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EffectEffect of nitrate and fumarate on glucose cataboiism 

Summar y y 

Thee physiological responses of Escherichia coii in glucose-limited chemostat cultures to different 

concentrationss of alternative electron acceptor (here: fumarate and nitrate) in the medium were 

studiedd quantitatively. Analysis of the catabolic fluxes through the major catabolic pathways revealed 

thatt the physiological response to nitrate and fumarate is in many aspects similar to the response to a 

variablee oxygen supply (in the mieroaerobic range: described in chapter 6). At increasing electron 

acceptorr supply rates increasing respiration rates coincided with decreasing rates of formation of 

fermentationn products, while the NADH NAD ratio shifted to a lower level and PFL and PDHc were 

foundd to be active simultaneously. Apparently, cells respond to the availability of oxygen, nitrate and 

fumaratee similarly, i.e. by changing their catabolic mode according to the maximally achievable 

electronn (low rate via the respiratory chain (e.g. e" g' h ') or the capacity of an electron acceptor to 

reoxidisee NADH (qNADH mmol g"1 h"1). rather than to the particular nature of an electron acceptor. 

7.11 Introductio n 

Thee most efficient biological energy conversion mechanism involves electron transfer. 

Whenn this process leads to proton motive force generation it is termed respiration. 

Despitee a wide variation of the constituent components, a simple model may describe 

anyy electron transfer chain. Reduced metabolic intermediates (such as NADH), 

generatedd during cataboiism of nutrients (such as glucose), serve as an electron donor. 

Variouss substrate dehydrogenases transfer the liberated electrons to a common quinone 

pool,, which subsequently donates electrons to the electron-acceptor reductases (see for 

aa review: Ingledew and Poole, 1984). These in turn pass the electrons to a terminal 

electronn acceptor. This electron transport can be coupled to proton translocation to the 

pcriplasmicc side of the membrane and thereby generation of a proton electrochemical 

potentiall  gradient, which can be used subsequently as the driving force for ATP 

synthesis.. Although some exceptions are known (for example fumarate respiration of 

parasiticc helminths (Kita et a/., 1997)), higher organisms usually utilize oxygen as the 

terminall  electron acceptor. In contrast, bacteria can use a wide variety of organic and 

inorganicc compounds, in addition to oxygen (for a review see: Gottschalk, 1986; 

Undenn and Bongaerts, 1997): Nitrate (see for a recent review Moreno-Vivian et al. 

1999).. fumarate (Kroger et al, 1992), TMAO (trimethylamine N-oxide), DMSO 

(dimethyll  sulfoxide), aliphatic and aromatic halogenated compounds (Holliger and 

Schumacher.. 1994). oxyanions of arsenic and selenium (Stolz and Oremland. 1999), 

ironn minerals (as a source of Fc(IlI) ions for anaerobic respiration) (Fredrickson and 

Gorby.. 1996). 
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Amongg the various alternative electron acceptors Escherichia coli can use nitrate, 

nitritee (Cole. 1996; Moreno-Vivian efa/., 1999; Stewart, 1988; Stewart, 1993). 

fumaratee (Kroger et al., 1992). TMAO (Barrett and Kwan. 1985). and DMSO (Weiner 

elel al, 1992: for a recent review see also Unden and Bongaerts. 1997). Preferential use 

off  a terminal electron acceptor is determined by the redox midpoint potential of the 

terminall  acceptor, such that the couple with the highest redox midpoint potential is 

utilizedd first (reviewed by Gunsalus. 1992). The standard redox midpoint potential of 

thesee couples is shown in Table 7.1. 

Tablee 7.1 Standard redox midpoint potentials (pH 7) of electron acceptor and donor 

coupless in E. coli, values as given by Barrett and Clark (1987). * - Griffiths and Cole (1987) 

Couple e 

02/H;0 0 

NO37NO2" " 

NO27NH4" " 

DMSO/DMS S 

TMAO/TM A A 

Fumarate/Succinate e 

E0'' (raV) 

-- N I N 

3 3 

-360* * 

++ 160 

-130 0 

+33 3 

Fig.. 7.1. Schematic 

representationn of the 

fumaratee respiratory 

chainn of E. coli. 

