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ABSTRACT  

Escherichia coli is one of the preferred bacteria for studies on the transition and 

regulation of respiration pathways because of the complexity of its respiratory 

chains. During aerobic growth, O2 serves as the electron acceptor for respiration. 

However, these organisms use a variety of compounds including nitrite (NO2
-) and 

nitrate (NO3
-) as the alternative electron acceptors during anaerobic growth. In this 

review, biochemical, genomic and proteomics studies were discussed to reveal the 

effects of alternative electron acceptors on gene expression. Transitions in gene and 

protein expressions were investigated. Bioinformatics database resources were also 

provided to investigate the integrated system biological data. Overall, the respiratory 

systems of Escherichia coli can be sketched to a great extent to adapt to the rapid 

and constant changes of the environments. 

 

INTRODUCTION  

Bacteria have the ability to adapt to their environmentally changes constantly and 

rapidly in order to survive. Enterobacteria such as Escherichia coli are facultative 



aerobes. During aerobic growth, O2 serves as the electron acceptor for respiration. 

However, these organisms use a variety of compounds including nitrite (NO2
-) and 

nitrate (NO3
-) as the alternative electron acceptors for respiration during anaerobic 

growth [1]. Escherichia coli is one of the preferred bacteria for studies on the 

transition and regulation of respiration pathways because the complexity of its 

respiratory chains. In addition, the configurations of the central metabolic pathways 

are also shifted constantly in order to maintain the overall balance [2]. Thus the 

diversity and variability of the global gene expression map is an intricate question to 

answer comprehensively. 

As a model organism in modern biotechnology, the nucleotide sequences of many 

respiratory enzymes have been known and most of the enzymes have been isolated 

and characterized. Escherichia coli is one of the earliest organism to be suggested for 

whole genome sequencing and the complete genome sequence of Escherichia coli 

K-12 was available in 1997 [3]. Furthermore, due to the development of recent 

proteomics techniques, data from Escherichia coli proteomic studies provides a gate 

to reveal the global protein expression patterns [4]. 

In this review, biochemical, genomic and proteomics studies will be discussed to 

integrate a vast resource of knowledge in order to comprehensively investigate the 

adaptation of the respiratory systems of Escherichia coli. 

 

AEROBIC AND ANAEROBIC RESPIRATORY CHAINS 

As facultative aerobes, Escherichia coli can adapt to numerous aerobic and anaerobic 

respiratory systems. The synthesis of terminal respiratory enzymes is subject to 

hierarchical control [5] with oxygen used primary and nitrate second, following by 

the other acceptors [6]. Respiratory chain composition is adjusted in response to the 

environment in order to maintain the optimal metabolic balance [7]. The first level of 

hierarchical control involves response to oxygen. Aerobic cultures synthesize only 

basal levels of anaerobic respiratory enzymes, while adaptation to anaerobic growth 

is regulated by two global transcription factors, FNR (fumarate and nitrate reductase 

regulator) and ArcA (anaerobic respiratory control) [8]. The second level of 

hierarchical control, superimposed on Fnr control, involves response to nitrate, is 

acting through the Nar dual two component system [9, 10]. 

The respiratory chains of Escherichia coli are composed of a vast number of 

dehydrogenases, oxidases and reductases. The expressions of these enzymes are 



regulated by these regulators. Oxygen is the preferred electron acceptor, thus the 

anaerobic respiratory enzymes are repressed during aerobic growth. During 

anaerobic growth, nitrate represses other terminal reductases, such as fumarate or 

DMSO reductases. Energy conservation is maximal with O2 and lowest with fumarate 

[1]. Responses regarding to oxygen is regulated by a two-component regulatory 

system consisting of a membrane bound sensor protein ArcB and a response 

regulator ArcA [11]. ArcA/ArcB signal transduction system regulates gene expression 

in response to the redox conditions of growth. Genetic screens have lead to the 

identification of about 30 ArcA/ArcB controlled operons that are involved in redox 

metabolism. Using oligonucleotide-based microarray analysis, ArcA-P-dependent 

transcription profile was revealed and 55 new Arc- regulated operons were 

identified. The data also suggest that the Arc response pathway, which translates 

into a net global downscaling of gene expression, overlaps partly with the FNR 

regulatory network [12]. 

