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Synopsis 

This study was designed to determine the regulatory network that controls expression 

from two Escherichia coli K-12 promoters, pyeaR and pogt, during anaerobic growth. These 

promoters were identified from transcriptomic studies as being positively regulated by NarL 

independently of FNR, the master regulator of anaerobic respiration. Biochemical and genetic 

analyses presented in this study confirmed that expression from both the yeaR and ogt 

promoters is dependent upon NarL, which binds to a single site in the yeaR promoter and two 

sites in the ogt promoter. The nucleoid-associated protein, Fis, repressed transcription from 

both promoters, especially in rich medium, by binding to sites that overlap the NarL site, 

excluding the essential activator.  

Both promoters were more active in the absence of functional FNR. However, 

mutational analysis revealed that FNR does not bind to the yeaR promoter region, so this effect 

is indirect. How the absence of functional FNR might affect NarL-dependent nitrite signalling 

was investigated.  

The Ogt protein is known function as an O6-alkyguanine methyltransferase. However, 

the functions of the gene products of yeaR-yoaG and another operon implicated in nitrosative 

stress management, hcp-hcr, were unknown. Strains carrying a chromosomal yeaR-yoaG 

deletion were not more sensitive to nitric oxide or hydroxylamine compared with the parental 

strain, suggesting that the products of this operon are not essential for dealing with these toxic 

nitrogen species. Conversely, a strain deleted in hcp-hcr was shown to be slightly more 

sensitive to both nitric oxide and hydroxylamine, implicating Hcp and Hcr in nitrosative stress 

management.  
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Chapter 1  

Introduction 

The facultatively anaerobic bacterium Escherichia coli, and its life in the 

mammalian gut 

The Gram-negative enterobacterium, Escherichia coli, is found in many diverse 

environments including the mammalian gut (Drasar et al., 1966). As a result of its lifestyle, E. 

coli must be able to adapt from the aerobic environment outside the host to the anaerobic 

environment in the gastro-intestinal tract (Cole, 1996). Within the host, E. coli uses an array of 

alternative electron acceptors in order to respire efficiently in the absence of oxygen 

(Richardson, 2000). The two most powerful oxidants available in the mammalian gut are 

nitrate (NO3
-) and nitrite (NO2

-), which E. coli can reduce readily to ammonia (reviewed by 

Cole, 1996; Saul et al., 1981). When inhabiting the gastrointestinal tract, E. coli must be able to 

protect itself from host defences, which generate an array of cytotoxic nitrogen-based 

chemicals to destroy the bacterium, as well as the toxic intermediates E. coli and other bacteria 

sharing the gastro-intestinal tract produce during anaerobic nitrate respiration (Bogdan et al., 

2000; Nathan, 1997; Nathan and Shiloh, 2000). Several systems have been identified in E. coli 

that reduce or detoxify nitric oxide. However, many other genes, some of unknown function, 

have been implicated as being involved in nitrosative stress management (Constantinidou et 

al., 2006). This study aims to discover how E. coli regulates the expression of genes of 

unknown function that are implicated in nitrosative stress tolerance. Therefore, this chapter will 

describe: how and when E. coli is likely to encounter nitric oxide while growing in an 

anaerobic environment; how the bacterium is able to detect nitric oxide and its precursor 

molecules; the mechanisms by which E. coli can detoxify NO or repair the damage it has 

caused and how E. coli regulates the expression of specific genes at the transcription level.  
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The environmental nitrogen cycle 

The element nitrogen is an essential component of many biological molecules, most 

importantly in proteins and nucleic acids. It is present in the environment in redox states from 

+5 to -3 and is inter-converted between these states by highly specialised enzymes, many of 

which contain metal iron cofactors (reviewed by Richardson and Watmough, 1999). The inter-

conversion of nitrogen between varying oxidation states, facilitated by biological, geological 

and chemical catalysts, forms the basis of the global nitrogen cycle. Within this complex cycle, 

bacteria play a key role. Assimilation of di-nitrogen gas (N2) into organic matter, otherwise 

known as nitrogen fixation, is facilitated by a more limited number of bacterial species, which 

possess nitrogenase enzymes. Denitrification, or the reduction of nitrate and nitrite to nitric 

oxide (NO), nitrous oxide (N2O) and di-nitrogen (N2), is a conserved respiratory pathway 

utilised by denitrifying bacteria (reviewed by Berks et al., 1995a; Ferguson, 1998).  

The reduction of nitrate to nitrite and the successive reduction of nitrite to other 

nitrogen oxides play a key role in the loss of fixed nitrogen from the environment. The 

eventual production of nitrous oxide, a greenhouse gas, from the reduction of nitric oxide by 

bacteria has led to world wide interest in the biogeochemical nitrogen cycle and the 

introduction of control on the use of N-fertilisers in agriculture (Butler, 2003; Lane, 2007).  