Fumaratee respiration is the most wide spread type of 

anaerobicc respiration, due to the fact that fumarate is the 

onlyy known metabolic intermediate that can serve as an 

acceptorr in anaerobic respiration (Kroger et al., 1992). 

Nitratee is the second energetically most favorable electron 

acceptorr after oxygen. These two pathways catalyzing 

electronn transfer to nitrate and fumarate, respectively, will 

bee discussed in more detail. 

7.1.11 Fumarate respiration 

Ann electron transport chain, catalyzing fumarate 

respirationn reactions, is made up of one or more 

dehydrogenases,, menaquinone (MK or demethyl-MK) and 

aa fumarate reductase (see: Fig. 7.1; Wissenbach et al.. 
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1992).. NADH is the main electron donor of fumarate respiration in bacteria that form 

succinatee (e.g. E. coli, Kroger et al. 1992). Since dehydrogenases provide the only 

couplingg site in a respiratory chain with fumarate as the terminal acceptor, the use of 

Ndhh I is essential for energy conservation (Tran et al, 1997). Synthesis of fumarate 

reductasee is induced by Fnr under anaerobic conditions (Iuchi and Lin. 1987: Jones and 

Gunsalus.. 1987) and repressed by NarL in the presence of nitrate (Iuchi and Lin, 1987; 

Kalmann and Gunsalus. 1989: Stewart and Berg, 1988). Expression of the genes that 

encodee the fumarate respiratory system is also regulated by the DcuSR two-component 

systemm (Zientz et al, 1998). 

7.1.22 Nitrate respiration 

Inn enterobacteria nitrate is reduced via nitrite to ammonia (nitrate ammonification). in a 

processs in which nitrate and nitrite both can serve as electron acceptor. Although 

ammoniumm generated by this pathways can be assimilated, the process is termed nitrate 

(nitrite)) dissimilation (Stewart, 1994), because E. coli (in contrast to Klebsiella), does 

nott possess the true assimilatory, oxygen-insensitive, nitrate reduction enzymes (Nas), 

andd fails to grow aerobically with nitrate or nitrite as sole nitrogen source (Kobayashi 

andd Ishimoto, 1973). 

a)) b) 

Fig.. 7.2. Schematic representation of major pathways for anaerobic nitrate 

(a)) and nitrite (b) reduction in E. coli. Functional terminal reductases 

involvedd in reduction of nitrate to ammon ia when nitrate is present in 

higherr concentrations than nitrite have been indicated in black (according 

too Cole. 1996). 
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Severall  redox intermediates are involved in the reduction of nitrate to ammonia: 

NO// -> N02" -> NO ^ NH:OH -> NH, 

Inn E. coli two types of nitrate reductase can catalyse the reduction of nitrate to nitrite: 

AA membrane-bound respiratory enzyme, referred to as Nar (Blasco et al.. 1990: 

Bonnefoyy and Dcmoss. 1994). which generates a transmembrane proton motive force 

(pmf)) and allows ATP synthesis, and the periplasmic dissimilatory enzyme Nap (Fig. 

7.2a;; see for a review: Moreno-Vivian et al.. 1999: Stewart. 1988). Although quinol 

oxidationn by Nap is not directly coupled to the generation of a pmf. energy 

conservationn is possible through involvement of a proton-translocating NADH 

dehydrogenase,, which reduces the quinone pool. 

Nitrite,, the toxic product of nitrate reduction, is subsequently reduced to ammonium. 

Thiss six-electron reduction process is sometimes called 'ammonification' and may be 

performedd by either of two routes (Fig. 7.2b). via the formate-dependent nitrite 

reductasee Nrf (cytochrome c?s2) (Nrf- nitrite reduction by formate), encoded by the 

wfABCDEFGwfABCDEFG operon (Darwin et al., 1993b), or via an NADH-dependent enzyme 

(Nir).. encoded by the nirBD genes (Harborne et al., 1992). The latter is a cytoplasmic 

enzyme,, and hence docs not directly contribute to energy conservation. Nir catalyses 

reductionn of nitrite to ammonium to detoxify the nitrite with concomitant generation o 

NADD and constitutes the major pathway of nitrite reduction (Kemp and Atkinson, 

1966).. Alternatively, nitrite can be excreted to the periplasm, where it can be reduced 

byy Nrf. a cytochrome c-utilising nitrite reductase. This is a respiratory enzyme in the 

sensee that it can couple nitrite reduction to energy-conserving electron transport. It is 

locatedd on the periplasmic side of the membrane (Eaves et al, 1998; Hussain et al., 

1994;; also reviewed recently by (Moreno-Vivian et al., 1999). 

