2.22 Pyruvate formate-lyase expression in response to nitrate and 

fumaratee supply exhibits a similar induction pattern as to 

varyingg the oxygen supply 

Itt was interesting to analyse whether the maximal expression at low oxygen availability 

conditionss is oxygen-specific or related to the rate of respiration (i.e. electron transfer) 

inn general. To answer this question, nitrate and fumarate were supplied to anaerobic 

culturess at variable concentrations as alternative electron acceptors. In agreement with 

earlierr findings (Sawers and Bock. 1988). we found a slight decrease in the level of pfl 
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Fig.. 3.3. Effect of nitrate (black circles) 

andd fumarate (grey squares) 

availabiiityy on pfl operon expression in 

aa wild-type E. coll 

expressionn when low concentrations of 

nitratee were supplied to the cultures. 

However,, further increasing the 

concentrationn of either nitrate or fumarate 

didd not result in further repression of the 

pflpfl operon (Fig. 3.3). Instead, induction to 

aa higher level, even higher than found 

underr fully anaerobic conditions, was 

observed.. A 4-fold lower nitrate supply in 

thee medium (lOmM nitrate vs 40 mM 

fumarate)) was required for maximal 

inductionn of the pfl operon under 

"micronitrate'""  than under 

"microfumarate""  conditions (Fig. 3.3). In 

general,, expression under nitrate-

respirationn conditions was slightly lower 

thann under conditions of fumarate respiration. Nitrate and fumarate could mimic the 

effectt of oxygen supply on the pfl operon expression, nevertheless, only partially. Such 

aa low expression as found under fully aerobic conditions could not be achieved with 

thesee two alternative electron acceptors at the concentrations used. Remarkably, also 

thee physiologic response to variable nitrate and fumarate supply was in many aspects 

similarr to response to variable level of oxygen (see Chapter 7). 

3.3.2.33 Induction of the pfl operon upon a switch from an aerobic 

steadyy state to anaerobic conditions 

AA previous study (de Graef, 1999) revealed that upon a switch from an aerobic steady 

statee to anaerobic conditions fermentation starts immediately (within minutes) as was 

seenn by an immediate excretion of formate, acetate and ethanol. This finding was rather 

surprisingg because the time span was possibly too short for de novo synthesis of PFL 

andd therefore the excretion of the fermentation products was likely a resultant of a 

directt activation of the anaerobic catabolic machinery. To compare the time scale of 

thesee fermentation activities with the time scale required for the synthesis of one of the 

keyy enzymes of anaerobic catabolism. induction of the pfl operon upon an aerobic-

anaerobicc switch was investigated. Upon a switch from air supply to nitrogen supply. 

86 6 



» # # * # - # * # * # » # * # » ® ^ # # 

RegulationRegulation of expression of key enzymes 

2500 0 

2000 0 

'500 0 

' * * « «« « 

' l " " l " " l " " l " " l ' ' ^ ^ 

b) ) 

3500 0 

300C C 

2500 0 
400 Q 

O O 

E E 

o o 
ioo E 

%̂ % 

* * 
-* * 

' ' 

' ' . . 

: : 
" ^ i ' " ' i i 

i : 1""  :-

" " 1 " " 

* « * .. -

" E E 

--' ' 
ee _ i? 

**  « * * 

" l 1 1 1 1! " " ! 1 1" ! " " ! ! 

; ; 
: : 

nJï. nJï. 
i--

npcpq q 

--

; ; 
1111111111111 ii 

400 O 
O O 

E E 
100 o 

155 20 25 30 35 40 

h o u r s s 

655 70 75 80 85 90 95 

h o u r s s 

Fig.. 3.4. Induction of the pfl operon expression (circles) and formate 

productionn (grey diamonds) in response to a switch from aerobic to 

anaerobicc conditions. Open squares: optical density (OD000). At time point 

00 (steady state aerobic culture) (Fig 3.4a) air was replaced by N2; at 45 hrs 

thee culture was supplied with a N2/CO2 (98%/2%) mixture (Fig 3.4b). 