The transcription factor FNR is a cytoplasmic protein that responds to oxygen with a 

sensory and a regulatory DNA-binding domain. FNR is the regulator of genes 

required for anaerobic respiration and related pathways [13]. The current microarray 

data confirmed 31 of the previously characterized FNR-regulated operons. Forty four 

operons not previously known to be included in the FNR regulon were activated by 

FNR, and a further 28 operons appeared to be repressed. The FNR regulon therefore 

includes at least 103 and possibly as many as 115 operons [14]. The iron-sulfur 

cluster in FNR undergoes a reversible process that transfers between active and 

inactive status by the reduction -oxidation reaction [15]. 

Synthesis of most anaerobic respiratory pathways is subject to dual regulation by 

anaerobiosis and nitrate. Anaerobic induction is mediated by the FNR protein while 

the dual two component sensor/regulator systems control induction and repression 

of genes in response to nitrate/nitrite [16]. The cognate sensor proteins NARX and 

NARQ monitor the availability of nitrate and nitrite, and control the activity of the 

NARL and NARP DNA-binding proteins by phosphorylation [17, 18]. In addition, 

Assimilatory enzyme synthesis is induced by ammonium limitation via the NTRC 

protein [19] and further induced by nitrate or nitrite via the NASR protein, which may 

act as a transcription antiterminator [20]. 

 

EFFECTS OF ALTERNATIVE ELECTRON ACCEPTORS ON GENE EXPRESSION: 

GENOMIC STUDY 



Recent microarray studies have identified FNR and Nar regulons comprehensively 

[21]. Microarray data supplemented with bioinformatic data revealed that the FNR 

regulon includes at least 104, and possibly as many as 115, operons, 68 of which are 

activated and 36 are repressed during anaerobic growth [14]. A total of 51 operons 

were directly or indirectly activated by NarL in response to nitrate; a further 41 

operons were repressed. Global repression by the nitrate- and nitrite-responsive 

two- component system, NarQ-NarP, was shown for the first time. In contrast with 

the frdABCD, aspA and ansB operons that are repressed only by NarL, the dcuB-fumB 

operon was among 37 operons that are repressed by NarP [21]. The transcription of 

genes coding for narXL operon in Escherichia coli is controlled by ModE protein, a 

molybdate sensor/regulator and a second protein, MoeA. The global gene 

expression profile of a wild type and a modE, moeA double mutant grown in 

glucose-minimal medium under anaerobic conditions were compared. Expression of 

67 genes was affected by the modE and moeA mutations [22]. 

Transcript microarray studies identified the yeaR-yoaG operon, encoding proteins of 

unknown function, among genes whose transcription is induced in response to 

nitrate, nitrite, or nitric oxide. All known Nar-activated genes also require the 

oxygen- responsive Fnr transcription activator. However, further studies indicated 

that yeaR-yoaG operon transcription does not require Fnr activation. The yeaR-yoaG 

operon transcription is activated by phospho- NarL protein independent of the Fnr 

protein and the phospho-NarL protein binding site is centered at position -43.5 with 

respect to the transcription initiation site [23]. YeaR-yoaG operon transcription was 

shown to be regulated by the nitric oxide-responsive NsrR repressor [24] and 

mutational analyses reveal the individual contributions of the Nar and NsrR 

regulators to overall yeaR-yoaG operon expression and document the NsrR operator 

centered at position -32. Thus, control of yeaR-yoaG operon transcription provides 

an example of overlapping regulation by nitrate and nitrite, acting through the Nar 

regulatory system, and nitric oxide, acting through the NsrR repressor [25] and the 

genome- wide identification of binding sites for NsrR has been preformed [26]. In 

addition, enzymes involved in fumarate respiration include fumarate reductase, 

fumarase B, which generates fumarate from malate, and the DcuB permease for 

fumarate, malate, and aspartate. The transcription of the corresponding genes is 

activated by the DcuS-DcuR two-component system in response to fumarate or its 

dicarboxylate precursors. Microarray experiments that revealed two previously 

unknown members of the NarL regulon: the aspA gene encoding aspartate-ammonia 

lyase, which generates fumarate; and the dcuSR operon encoding the 

dicarboxylate-responsive regulatory system [27]. 