Althoughh E. coli is not a true denitrifier. it was observed that it could produce small 

amountss of nitrous oxide, in addition to the major pathways of nitrate reduction. The 

N 200 production pathway was associated w ith a nitrate reductase activity but did not 

contributee to energy generation (Smith. 1983). 

7.1.33 Regulation of the expression of the components of the 

nitratee respiration pathways 

Whereass the primary dehydrogenase Ndh II is maximally expressed during aerobic 

growthh (Green and Guest. 1994; Spiro et al.. 1989). Ndh I is induced by nitrate. 
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fumaratee and oxygen, with respect to the level of expression under fully fermentative 

conditionss (Lin and luchi. 1991; Tran et al., 1997). 

Thee complex regulation of nitrate and nitrite sensing and regulation has been reviewed 

byy Moreno-Vivian et al. (1999), Stewart (1993). Stewart (1994). Stewart and Rabin 

(1995),, Unden and Bongaerts (1997). Only a limited number of aspects will be 

discussedd here. Synthesis of all terminal reductases involved in nitrate-to-ammonia 

reducingg pathways, i.e. Nar. Nap. Nir and Nrf in E. colt is induced by anaerobic growth 

andd unaffected by ammonium (Berks et al., 1995; Darwin and Stewart, 1995; Page et 

al.,al., 1990; Stewart, 1994; Zumft, 1997). The anaerobic induction is mediated by the Fnr 

proteinn (Berks et al., 1995; Darwin et al., 1993a; Darwin and Stewart, 1995; Griffiths 

andd Cole, 1987; Hussain et al., 1994; Jayaraman etal., 1987; Stewart and Berg, 1988). 

NarLL and NarP (the transcriptional regulators of NarX-NarL and NarQ-NarP two-

componentt systems, each responsive to nitrate and nitrite) are positive regulators of 

nitrate-- and nitrite catabolic genes. 

Duringg anaerobic growth in the presence of nitrate, the Nir (the formate-independent) 

pathwayy is fully induced but Nrf (the formate-dependent) pathway strongly repressed 

(Pagee et al., 1990) by NarL. In contrast, Nrf expression is activated by either NarP or 

NarLL in response to nitrite (Page et al, 1990; Tyson et al., 1994). Page and colleagues 

(Pagee et al., 1990) suggested that the major function of Nir is to detoxify the cells of 

nitritee formed in the cytoplasm during nitrate reduction. Reduction of nitrite by the Nrf 

pathwayy provides a secondary source of energy during anaerobic growth. The NarL 

protein,, however, represses Nrf expression, when the more favourable electron 

acceptorr nitrate is available. 

Thus,, in the presence of nitrate, the respiratory nitrate reductase (Nar) is thought to 

functionn in concert with the NADH-dependent (Nir) nitrite reductase. When nitrite is 

abundantt the combination of periplasmatic Nap with Nfr is thought to form the major 

routee for nitrate reduction (Cole. 1996; see Fig. 7.2). 

Analysiss of the effect of various oxygen supply rates on the catabolic fate of the free 

energyy source (glucose, see Chapter 6) showed that steady state catabolic routes are 

strictlyy determined by the amount of available oxygen, rather than by the presence of 

oxygenn per se. It is intriguing to analyse whether or not the physiological response of 

thee cells is oxygen-specific or whether alternative electron acceptors can also provoke 

it.. In this study the effect of varying the nitrate and fumarate supply rate on the 
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distributionn of in vivo cataboiic fluxes is analysed and compared to the responses to 

varyingg the oxygen supply rate. 

Thee fact that cells, with respect to many parameters, respond to O;. nitrate, and 

fumaratee similarly, indicates that control resides more likely in the metabolic status (as 

aa consequence of respiratory activity) rather than in the nature of a specific electron 

acceptorr in the medium. 