celll  growth was arrested as indicated by the OD60U, which followed the wash-out curve 

(Fig.. 3.4a). Formate could already be detected, however, within several minutes. Since 

noo C02 production was observed, it can be concluded that formate was the only 

productt of PFL activity and that formate hydrogen-lyase (FHL, see Chapter 1.4.3.2) 

wass not active. The specific rate of formate production after 30 minutes can be 

estimatedd to be 4 mmol-g" -h" , which corresponds approximately to 30% of the in vivo 

PFLL activity present in steady state anaerobic cultures. During this time span, as well 

ass the next seven hours, no change in expression of pfl was observed, indicating that an 

aerobicc cell possesses sufficient amounts of PFL to be able to switch on the anaerobic 

catabolicc machinery instantaneously upon environmental changes. It also suggests that 

thiss activity is modulated at the kinetic or posttranslational level rather than at the 

transcriptionall  level. Hence, we conclude that PFL is present in aerobic cells in 

sufficientt amounts in its non-radical (inactive) form, which is the form insensitive to 

oxygenn (the free radical-containing, active form is irreversibly destroyed upon 

exposuree to oxygen (Wagner et al, 1992, see also Chapter 1.4.3.2). It was found that 

whenn the culture was supplied with a nitrogen/carbon dioxide gas mixture (98%/2%) 

growthh arrest was relieved, but significant and dramatic changes mpfl expression 

startedd only 2 hours after this second switch (Fig. 3.4b). pfl reached a maximum level 
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(higherr than the steady state level) 12 hours after starting the C02 supply. However, the 

inductionn was suddenly interrupted and within the following -17 hours expression 

returnedd to approximately the level of a steady state anaerobic culture (see Fig. 3.2 at 

0%% aerobiosis). 

Ann induction pattern, similar to the second switch (start of the C02 addition. Fig. 3.4b), 

wass found when the air supply to an aerobic steady state culture was directly replaced 

byy a nitrogen/carbon dioxide gas mixture (98%/2%) (Fig. 3.5). Maximal induction was 

observedd 12 hours after initiation, followed by a sudden block of further induction, as 

indicatedd by the disappearance of activity according to the wash-out curve. 

3.3.2.44 Pyruvate formate-lyase expression at different external pH 

valuess correlates with a change in the NADH/NAD ratio 
Thee expression of/;// in aerobic chemostat cultures did not change significantly upon 

variationn of the external pH between 6 and 8.5 (Table 3.1). In contrast, in anaerobic 

culturess grown with an external pH above 7.5 anaerobic induction of the/;//operon 

wass significantly reduced and even abolished at pH values higher then 8.2. This 

decreasee in the anaerobic/;// expression at high pH coincided with a significant 

decreasee in the NADH/NAD ratio (Table 3.1). The aerobic NADH/NAD ratio over the 

pHH range 6 to 8 did not vary significantly and was found to be 0.03  0.01. which is in 

agreementt with results published elsewhere (Cassey et ai. 1998). 
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Tabell  3.1. Expression of the pf! operon and NADH/NAD ratio in aerobic and anaerobic 

cellss grown in chemostat cultures at different pH values. (-) - not determined. 

pH H 

6 6 

7 7 

7.7 7 

8 8 

8.2 2 

8.5 5 

anaerobic c 

pflpfl expression 

1539 9 

1250 0 

400 0 

--

249 9 

--

NADH/NA D D 

ratio o 

0.8 8 

0.71 1 

0.35 5 

--

0.31 1 

--

aerobic c 

pflpfl expression 

192 2 

235 5 

--

257 7 

--

197 7 

NADH/NA D D 

ratio o 

0.025 5 

0.038 8 

--

--

--

0.03 3 

3.44 Regulatio n of pdhR-aceEF-lpcl  opero n expressio n in 

respons ee to variatio n in oxyge n availability . 