The enteric bacterium E. coli is able to use a number of enzymes to capitalise on the 

presence of nitrate and other alternative electron acceptors. Using these alternatives, either in 

the host or in the environment, E. coli is able to respire efficiently in the absence of oxygen 

(Richardson, 2000). The ability of E. coli to switch from aerobic to anaerobic growth is 

fundamental to its life as an intestinal pathogen as well as an environmental bacterium, and is 

therefore the subject of intense study (Cole, 1996; Lundberg et al., 2004). Although the 

regulation and function of many aspects of nitrate metabolism are well understood, recent 

insights into the endogenous generation of nitric oxide and other toxic nitrogen species during 

nitrite reduction has raised interest in the subject. One key aspect, which is the focus of this 
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study, is how E. coli is able to detoxify or remove the cytotoxic reactive nitrogen species such 

as nitric oxide that it generates itself during anaerobic nitrite metabolism (Corker and Poole, 

2003). The resistance of pathogenic E. coli to reactive nitrogen species may also play a part in 

the resistance of the bacterium to host phagocytic cells that generate NO to kill engulfed 

bacteria (Bogdan et al., 2000; Fang, 2004; Nathan and Shiloh, 2000).  

Anaerobic nitrate respiration in E. coli 

In order to respire efficiently, the bacterium must find a suitable alternative electron 

acceptor in order to generate energy in the form of proton motive force (reviewed by 

Richardson, 2000). These alternatives include nitrate, nitrite, TMAO, DMSO and fumarate. 

The most powerful oxidant, when oxygen in unavailable, is nitrate, which can be reduced via 

specific enzymes known as the nitrate reductases (Bonnefoy and Demoss, 1994; Ferguson, 

1998; Richardson, 2000). The chromosome of E. coli encodes three distinct nitrate reductases 

that all catalyse the reduction of nitrate to nitrite but are synthesised under different conditions 

(Blattner et al., 1997). This study is concerned mainly with dissimilatory nitrate reductases, 

which generate energy via the coupling of nitrate reduction to the generation of ∆p, or proton 

motive force, and generate reactive nitrogen species as a consequence. E. coli has three 

dissimilatory nitrate reductases: two homologous membrane bound reductases, NAR, and one 

soluble periplasmic reductase, NAP (Philippot and Hojberg, 1999)(fig. 1.1). 

The nitrate reductase, NarGHI 

The membrane bound nitrate reductase A (NRA), also known as NarGHI, is composed 

of three major protein subunits: α, β and γ (encoded by narG, H and I, respectively) as well the 

auxiliary subunit, NarJ. The γ-subunit, encoded by narI, is a transmembrane protein that inserts 

into the cytoplasmic membrane of the cell and anchors the rest of the nitrate reductase to the 

membrane (Berks et al., 1995b). The γ-protein is able to accept electrons donated by reduced 

NADH, via the quinol pool, using a high potential b-type haem group co-ordinated in the γ 
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Figure 1.1 Anaerobic nitrate ammonification in the cytoplasm and periplasm of 

E. coli

Two pathways for nitrate ammonification via nitrite are present in E. coli. The first, 

cytoplasmic pathway includes the nitrate reductase A encoded by narGHI, which 

reduces nitrate to nitrite in the cytoplasm, and the soluble, cytoplasmic, NADH-

dependent nitrite reductase, NirB. Nitrate reduction by this pathway is coupled to 

energy generation by the expulsion of protons by NarGHI, however, NirB-

dependent nitrite reduction is not coupled to proton translocation. The second 

pathway reduces nitrate to ammonia in the periplasm via the nitrate reductase, Nap, 

and the c-type cytochrome nitrite reductase, NrfA. A third nitrate reductase 

homologous to NarGHI, NarZYW, is also able to reduce nitrate to nitrite in the 

cytoplasm.
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 subunit (Hackett and Bragg, 1983). The reduction of the haem group and the subsequent 

oxidation of the quinol pool leads to the expulsion of two protons (H+) into the periplasmic 

space, resulting in the generation of ∆p (Garland et al., 1975). This gradient of protons across 

the cytoplasmic membrane drives the production of ATP via ATPase (Garland et al., 1975). 

Electrons are then passed to a lower potential haem group in the γ subunit before eventually 

being passed, via two iron-sulphur centres in the β subunit, to the catalytic subunit, NarG. The 

large globular β-subunit contains 4 iron-sulphur centres, 1 [3Fe-4S] centre and 3 [4Fe-4S] 

centres. The two electrons, donated by the quinol pool and passed from the γ-subunit through 

the β-subunit, are donated to an iron-sulphur cluster present in the α-subunit, NarG. The 

electrons are then donated to a covalently bound molybdopterin cofactor that catalyses the 

reduction of nitrate to nitrite according to the following equation: 2H+ + NO3
- + 2e- � NO2

- + 

H2O. This coupling of nitrate reduction with the generation of ∆p allows E. coli to respire 

efficiently (fig 1.2).  