7.22 Material s and method s 

7.2.11 Strains and growth conditions 

E.E. coli wild type strain RM1 23/.RM23. (MC'4100 recA. V{p/I-!acZ)) (Sawcrs and Bock, 19XK). was 

usedd throughout this study. This strain is a derivative of E, coli MC4100. containing a chromosomal 

fusionn m the >. attachment site. Cells were grown in ehemostat cultures under glucose-limited 

conditionss (New Brunswick Biotlo 3000 and III or Modular Fermentor Series 111 (L.H. Engineering 

Co.. Lt. England)) at a constant dilution rate (D) of 0.15  0.01 h '. Glucose (45 mM) was used as the 

singlee carbon and energy source. A simple salts medium as described by Evans et al. (1970) was 

used,, but instead of citrate, nitriloacetic acid (2 mM) was used as chelator. Selenite (30 ug 1) and 

thiaminee (1 5 mg 1) were added to the medium. The pH was maintained at 7.0 - 0.1 by titrating with 

sterilee 4 M NaOH and the temperature was set at 35 C. The strain was maintained in vials in LB 

mediumm with 30% (w v) glycerol at -70 C. Nitrate and fumarate supply rate was varied by varying 

thee nitrate (0 to 20 mM) and fumarate concentration (0 to 75 mM) in the medium. 

7.2.22 Analytical procedures 

Steadyy state bacterial dry weight was measured by the procedure of Herbert el al. (1971). Glucose, 

pyruvate,, lactate, formate, acetate, succinate and ethanol were determined by HPLC (LKB) with a 

REZEXX organic acid analysis column (Phenomenex) at a temperature of 40GC with 7.2 mM H:S04 as 

eluent.. using a RI 1530 refractive index detector (Jasco) and a Borvv in chromatography software for 

dataa integration. CO: production and 0 : consumption were measured by passing the eluent gas from 

thee fermentor through a Servomex CO: analyser and a Scrvomex 0 : analyser, respectively. 

Inn cultures, supplied with fumarate. formate and fumarate were determined according to Lang and 

Langg (1972) and Dawes et al. (1971) respectively. Presence of nitrite was tested by the usual method 

inn which acetic acid solution of sulfamhc acid and «-naphthyl-amine are employed (red colour 

developmentt indicates a presence of nitrite). Nitrate was assayed by adding 4 ml of the reagent 

(0.17gl'' diphenylamine in concentrated H:S04) to 1 ml supernatant of the effluent. Development of 

aa dark blue colour indicates a presence of nitrate. 
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# # 

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

chemostatt cultures into 5 M K.OH and 5 M HC1. respectively, and assayed after neutralisation and 

filtrationfiltration as described previously (Snoep el ah. 1990). 

7.2.33 Calculation of metabolic fluxes via PDHc, PFL and the 

TCAA cycle 

Calculationss of catabolic fluxes were performed exactly as described in Chapter 6.2.3, but qNAD was 

calculatedd as follows: 

qNADD = 2-qEth0H + qsucc + qi.act + 4qNo3" + qtum 

Itt has been assumed that NADU was a sole electron donor into respiratory chain during nitrate 

respiration,, thus 1 molecule of nitrate to ammonia is accompanied by reoxidation of 4 molecules of 

NADHH to NAD (see text for details). 

7.33 Result s and discussio n 

7.3.11 Respiratory activity at variable nitrate and fumarate 

supplyy rates 

Cellss were grown in anaerobic glucose-limited continuous cultures, with glucose as the 

solee carbon and energy source, supplemented with various concentrations of nitrate (0 

a) ) 

o o 
E E 
E E 

mm M Fum a r a t e 

ii . i i i i . . . . i 

/ / 

b) ) 
mm M Fu m a r a t e 

''  " 
o o 
t t 
T: : 

--o o 
>--

c c 

300

--

55 -

--

55 -

--

> > 

2C C 

' ' 
3 3 

11 ' 1 ' 

40 0 

^ ^ 

11 '  1 ' ' '  ' 