3.4.11 Introduction 

Thee oxidative decarboxylation of pyruvate under aerobic conditions is catalysed by a 

multienzymee complex, the pyruvate dehydrogenase complex (PDHc), consisting of 

threee units: a pyruvate decarboxylase (pyruvate dehydrogenase, El), a dihydrolipoyl 

transacetylasee (E2) encoded by the aceEF genes, and a dihydrolipoamide 

dehydrogenasee (LPD, E3) encoded by IpdA (See Fig. 3.6). The latter unit is shared 

betweenn the pyruvate- and 2-oxoglutarate dehydrogenase complexes. The mRNA 

encodingg all three subunits of the PDHc is expressed from the pdh operon promoter, 

PpdhPpdh pdhR-aceEF-PlpdIpdA (Quail et al., 1994). Expression of this operon, in the 

absencee of pyruvate, is repressed by the pyruvate-responsive autoregulator, PdhR, 

whichh binds directly downstream of the pdh promoter. Arc A does not exert control on 

thiss operon (Cunningham et al., 1998), nor do Fnr and Crp (Quail et al., 1994). 

Transcriptionn of the /pc/gene, however, can also take place from an operon-internal Ipd 

promoterr Plpd. This Ipd promoter is repressed by glucose (via a CRP-independent 

mechanism)) and anaerobiosis (mediated by ArcA), and is activated by Fis, but is not 

regulatedd by PdhR (Cunningham et al., 1998). Analysis of the Ipd promoter region 
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Ell E2 E3 

ArcA A 

P/pd d 

pdh/?? oceEF-)pd 

aceEE aceF ipd 

Fig.. 3.6. Schematic representation of the organization of the pdh operon. 

Thee double line represents DNA. The subunits of the PDHc complex and the 

regulatorr PdhR are indicated in the upper line. The structural genes are 

shownn as open boxes. The transcription initiation sites of promoter Ppdh and 

promoterr P/pd are designated by an arrow. The mRNA transcripts are 

indicatedd as thick lines. Smalt bars above the DNA refer to location of ArcA 

andd PdhR binding sites. 

(Cunninghamm et al, 1998) identified an ArcA binding site overlapping the Ipd 

promoter,, confirming that ArcA can serve as a repressor. 

Regulationn of the synthesis and activity of PDHc under various conditions has been 

extensivelyy studied (Cunningham et al, 1998; Cunningham and Guest, 1998; de Graef 

etet al, 1999; Dietrich and Henning, 1970; Quail et al, 1994; Smith and Neidhardt, 

1983;; Snoep et al, 1993). However, such regulation in response to various 

microaerobicc conditions has never been explored. Therefore, we analysed changes of in 

vivovivo activity as well as synthesis of PDHc units through the entire microaerobic range. 

3.4.22 Results 

Too study the response of the pdh operon upon a change in oxygen availability, we 

madee use of a pdh-lacZ single copy chromosomal fusion in a X attachment site. Total 

synthesiss of the E3 unit (LPD) expressed from both the Vpdh and the Plpd promoter, 

wass analysed by Western blotting (using a polyclonal LPD antiserum) of cell free 

extracts.. The LPD content of aerobic cells was found to be 2.5 fold higher than that of 

anaerobicc cells, but under microaerobic conditions (from 60-95% of aerobiosis) the 

LPDD content was nearly 4 times higher (Figs. 3.7b and 3.7c). An Arc mutation did not 

onlyy lead to derepression of Ipd expression in anaerobic cells, but also to a significant 

derepressionn in aerobic cells (Figs. 3.7a and 3.7c). The E3 content in the ArcA mutant 

grownn aerobically was at the same level as the maximum content in microaerobically 

PdhR R 
PdhR R 

^ / = L 3 3 Ï Ï 
PP pdh 
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Fig.. 3.7. Effect of oxygen 

availabilityy on l ipoamide 

dehydrogenasee (LPD) synthesis 

a)) in a wild type E. coli strain 

grownn with various level of 

oxygen;; b) in sarcA and wild 

typee E. coli strains grown under 

aerobicc and anaerobic 

conditions;; c) graphic 

representationn of (a) and (b); 

greyy bars - ^arcA strain, black 

barss - wild type. Values are 

relativee to the amount of LPD 

inn aerobic wild type cells 

(whichh is assigned value 1). 
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WT T 

aerob i c c 

\arcA \arcA WT T 

b) ) %% of aerobiosis 

44 36 70.5 93 11 05 

C) ) 

~z ~z 
c c 
c c 
n n 
o o 
> > 
z z 
a) ) 
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%% of aerobiosis 

grownn wild type cells (Fig. 3.7c). This indicates that ArcA is not only an anaerobic 

repressor,, but is also required for a partial aerobic repression of the Ipd gene. 