 

EFFECTS OF ALTERNATIVE ELECTRON ACCEPTORS ON PROTEIN 

EXPRESSION: PROTEOMIC STUDY 

The Escherichia coli proteome has been extensively studied and is well defined in 

terms of biochemical, biological, and biotechnological data [4]. It has been shown 

that the expression of catabolic enzymes and periplasmic proteins is regulated by pH 

and the modes of pH regulation were revealed under anaerobiosis using proteomic 

two-dimensional gels approach. A total of 32 proteins from anaerobic cultures show 

pH-dependent expression, and four of these proteins (DsbA, TnaA, GatY, and HdeA) 

showed pH regulation in aerated cultures. The levels of 19 proteins were elevated at 

the high pH; these proteins included metabolic enzymes, periplasmic proteins, and 

stress proteins. On the other hand, 13 other proteins were induced by acid; these 

proteins included metabolic enzymes, periplasmic proteins and redox enzymes [28]. 

A proteomic analysis of Escherichia coli in which 3,199 protein forms were detected, 

and of those 2,160 were annotated and assigned to the cytosol, periplasm, inner 

membrane, and outer membrane by biochemical fractionation followed by 

two-dimensional gel electrophoresis and tandem mass spectrometry [29]. Relatively, 

Escherichia coli proteome is one of the most characterized bank and a reference 

protein map of E. coli obtained with immobilized pH gradients (IPG) and available in a 

SWISS-2DPAGE format [30]. Differential expression data to investigate proteins under 

anaerobic conditions with or in the absence of nitrate can also be found [29]. 

 

DATABASE RESOURCE 

 Owing to its model role in modern biology, Escherichia coli are the best-studied 

organism for the respiratory pathways. Many bioinformatic databases have already 

existed, such as NCBI, ExPASy and so on. A comprehensive view of Escherichia coli 

biology can be found at the EcoCyc [31]. EcoCyc is a member of a larger collection of 

Pathway/ Genome Databases (PGDBs) called BioCyc available at http://Biocyc.org/. 

The EcoCyc database (http://EcoCyc.org/) provides comprehensive source of 

Escherichia coli K12 including operons, genetic networks, transcription factor binding 

sites, metabolic pathways, functionally related genes, protein complexes and 

protein–ligand interactions. The information regarding to the respiratory systems of 

Escherichia coli can be obtained with the integrated system biological data. 

 



CONCLUDING REMARKS 

In summary, Escherichia coli are facultative aerobes and therefore can adapt to a 

number of respiratory pathways constantly and rapidly. During aerobic growth, O2 

serves as the electron acceptor for respiration. For the duration of anaerobic growth, 

these organisms use a variety of compounds including nitrite (NO2
-) and nitrate (NO3

-) 

as the alternative electron acceptors for respiration. The key enzymes and regulators 

have been identified extensively, where adaptation to anaerobic growth is regulated 

by two global transcription factors, FNR and ArcA. In addition, adaptation to nitrate 

and alternative electron acceptors is acting through the Nar dual two component 

system. Owning to the rapid developments of genomic and proteomics techniques, 

the respiratory systems of Escherichia coli can be investigated globally with hundreds 

and thousands genes investigated simultaneously. In this review, recent studies to 

explore the regulations of the respiratory chains in Escherichia coli were discussed 

with emphasis in genomic and proteomics updates. By integrating the system 

biological data, the adaptation of the respiratory systems of Escherichia coli can be 

sketched to a great extent. 

 

FOOTNOTES  

*Corresponding author, e-mail: joannawu@mail.mcu.edu.tw 

 

REFERENCES 

1. Unden, G., and Bongaerts, J. 1997. Alternative respiratory pathways of 

Escherichia coli: energetics and transcriptional regulation in response to electron 

acceptors. Biochim. Biophys. Acta. 1320:217-34. 

2. Gennis, R. B., and Stewart, V. 1996. Respiration, p. 217-286. In F. C. Neidhart (ed.), 

Escherichia coli and Salmonella. Cellular and Molecular Biology, 1st ed. ASM Press, 

Washington, DC. 

3. Blattner, F. R., Plunkett, G., Bloch, C. A., Perna, N. T., Burland, V., Riley, M., 

Collado-Vides, J., Glasner, J. D., Rode, C. K., Mayhew, G. F., Gregor, J., Davis, N. W., 

Kirkpatrick, H. A., Goeden, M. A., Rose, D. J., Mau, B., and Shao, Y. 1997. The 

complete genome sequence of Escherichia coli K-12. Science. 277:1453-74. 