600 8( 

* ^ " j j 

11  1 

00 S 10 15 20 0 5 10 15 

m MM Ni t rate m M Ni t rate 

Fig.. 7.3. Effect of various rates of nitrate (circles) and fumarate (squares) 

supplyy on (a) specific anaerobic respiration rates (qNO--, qFum) and (b) 

yieldd on glucose in glucose-limited E. coli cultures. 
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-- 20 mM) or tumarate (0 - 75 mM) in the medium. Increasing concentrations of an 

externall  electron acceptor invariably resulted in an increased steady state anaerobic 

respirationn rate (Fig. 7.3a). As a consequence, steady state residual tumarate 

concentrationn in cultures supplied with different tumarate concentrations in the 

medium,, were as low as 2.7  1.8 mM. No residual nitrate or nitrite could be detected 

inn cultures supplied with various nitrate concentrations, except for the cultures 

supplementedd with 20 mM nitrate (the highest concentration tested). In this culture 

detectablee {but low, appr. 0.1 mM) residual nitrite and nitrate concentrations were 

observed. . 

7.3.22 Glucose catabolism at variable nitrate and tumarate 

supplyy rates 

Ass anticipated, addition of increasing concentrations of either nitrate or tumarate 

resultedd in a continuous increase in the cell yield on glucose (Fig. 7.3b). which 

indicatess that catabolism proceeds more efficiently with anaerobic respiration than 

underr strictly fermentative conditions. 

Similarr to increasing oxygen supply, increasing concentrations of the alternative 

electronn acceptors supply resulted in an increase in the acetate to ethanol ratio (Fig. 

7.4),, mainly due to a significant decrease in the ethanol production rate. This indicates 

thatt the capacity to reoxidise NADH by respiratory activity is increasing and 

consequentlyy the demand for ethanol production (which, under fully fermentative 

conditionss is the major route for NADH reoxidation. in order to maintain redox 

balance)) is decreasing in favour of the ATP-yielding acetate production, as indeed is 

illustratedd by significantly increasing acetate production rates in cultures supplied with 

nitratee (Fig. 7.4a). Similarly, although less obvious, the flux to acetate (per mole of 

glucosee consumed) increased in cultures, supplied with tumarate. The cell yield per 

moleculee of glucose increased and consequently q(H_( decreased, while acetate 

productionn did not change Fig. 7.4b. Significant formate production rates were found in 

alll  fumarate- and nitrate- supplemented cultures (Fig. 7.5). Variations in formate 

productionn rates may be explained by the pH-sensitivity of the formate-hydrogen lyase 

expressionn (Birkmann et ai. 1987; Rossmann. 1991; Suppmann and Sawers. 1994) to 

smalll  variations in pH (appr. 0.1). This sensitivity may alter the CO: 'Formate 

productionn ratio. 
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a) ) b) ) 

m MM Ni t ra te 

400 60 

mm M Fu m a r a t e 

Fig.. 7.4. Effect of various nitrate (a) and fumarate (b) supply on 

fermentationn product formation rates: ace ta te - closed circles, ethanol -

openn circles in glucose-limited E. coli cultures. Open squares, connec ted 

byy a broken line show qcLc values. 

b) ) 
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Fig.. 7.5. Effect of various nitrate (a) and fumarate (b) supply rates on the 

ratee of formation of formate in glucose-limited E. coli cultures. 

7.3.33 Changes in NADH/NAD ratio 

Thee pattern of response of wild type cells to increasing nitrate and fumarate 

concentrationss in the medium with respect to changes in the NADH/NAD ratio was 
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mm M F u m a r a t e 
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II  i . i i I 

m MM Ni t ra te 
Fig.. 7.6. Effect of various nitrate 

(circles,, solid line) and fumarate 

(squares,, dashed line) supply rates on 

thee redox status of the cell (i.e. the 

NADH/NADD ratio) in glucose-limited E. 

colicoli cultures. 

veryy similar to the pattern in response to 

increasingg oxygen supply in the 

microaerobicc range (up to 45% of 

aerobiosis;; compare Fig. 7.6 and Fig. 6.6). 