Inn contrast to LPD, no significant changes were observed in the level of the pdh-aceEF 

expression,, when the latter was tested through the entire aerobiosis range (Fig. 3.8). 

3.4.33 Discussion 

Casseyy et al. (1998) using a similarpdh-lacZ fusion, reported only a very minor 

inductionn of the operon in response to anaerobic/aerobic transition in batch cultures. 

Wee did not observe any significant regulation of the Ppdh promoter in response to 
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variablee oxygen availability. It can not be 

concludedd yet, however, that the operon is 

expressedd constitutively. Due to positive 

regulationn by pyruvate, the operon might be 

maximallyy expressed under fermentative 

conditions,, since intracellular pyruvate 

concentrationss in anaerobic cells were found 

too be nearly 5-fold higher than in aerobic 

cellss (2.1  O.lmM vs 0.460  O.HmM). 

Sincee neither ArcA nor Fnr exert control 

overr this promoter, some yet unknown 

regulationn mechanism may compensate the 

positivee effect of pyruvate in response to 

anaerobiosis,, leading to an unaltered 

expression.. If pyruvate was the only 

determiningg factor it would yield maximal expression under fermentative conditions, 

wheree there is no need for PDHc. 

200 40 60 80 

%% o f aerob ios is 

Fig.. 3.8. Effect of oxygen availability on 

aceEF-lpdaceEF-lpd expression in a wild type E. 

colicoli strain. 

3.55 Regulatio n of cydAB  opero n expressio n in respons e to 

variabl ee oxyge n availability . 

3.5.11 Introduction 

Thee cydAB operon encodes the two subunits of the cytochrome W ubiquinol oxidase. 

Thiss enzyme is one of two major terminal oxidases in the aerobic respiratory chain of 

E.E. coli (Gennis and Stewart, 1996). It has been demonstrated that expression of the cyd 

operonn is transcriptionally regulated by oxygen (Rice and Hempfling, 1978) via both 

thee fnr and arcA gene products (Cotter et al, 1990; Cotter and Gunsalus, 1992; Fu et 

al.,al., 1991). Whereas arc A clearly serves as a positive regulator at low oxygen tension 

(Fuu et al., 1991), there is no consensus concerning the role of the fnr gene product 

(Fnr).. On the one hand, the Fnr protein has been described as an anaerobic repressor of 

thee cyd operon (Cotter and Gunsalus, 1992; Tseng et al., 1996), but on the other it was 

reportedd to be required for maximal microaerobic expression (Fu et al, 1991; Tseng et 

al.,al., 1996). The cydAB regulatory region contains multiple ArcA-protected regions (Fig. 

3.9):: two discrete binding sites have been identified upstream of promoter PI and an 
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PII Qd P2 Qd 

II I ' —"—' CH I ' 

Fnrr 1 Fnr2 

ArcA-ll ArcA-ll ArcA-ll l 

Fig.. 3.9. Schematic representation of the cyd promoter- regulatory region. 

Thee double line represents a 640 bp DNA fragment upstream of the cydA 

translationn initiation codon . The transcription initiation sites of promoter 1 

(PI)) and promoter 2 (P2) are designated by an arrow. Bars A-1 to A-lll show 

thee location of ArcA binding sites, Fnrl and Fnr2: Fnr binding sites. 

additionall  ArcA binding site has been located downstream of PI (upstream of promoter 

P2;; Lynch and Lin, 1996c). 