4. Han, M. J., and Lee, S. Y., 2006. The Escherichia coli proteome: past, present, and 

future prospects. Microbiol. Mol. Biol. Rev. 70:362-439. 



5. Goh, E. B., Bledsoe, P. J., Chen, L. L., Gyaneshwar, P., Stewart, V., and Igo, M. M. 

2005. Hierarchical control of anaerobic gene expression in Escherichia coli K-12: 

the nitrate-responsive NarX-NarL regulatory system represses synthesis of the 

fumarate-responsive DcuS-DcuR regulatory system. J. Bacteriol. 187:4890-9. 

6. Stewart, V. 1988. Nitrate respiration in relation to facultative metabolism in 

enterobacteria. Microbiol. Rev. 52:190–232. 

7. Tran, Q. H., and Unden, G. 1998. Changes in the proton potential and the cellular 

energetics of Escherichia coli during growth by aerobic and anaerobic respiration 

or by fermentation. Eur. J. Biochem. 251:538–543. 

8. Shalel-Levanon, S., San, K. Y., and Bennett, G. N. 2005. Effect of oxygen, and ArcA 

and FNR regulators on the expression of genes related to the electron transfer 

chain and the TCA cycle in Escherichia coli. Metab Eng. 7:364-74. 

9. Stewart, V. 1994. Dual interacting two- component regulatory systems mediate 

nitrate- and nitrite-regulated gene expression in Escherichia coli. Res. Microbiol. 

145:450-4. 

10. Stewart, V. 1994. Regulation of nitrate and nitrite reductase synthesis in 

enterobacteria. Antonie Van Leeuwenhoek. 66:37-45. 

11. Sawers, G. 1999. The aerobic/anaerobic interface. Curr. Opin. Microbiol. 2:181-7. 

12. Liu, X., and De Wulf, P. 2004. Probing the ArcA-P modulon of Escherichia coli by 

whole genome transcriptional analysis and sequence recognition profiling. J. Biol. 

Chem. 279:12588-97. 

13. Unden, G., Achebach, S., Holighaus, G., Tran, H. G., Wackwitz, B., and Zeuner, Y. 

2002. Control of FNR function of Escherichia coli by O2 and reducing conditions. J. 

Mol. Microbiol. Biotechnol. 4:263-8. 

14. Constantinidou, C., Hobman, J. L., Griffiths, L., Patel, M. D., Penn, C. W., Cole, J. A., 

and Overton, T. W. 2006. A reassessment of the FNR regulon and transcriptomic 

analysis of the effects of nitrate, nitrite, NarXL, and NarQP as Escherichia coli K12 

adapts from aerobic to anaerobic growth. J. Biol. Chem. 281:4802-15. 

15. Jervis, A. J., Crack, J. C., White, G., Artymiuk, P. J., Cheesman, M. R., Thomson, A. 

J., Le Brun, N. E., and Green, J. 2009. The O2 sensitivity of the transcription factor 

FNR is controlled by Ser24 modulating the kinetics of [4Fe-4S] to [2Fe-2S] 

conversion. Proc. Natl. Acad. Sci. U S A. 106:4659- 64. 

16. Stewart, V. 1993. Nitrate regulation of anaerobic respiratory gene expression in 

Escherichia coli. Mol. Microbiol. 9:425-34. 

17. Stewart, V., and Bledsoe, P. J. 2003. Synthetic lac operator substitutions for 

studying the nitrate- and nitrite-responsive NarX-NarL and NarQ-NarP 

two-component regulatory systems of Escherichia coli K-12. J. Bacteriol. 

185:2104-11. 



18. Noriega, C. E., Schmidt, R., Gray, M. J., Chen, L. L., and Stewart, V. 2008. 

Autophosphorylation and dephosphorylation by soluble forms of the 

nitrate-responsive sensors NarX and NarQ from Escherichia coli K-12. J Bacteriol. 

190:3869-76. 

19. Zumft, W. G. 2002. Nitric oxide signaling and NO dependent transcriptional 

control in bacterial denitrification by members of the FNR-CRP regulator family. J. 

Mol. Microbiol. Biotechnol. 4:277-86. 