Inn all cases the presence of even small 

amountss of external electron acceptor 

resultedd in a significant drop of the 

NADH/NADD ratio (Fig. 7.6). Further 

additionn of an external electron acceptor did 

nott result in a significant change in 

NADH/NADD ratio up to 45% of aerobiosis 

orr 60 mM fumarate, or 15 mM nitrate 

added.. Although cells were responding 

similarlyy to oxygen, nitrate and fumarate, 

thee measured values of the NADH/NAD 

ratioo in this range (with oxygen, nitrate or 

fumarate)) were lowest under conditions of 

(micro)aerobicc respiration (0.42 + 0.02); they were significantly higher with nitrate 

(0.533 + 0.02) and were highest in cells respiring fumarate (0.58  0.04). 

Abovee this concentration, at 75mM fumarate and 20mM nitrate, the NADH/NAD ratio 

seemss to decrease, similar to the range of oxygen availability above 50%. 

7.3.44 In vivo catabolic fluxes through the TCA cycle, PFL and 

PDHcc at variable nitrate and fumarate supply rates 

Thee steady state specific product formation rates and respiration rates (Figs. 7.3a, 7.4 

andd 7.5) allow calculation (based on a closed redox cycle, see Materials and Methods) 

off the fluxes through the TCA cycle, PFL, and PDHc. These calculations show that the 

fluxflux via the TCA cycle is negligible under all conditions tested (Figs. 7.7a and 7.7b). 

whichh is in agreement with earlier findings (Whnpenny and Cole. 1967; Wimpenny 

andd Warmsley. 1968), as well as with the fact that a number of enzymes of the TCA 

cyclee are repressed under these conditions (Thauer, 1988; Thauer et al, 1989). The 

physiologicall significance of a deactivated TCA cycle during anaerobic nitrate 

respirationn has been doubted by Prohl el al. (1998). It is clear from our data that the 

184 4 



EffectEffect of nitrate and fumarate on glucose catabolism 

TCAA cycle deactivation during anaerobic respiration of nitrate and fumarate, is driven 

byy a (still) limiting capacity of the electron acceptor to reoxidise cytoplasmic NADH. 

producedd during glycolysis, even under the highest concentrations of nitrate or 

fumaratee used. Although significant amounts of NAD are generated during anaerobic 

respiration,, there are still significant amounts of ethanol produced and the 

NADH/NADD ratio remain invariably high (see Fig. 7.6). 

Similarr to aerobic respiration, increasing the amount of either nitrate or fumarate, 

resultedd in an increasing PDHc activity and a simultaneous decrease in PFL activity 

(Figs.. 7.7a and 7.7b). Again these two enzymes function simultaneously to oxidise 

theirr common substrate, pyruvate to Acetyl-CoA. PDHc activity during anaerobic 

nitratee and fumarate respiration has also been observed earlier (de Graef et al., 1999; 

Kaiserr and Sawers, 1994). 

Theree is no doubt that NADH is a significant in vivo electron donor in nitrate 

respirationn (Stewart, 1988). The potential electron donor may also be formate, although 

thee significance of formate as the electron donor in nitrate respiration in vivo has been 

questionedd (Stouthamer, 1976; Stouthamer el al., 1980). For the nitrate-respiring 

cultures,, to calculate the fluxes via PDHc and PFL, the assumption of 4 NADH 

oxidisedd per N03 reduced (4:1 stoichiometry) was made. This implies that NADH (but 

nott formate) was the sole electron donor for the respiratory chain (i.e. Ndh I or Ndhll 

a)) b) 

m MM Ni t ra te m M F u m a r a t e 

Fig.. 7.7. Effect of various nitrate (a) and fumarate (b) supply rates on in vivo 

fluxess via PFL (filled squares), PDHc (filled circles) and TCA (open triangles) 

inn glucose-limited E. coli cultures. 
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mediatedd reduction) (see Fig. 7.2). This assumption is justified by the following 

observations: : 

1).. Significant amounts of formate were produced at any nitrate concentration tested 

{Fig.. 7.5a), whereas the ethanol concentrations were significantly lowered {Fig. 7.4). 

Thiss suggests that NADH must be the principal electron donor for nitrate respiration. 

ass formate as a substrate for the respiratory chain would not result in NADH oxidation. 