Cotterr et al. (1990) found that under anaerobic, but not under aerobic conditions, cyd 

expressionn was induced at low pH (5.5) in a A/nr strain (i.e. when anaerobic Fnr 

repressionn is relieved). Another study on cyd expression revealed that a (partial) 

dissipationn of the proton gradient by protonophorous uncouplers can induce 

cytochromee bd synthesis in aerobically growing cells, to an extent that is proportional 

too their uncoupling activities (Bogachev et al., 1995). This induction requires both 

arcAarcA and arcB. In addition, the catabolite repressor-activator protein (Cra, formerly 

designatedd FmR) is involved in the regulation of the expression of the cydAB operon 

(Ramseierr et al., 1996). The Fnr protein is required for Cra-mediated transcriptional 

control,, but the ArcA protein antagonises the response to Cra (Ramseier et al., 1996). 

Wee have studied this complex regulatory network, in particular the Arc-dependent 

regulationn of cydAB expression, under variable oxygen availability conditions, because 

thee terminal oxidase has a strong impact on the bioenergetics of the cell (Calhoun et 

al.,al., 1993) and therefore one can anticipate a complex structure of this regulatory 

network. . 

3.5.22 Results and discussion 

Synthesiss of cytochrome d under variable oxygen supply conditions was monitored 

directlyy by measuring the cytochrome bd content of the cells in crude extracts (see 

Materialss and Methods). It was assumed that the cytochrome /W oxidase content of 

cellss correlated with cyd expression (Cotter et al., 1990). As depicted in Fig. 3.10, cyd 
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expressionn increases 15 fold in the range 

fromm 0 to 45 % of aerobiosis, where it 

reachess its maximal expression, followed 

byy a 2-fold drop in the range from 50 to 

70%% of aerobiosis and a further 3-fold in 

thee range between 95 and 100% of 

aerobiosis.. Under fully anaerobic 

conditionss cyd expression is very low and 

comparablee to the fully aerated condition. 

Inn contrast to the wild type, analysis of 

cytochromee d expression in the AarcA 

strainn revealed only slight (2.8-fold) 

inductionn in the microaerobic range. 

Aerobically,, this strain showed no 

differencee with the wild type. 

Bothh under fully aerobic and fully anaerobic conditions, the cytochrome d content in a 

wildd type strain was similar to that of a AarcA strain. These results suggest that ArcA 

hass no control over cytochrome d synthesis under fully aerobic and fully anaerobic 

conditions.. In contrast, ArcA is required for maximal induction under microaerobic 

conditions.. Since expression in a AarcA strain was increased 2.8-fold in the range 0 -

45%% of aerobiosis (in this range 15-fold induction is observed in the wild type strain) it 

cann be concluded that an additional (ArcA-independent) regulatory element is involved 

inn the microaerobic induction. 

00 20 40 60 80 100 

%% of aerob ios is 

Fig.. 3.10. Effect of oxygen availability on 

thee cyd operon expression in wild-type 

(filledd circles) and a AarcA E. coll strain 

(triangles). . 

3.66 Arc A synthesi s in respons e to variabl e oxyge n availabilit y 

inn glucose-limite d chemosta t cultures . 

3.6.11 Introduction 

Thee arcA gene is located at 0 min on the E. coll chromosome (Iuchi and Lin, 1988). 

Thee region starting 530 bp upstream of the structural gene contains five potential 

promoterss (Fig. 3.11; [Compan and Touati, 1994]). It was previously suggested that 

arcAarcA expression is not regulated in response to a change in oxygen supply (Iuchi and 

Lin.. 1992). In contrast. Park et al. (1992), reported using an arcA-lacZ reporter strain 

thatt arcA expression slightly decreased in the presence of oxygen. This decrease was 
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Pee Pd Pc Pb Pa 

CD D 

Fnrr box 

Fig.. 3. 11. Schematic representation of the arcA promoter-regulatory 

region.. The double line represents 550bp of DNA, upstream of the 

translationn initiation codon . The putat ive promoters Pa-Pe are designated 

byy an arrow. The bar represents a sequence with similarity to the Fnr-

bindingg consensus sequence. Adap ted from Compan & Touati (1994). 

supposedlyy the result of negative autoregulation and was independent of the Fnr gene 

product.. In contradiction with these results, Compan & Touati (1994), also using arcA-

lacZlacZ transcriptional and translational fusions, found that arcA expression was four-fold 

increasedd in response to a shift to anaerobiosis. This induction was strongly dependent 

onn Fnr and subject to partial positive autoregulation. It is known that arcB, coding for 

thee cognate sensory kinase is constitutively expressed (Iuchi and Lin, 1992). To study 

Arc-dependentt processes it is important to take into account, or exclude, the effect of a 

changee in the cellular content of those regulatory components. Therefore, we quantified 

ArcAA under our experimental conditions, through the entire range of oxygen 

availabilityy conditions. 