20. Wu, S. Q., Chai, W., Lin, J. T., and Stewart, V. 1999. General nitrogen regulation of 

nitrate assimilation regulatory gene nasR expression in Klebsiella oxytoca M5al. J. 

Bacteriol. 181:7274-84. 

21. Overton, T.W., Griffiths, L., Patel, M.D., Hobman, J. L., Penn, C. W., Cole, J.A., and 

Constantinidou, C. 2006. Microarray analysis of gene regulation by oxygen, nitrate, 

nitrite, FNR, NarL and NarP during anaerobic growth of Escherichia coli: new 

insights into microbial physiology. Biochem. Soc. Trans. 34:104-7. 

22. Tao, H., Hasona, A., Do, P. M., Ingram, L. O., and Shanmugam, K. T. 2005. Global 

gene expression analysis revealed an unsuspected deo operon under the control 

of molybdate sensor, ModE protein, in Escherichia coli. Arch. Microbiol. 

184:225-33. 

23. Lin, H. Y., Bledsoe, P. J., and Stewart, V. 2007. Activation of yeaR-yoaG operon 

transcription by the nitrate-responsive regulator NarL is independent of 

oxygen-responsive regulator Fnr in Escherichia coli K-12. J. Bacteriol. 

189:7539-48. 

24. Filenko, N., Spiro, S., Browning, D. F., Squire, D., Overton, T. W., Cole, J., and 

Constantinidou, C. 2007. The NsrR regulon of Escherichia coli K-12 includes genes 

encoding the hybrid cluster protein and the periplasmic, respiratory nitrite 

reductase. J. Bacteriol. 189:4410-4417. 

25. Tucker, N. P., Hicks, M. G., Clarke, T. A., Crack, J. C., Chandra, G., Le Brun, N. E., 

Dixon, R., and Hutchings, M. I. 2008. The transcriptional repressor protein NsrR 

senses nitric oxide directly via a [2Fe-2S] cluster. PLoS One. 3:3623. 

26. Efromovich, S., Grainger, D., Bodenmiller, D., and Spiro, S. 2008. Genome-wide 

identification of binding sites for the nitric oxide-sensitive transcriptional 

regulator NsrR. Methods Enzymol. 437:211-33. 

27. Kleefeld, A., Ackermann, B., Bauer, J., Krämer, J., and Unden, G. 2009. The 

fumarate/succinate antiporter DcuB of Escherichia coli is a bifunctional protein 

with sites for regulation of DcuS-dependent gene expression. J. Biol. Chem. 

284:265-75. 



28. Yohannes, E., Barnhart, D. M., and Slonczewski, J. L. 2004. pH-dependent 

catabolic protein expression during anaerobic growth of Escherichia coli K-12. J. 

Bacteriol. 186:192-9. 

29. Lopez-Campistrous, A., Semchuk, P., Burke, L., Palmer-Stone, T., Brokx, S. J., 

Broderick, G., Bottorff, D., Bolch, S., Weiner, J. H., and Ellison, M. J. 2005. 

Localization, annotation and comparison of the Escherichia coli K-12 proteome 

under two states of growth. Mol. Cell. Proteomics 4:1205– 1209. 

30. Pasquali, C., Frutiger, S., Wilkins, M. R., Hughes, G. J., Appel, R. D., Bairoch, A., 

Schaller, D., Sanchez, J. C., and Hochstrasser., D. F. 1996. Two dimensional gel 

electrophoresis of Escherichia coli homogenates: the Escherichia coli SWISS- 

2DPAGE database. Electrophoresis 17:547–555. 

31. Keseler, I. M., Bonavides-Martínez, C., Collado-Vides, J., Gama-Castro, S., 

Gunsalus, R. P., Johnson, D. A., Krummenacker, M., Nolan, L. M., Paley, S., Paulsen, 

I. T., Peralta-Gil, M., Santos-Zavaleta, A., Shearer, A. G., and Karp, P. D. 2009. 

EcoCyc: A comprehensive view of Escherichia coli biology. Nucleic Acids Res. 

37(Database issue): D464–D470. 

 

Ming Chuan-Health Tech Jounal, 2010, Vol. 1, No. 1, e1 

©This is an Open Access article distributed under the terms of the Creative Commons Attribution 

License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited. 

 