2).. All nitrate was completely oxidized to ammonia since no significant residual 

amountt of nitrite nor nitrate was detectable. 

3).. The formate-dependent nitrate reductase Nrf {consuming 3 formate molecules per 

moleculee of nitrite reduced) is known to be strongly repressed by NarL under anaerobic 

conditionss in the presence of nitrate (Page et al., 1990; Tyson et al, 1994). 

4).. Using this assumption, a significant flux via PDHc is detected at nitrate 

concentrationss above 5 mM. When a similar assumption was used to calculate flux via 

PDHcc in a mutant lacking PDHc and growing under similar conditions, the flux in this 

mutantt was virtually zero (de Graef et al, 1999). 

7.3.55 Bioenergetcs of anaerobic respiration 

Inn the presence of an electron acceptor energy may be gained by both an increase in 

substratee level phosphorylation and by respiration. The former would be due to the fact 

thatt respiration is coupled to NADH oxidation, hence more ATP may be formed by 

substrate-levell  phosphorylation, coupled to acetate formation. Analysis of steady state 

fermentationn product formation rates allows one to calculate substrate- and electron-

transportt phosphorylation rates, with the assumption of a constant cell yield per mol of 

ATPP (YATP) (see also Chapter 6). 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 al,, 1993). The calculations give only the values on the 

actuall  ATP produced during oxidative phosphorylation (maintenance energy is not 

includedd in this values). 

Electronn transport phosphorylation rates for nitrate and fumarate respiring cultures are 

shownn in Fig. 7.8a. The analysis shows that nitrate and fumarate concentrations 

exceedingg 3 and 10 mM, respectively, yield a significant rate of electron transport 

drivenn ATP production. The maximal ETP (electron transport phosphorylation) rate 

186 6 



EffectEffect of nitrate and fumarate on glucose catabolism 
• • • • • • • • • • • • • • • • • • • • • • • • * » « * • • • • • • • • • • • • • • • * • • • • • » * • • • » • • • • * • • • • • • • * • • • * • • • * • • * • • • • • » * • • • • • 

a)) m M Fum a r a t e b) 
00 20 tZ 60 80 

55 H , 1 , 1 , 1 . 1—| 

00 5 10 15 20 0 5 10 IS 20 

m MM Ni t rate q e | m m o l g ' ' h " : ) 

Fig.. 7.8. Effect of various nitrate (circles, solid line) and fumarate (squares, 

dashedd line) supply rates on QATPIETPI (electron transport phosphorylation 

rate),, a) plotted versus nitrate (lower X-axis) and fumarate (upper X- axis) 

concentrat ionn in the medium, b) Electron transport phosphorylation rate as 

aa function of electron flow rate in microaerobic cultures (0-45% of 

aerobiosis,, open circles), and culture supplied with nitrate (closed circles) 

andd fumarate (squares) cultures. 

(qATP(ETP))) was observed at a supply of 10 mM nitrate and > 40 mM fumarate. 

Interestingly,, a nitrate supply above 10 mM resulted in decreasing ETP rates, possibly 

byy significant uncoupling activity at these concentrations. The ETP rate as a function 

off  respiration rates is compared for microaerobic cultures with O2 (0-45% of 

aerobiosis),, and nitrate- and fumarate-respiring cultures (Fig. 7.8b). The relevant e702, 

eTNCVV (reduced to NH3), and eVFumarate stoichiometrics that apply are 4. 8 and 2, 

respectively.. To allow comparison. ETP rates (qATP (ETPJ'S) are plotted versus electron 

transportt rate, instead of respiration rates. 