3.6.22 Results 

Too quantify the ArcA content under different conditions, polyclonal ArcA-antiserum 

wass produced (see Materials and Methods). The ArcA content was analysed in cell free 

extractss by quantitative Western blots. The results, presented in Fig. 3.12a indicate that 

noo significant change occurs in the total ArcA content through the entire range of 

oxygenn availability conditions. The estimated amount of ArcA under all conditions 

equalss 4  0.6 ug/mg protein. Rocket Immunoelectrophoresis, performed with extracts 

off  aerobically grown cells, subsequently allowed a more exact quantification (Fig. 

3.13).. The value obtained, 3.6  0.3 ug/mg protein, is in agreement with the above 

value. . 
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%% of aerobiosis 

1000 larcA 

Totall ArcA 

0.055 ug 
His-ArcA A 

Degradation n 
product t 

Fig.. 3.12. ArcA content in cell free extracts (2CVg protein/lane) of E. coli 

cells,, grown under variable oxygen supply conditions. The chart is the 

graphicc representation of the gel above , b) Degradation of purified HiSó-

ArcAA in cell free extracts of anaerobical ly grown \arcA cells. 

Remarkably,, the antibodies consistently reacted with additional protein of 

approximatelyy 26 kDa (Fig. 3.12) when cell free extracts of chemostat cultures, but not 

off  batch cultures (not shown), were analysed by Western blot. The amount of this 26 

kDaa protein in cell free extracts declined, as oxygen availability increased (Fig. 3.12a). 

Furthermore,, this component was absent in AarcA extracts under all conditions tested, 

indicatingg that it is related to the ArcA protein. Addition of purified ArcA protein, 

bearingg an amino-terminal, oligo-histidine extension (His6-tag), to the cell-free extracts 

off  an anaerobically grown AarcA strain, resulted in a partial degradation of the purified 

proteinn (Fig. 3.12b). In the latter experiment, however, two different degradation 

productss were observed. Possibly, the His6-tag itself was also subject to a proteolytic 

cleavage,, in addition to a cleavage site in the ArcA protein itself. 

96 6 

file:///arcA


RegulationRegulation of expression of key enzymes 

" " oo  O O O O O O 
Fig.. 3.13. Quanti f icat ion of the ArcA content in aerobically grown celis using 

Rockett immunoelectrophoresis. Lanes 1,2,3,4 purified protein: 1 - 0.05 ug 

His-ArcA,, 2-0.1 ug His-ArcA, 3 - 0.25 ug His-ArcA 4 - 0.5ug His-ArcA; lanes 5, 

6,, 7 cell extract: 5 - 7.19 j ig protein, 6 - 21.57 ug protein, 7 - 35.95 ug protein. 

3.6.33 Discussion 

Al ll  together these results show that the ArcA content remains constant through the 

testedd range of different oxygen availability conditions in cells grown in the chemostat 

underr glucose-limitation. Assuming that 50% of cell dry weight consists of proteins 

andd that lmg cells contain 2.48 |ai internal volume (Schultz and Solomon, 1961; 

Winklerr and Wilson, 1966; Zwaig et ah, 1970), the intracellular concentration of ArcA 

cann be estimated to be -~25jiM (or 4-10 molecules per cell), which is quite a high 

concentrationn for a transcriptional regulator. 