Itt is clear that whereas an increasing respiration rate resulted invariably in an 

increasingg electron transport phosphorylation rate in microaerobic cultures, the ATPETP 

formationn rate, due to either nitrate- or fumarate-respiration, is not a linear function of 

thee rate of electron flow. A change in the energetic efficiency of respiration, expressed 

ass the ATP/e' stoichiometry was derived from data on q..\TPii-.TP> and respiration rates 

andd is depicted as a function of the electron flow rate (respiration rate) for oxygen. 
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nitratee and fumarate respiring cultures on Fig. 7.9. The ATP e" stoichiomentry in 

oxygen-respiringg cultures showed two levels (Fig. 7.9a). At low respiration rates (i.e. < 

17mmol(e>> g" • h = below 50% of aerobiosis)) - 0.32 6 ATP is produced per mo 

off electrons transported and at higher rates this ratio shifts to a higher level (i.e. 0.52

0.02,, Fig. 7.9a). This contrasts with the energetic efficiency of fumarate and nitrate 

respiration.. The most efficient fumarate respiration was found in cultures, supplied 

withh 30 mM fumarate (Fig. 7.9c; ATP/e" = ; further increase of fumarate 

concentrationss resulted in a slight decrease in the ATP/e" stoichiometry to 0.19  0.03 

(att 75 mM fumarate). In nitrate respiring cultures increasing respiration rate resulted 

firstfirst in an increase in ATP/e" stoichiometry (Fig. 7.9b; a maximum of 0.22  0.02 was 

achievedd in cultures supplied with 10 mM nitrate). Increasing the nitrate supply above 

100 mM resulted in increasing respiration rates but decreasing ETP rates and 

consequentlyy decreasing ATP/e" stoichiometry. At 20 mM nitrate the contribution of 

electronn transport phosphorylation rates to energy conservation was hardly significant. 

a) ) b) ) 

q e '' j m r n o l g h" ] |<< [mmol g h qe"F : j .ö r„ ; , . ,, [mmo tg h 

Fig.. 7.9. Energetic efficiency of respiration (ATP/e stoichiometry) as a 

functionn of electron flow rate in cultures, respiring oxygen (a), nitrate (P), 

andd fumarate (c) in giucose-limited £. coli cultures. 

Thee decrease in ATP/e" stoichiometry may be either due to a change in the relative 

activityy of the alternative respiratory pathways (or the composition of the respiratory 

chain(s))) or due to an uncoupling effect of intermediates of respiration. Although 

fumaratee itself is nearly completely consumed in cultures supplied with high 

concentrationss of fumarate. the product of fumarate respiration, succinate reaches very 

highh concentrations (75mM) in the culture vessel. Being a weak acid, such high 

concentrationss of succinate may result in dissipation of the proton gradient. Similarly. 
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ann intermediate in nitrate respiration, nitrite, is known to inhibit respiratory energy 

couplingg (Meijer et al., 1979; Rake and Eagon, 1980). A small amounts of nitrite (~-

O.lmM)) was indeed observed when cells were supplied with a high nitrate 

concentrationss (20 mM). On the other hand, uncoupled electron transport is also 

possiblee during the nitrate reduction to ammonia if Nap functions in concert with Nir 

(seee Fig. 7.2), as well as during the reduction of fumarate to succinate, if Ndh II serves 

ass the primary electron acceptor from NADH (Fig. 7.1). 

E.E. coli adopted many compounds to serve as external electron acceptors. There are two 

importantt roles of an external electron acceptor - regeneration of NADH, produced 

duringg the oxidative carbon degradation and conservation of energy. Our results clearly 

showw that varying the amount of an electron acceptor may result in a broad range of 

differentt responses. Furthermore, cells respond to oxygen, nitrate and fumarate in a 

quantitativelyy similar manner. For example, the response to an oxygen supply 

correspondingg to 20% of aerobiosis is in many respects similar to lOmM nitrate and 

40mMM fumarate supply and they all correspond to similar electron flow rates of ca.7.5 

mmol(e~)g""  -h" . Use of even very high nitrate and fumarate concentrations, however, 

neverr fully provoke a response, similar to fully aerobic respiration, presumably due to 

sidee effects of toxic respiratory intermediates. In addition to the physiological response 

describedd here, we also observed that regulation of the expression of at least one 

(JbcApfl(JbcApfl operon) catabolic gene follows a similar pattern when the oxygen, nitrate or 

fumaratee supply was increased (chapter 3.3.2.2), indicating that this regulation is 

reliantt on a stimulus, which is the same under all these conditions. The implication is 

thatt not the nature of an external electron acceptor, but the relative amount (amount of 

glucosee (and even more exact, amount of reducing equivalent formed during substrate 

degradation)) per electron acceptor) may be of major physiological significance. 
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