Thee result of this study also suggests that E. coli contains proteolytic activity towards 

ArcAA (or that the latter has a higher turnover), that is maximal under anaerobic 

conditionss and declines as more oxygen is available for the cells. This proteolytic 

activityy may contribute to the Arc-dependent regulation. Regulation of transcriptional 

activityy by proteolytic degradation has been described for mammalian oxygen-

responsivee regulator HIF-1 (recently reviewed by [Semenza, 1999; Semenza, 2000]). 
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Soo far, this phenomenon was never observed in batch cultures. It may also be ascribed 

too a combination of anaerobiosis and glucose-limitation. 

Thee above mentioned discrepancy between two previous studies (i.e. Compan and 

Touati,, 1994; Park et al, 1992), that both utilised arcA-IacZ transcriptional or 

translationall  fusions, was not resolved by our experiments. No significant differences 

inn ArcA content, as analysed at the protein level, were found. It is difficult to explain 

whyy our results are contradictory to those of Compan et.al. The latter involved analysis 

att the level of transcription; growth conditions were different (cells were grown in a 

batchh cultures, in rich medium, in the presence of antibiotics (specifically tetracycline 

cann have an effect on the growth of mutants [D. Touati, personal communication]). 

Finally,, the arcA '-lacZ fusion, used in their study, has a regulatory promoter region, 

truncatedd at 22 base pairs upstream of the most distant (Pc) of the five arc A putative 

promoterss and additional regulation further upstream in the wild type promoter region 

iss possible. 

3.77 Genera l discussio n 
Thiss study provides evidence that maximal expression of'focApfl, Ipd, and cydAB, takes 

placee under microaerobic, but not under fully aerobic nor anaerobic conditions. 

Anotherr study (Wimpenny and Necklen, 1971) demonstrated that also the content of a 

numberr of tricarboxylic acid cycle enzymes (i.e. isocitrate dehydrogenase and 

fumarase)) are maximally upregulated not under aerobic, but under microaerobic 

growthh conditions in cells, grown in carbon-limited chemostat cultures. However, 

whereass the cyd and pfl operons both are upregulated under low microaerobic 

conditionss (20-50% of aerobiosis), LPD (this work), isocitrate dehydrogenase and 

fumarasee (Wimpenny and Necklen, 1971) all are present in maximal quantities in cells 

grownn at oxygen levels comparable to 70-90% of aerobiosis. Interestingly, cyd and pfl 

aree not only co-regulated in response to low oxygen availability, but also respond 

similarlyy to external pH under anaerobic conditions. Both cydAB (in a Ajhr strain) 

(Cotterr et al., 1990) and pfl are highly expressed at low pH (pH 6) and repressed at 

highh pH (pH 8). At the same time, changes in external pH did not significantly alter the 

expressionn of both operons under aerobic conditions. Moreover, the expression of two 

otherr genes, positively regulated by ArcA, was also described to be induced by acidic 

pHH under anaerobic conditions. One of them is the cad A gene that encodes lysine 

decarboxylasee (Reams et al, 1997) and the other is the hya operon. composed of the 
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geness which encode the uptake-hydrogenase isoenzyme 1 (Hydl) (King and Przybyla, 

1999).. At least for the latter the response to external pH was shown to be Arc-

dependent.. The observed differences in expression of/?// and cw/under anaerobic 

conditionss can be explained by interference through Fnr regulation of these genes. In 

contrastt to pfl (Sawers and Suppmann, 1992) and genes coding for TCA cycle 

enzymes,, for which ArcA and Fnr exhibit a similar effect under anaerobic conditions 

(Guestt etal., 1996; Iuchi and Lin, 1988; Lynch and Lin, 1996a; Lynch and Lin, 

1996b),, cyd is subject to simultaneous ArcA induction/Fnr repression (Cotter and 

Gunsalus,, 1992; Finn, 1954; Tseng et al, 1996), of which the Fnr repression is 

dominantt under anaerobic conditions. 

E.E. coll possesses two alternative enzymes for decarboxylation of pyruvate, PFL and 

PDHc.. Glucose catabolism strictly depends on the presence of either of these two 

enzymes,, since a pfl mutant is auxotrophic for acetate and C02 under anaerobic 

conditionss whereas an aceEF mutant exhibits a very low yield on glucose under 

aerobicc conditions, producing lactate and pyruvate (de Graef et al, 1999). PFL is, in its 

activee form, a radical-containing enzyme, known to be readily destroyed by oxygen 

(Wagnerr et al, 1992). PDHc is inhibited by a high NADH/NAD ratio (Snoep et al, 

1993);; which is present under anaerobic and microaerobic conditions, (Chapter 6, de 

Graeff  etal, 1999), due to NADH sensitivity of its E3 unit (Snoep etal, 1993). 

Evidencee presented here, demonstrates that both PFL and the E3 subunit of PDHc are 

maximallyy expressed in the microaerobic range. PFL, however, reaches maximum 

inductionn at nearly anaerobic growth conditions (20% of aerobiosis), whereas the E3 

unitt of the PDHc complex is maximally derepressed at nearly aerobic growth 

conditionss (70% of aerobiosis). It is tempting to speculate that this regulation serves to 

compensatee for deactivation of PFL by oxygen, and PDHc by NADH, in the range 

wheree functioning of either enzyme becomes crucial (compare with in vivo fluxes via 

PDHcc and PFL, Chapter 6). The observed regulation of both the/7/7 operon and the Ipd 

promoterr requires the arc A gene product. Interestingly, an ArcA mutation led not only 

too anaerobic derepression, but also to slight aerobic derepression of the //?</gene, 

suggestingg not only Arc-dependent anaerobic, but also Arc-dependent aerobic 

repressionn of the promoter activity. Similar effects of both an arc A and an arcB 

mutationn have also been described with respect to the sdh operon (Matsushika and 

Mizuno,, 1998; Shen and Gunsalus, 1997). In contrast, the cyoABCDE operon, which 

encodess cytochrome o oxidase (also referred to as "negatively controlled,, by the Arc 
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systemm [Iuchi and Lin. 1988]), is negatively regulated by ArcA under anaerobic 

conditionss and positively regulated under aerobic conditions (Tseng et al., 1996). 

Detailedd analysis of the promoter region of a number of Arc-regulated genes revealed 

neww insight into Arc-dependent regulation (Cotter et al, 1997; Drapal and Sawers, 

1995b;; Shen and Gunsalus, 1997). First of all, most of the analysed Arc-controlled 

promoterr regions contain multiple Arc-binding sites that can be located downstream, as 

welll  as upstream, of the promoter. Second, all binding sites vary in affinity for the 

phosphorylatedd and unphosphorylated forms of ArcA. This leads to the conclusion that 

nonee of these Arc-dependent operons may be responding exclusively in proportion to 

thee phosphorylation level of the ArcA. 

Lett us assume the existence of a hypothetical gene with a high affinity binding site 

upstreamm of a promoter, that wil l serve for activation of transcription, and a low 

affinityy binding site within a coding sequence, that will block transcription, as a certain 

thresholdd of phosphorylation of ArcA is reached. In this case expression of this 

particularr operon depends, except for other factors, on the ArcA/ArcA-P ratio, on the 

locationn of the binding sites and their affinity for both phosphorylated and 

unphosphorylatedd ArcA. This type of regulation may be observed in the sdh operon. 

Arcc serves as a negative regulator of the operon under both aerobic and anaerobic 

conditions.. Site 3 of the four Arc-binding sites within the promoter region, provides the 

majorr role in ArcA repression, whereas site 2 serves a major role in maximal promoter 

activityy (Shen and Gunsalus, 1997). Finally, a number of other regulatory elements, 

suchh as Fnr, JHF, Cra, Fis are involved in co-regulation of the Arc-modulon 

(Introductionn of sections 3.3; 3.4; 3.5, see also Table 4.2), making it impossible to draw 

conclusionss about Arc activity in general on the basis of analysis of a particular operon. 

Inn order to assess the contribution of the ArcAB system in the complex regulation of 

(an)aerobicc catabolism. it is crucial to measure directly activation of the Arc system 

(phosphorylationn level of the ArcA regulator). An approach developed to analyse this 

wil ll  be described in the next chapter. 
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