The nitrate reductase, NarZWY 

The second membrane-bound nitrate reductase, nitrate reductase Z (NRZ), is a 

homologue of the NarGHI and is thus termed NarZYW (Iobbi et al., 1987). This nitrate 

reductase shows considerable similarity to NarGHI and has been shown to have a similar αβγ-

subunit arrangement (Blasco et al., 1990). NarZYW has also been shown to contain a 

molybdopterin cofactor and an iron-sulphur centre in the α- subunit, similar to NarG (Blasco et 

al., 1990). The action of the two enzymes has been shown to be functionally similar by 

creating a protein ‘chimera’ by associating the β and γ subunits of NarZYW with the α-subunit 

of NarGHI to give an active and functional membrane bound nitrate reductase (Blasco et al., 

1992). Unlike the expression of the major nitrate reductase-encoding genes, narGHI, the 

expression of narZYW is insensitive to the presence or absence of oxygen or nitrate and is 

synthesised at a low level during exponential growth (Iobbi et al., 1987). However, this
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Figure 1.2. Electron transfer and nitrate reduction by the nitrate 

reductase, NarGHI

Electrons donated from NADH via the quinol pool are passed to the γ-subunit 

of the nitrate reductase A. These electrons are then transported via the two b-

type haems contained in the γ-subunit, through the iron-sulphur centres of the 

β-subunit to the molybdopterin cofactor of the catalytic α-subunit, NarG. 

Nitrate reduction to nitrite occurs in the cytoplasm and is coupled to the 

expulsion of 2H+ into the periplasm and the generation of ∆p.
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expression is increased upon entry into stationary phase and is highly, but not entirely 

dependent upon the alternative sigma factor, RpoS, suggesting that this nitrate reductase might 

be synthesised to allow the bacterium to utilise nitrate under stress-associated conditions 

(Chang et al., 1999). 

The periplasmic nitrate reductase, Nap 

The third, soluble, nitrate reductase of E. coli is the periplasmic nitrate reductase, Nap. 

Although the chemical reduction of nitrate to nitrite is conserved, the structure of the protein 

and the mechanism of the reduction are considerably different. This protein is widespread 

among bacteria that inhabit vastly different environments in soil and sediment (Carter et al., 

1995), as well as in a number of denitrifiers, non-sulphur photosynthetic bacteria and 

enterobacteria (Potter et al., 2001). The periplasmic nitrate reductase is a molybdenum-

containing enzyme complex that is active in the periplasm of E. coli (Potter and Cole, 1999). 

All of the nap genes are encoded by the operon napFDAGHBC and are expressed in the 

presence of low levels of nitrate (Wang et al., 1999). The nap operon is followed immediately 

on the chromosome by the ccm operon, which encodes the machinery essential for c-type 

cytochrome maturation (Tanapongpipat et al., 1998). The catalytic subunit of Nap, NapA, has 

also been shown to contain an essential Mo-bis-MGD cofactor and a [4Fe-4S] iron-sulphur 

centre (Gates et al., 2003). The mechanism of nitrate reduction by Nap is not directly coupled 

to the generation of ∆p in E. coli and therefore it is suggested that Nap could fulfil a role in 

dissipating excess reducing power when growing on very reduced carbon substrates (Brondijk 

et al., 2004; Sears et al., 1997).  

One consequence of the anaerobic, cytoplasmic reduction of nitrate is the production of 

toxic nitrite, which quickly accumulates in nitrate-respiring bacteria (Cole, 1996). To counter 

this effect, the regulation of nitrate reductase A is coupled with the regulation of narK, which 

encodes a nitrite efflux protein that actively pumps nitrite out of the cell (Clegg et al., 2002; 
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DeMoss and Hsu, 1991). Alternatively, E. coli can reduce any nitrite present, whether nitrite is 

encountered as a side-product of nitrate reduction or free in the environment. 

The soluble cytoplasmic, NADH-dependent nitrite reductase, NirB 

As with nitrate reduction, E. coli has evolved two independent enzymes that are capable 

of the 6-electron reduction of nitrite to ammonia, nrfA and nirB (shown below).  

NO2
- + 6e- + 8H+ � NH4

+ + 2H2O 

This duplication is not a case of genetic redundancy as the enzymes are differentially regulated, 

mechanistically distinct and fulfil different physiological roles (Page et al., 1990; Wang and 

Gunsalus, 2000). The soluble cytoplasmic nitrite reductase, NirB, is a sirohaem-containing 

enzyme that can catalyse the 6e- reduction of nitrite to ammonia. NirB activity is dependent 

upon the coordinate oxidation of NADH, which donates the required electrons to NirB. The 

role of NirB is suggested to be the detoxification of accumulated nitrite during nitrate 

reduction, due to the coordinate regulation of nirB with narGHI in high levels of nitrate (Wang 

and Gunsalus, 2000). The regulation of nirB by oxygen and nitrate, via FNR and the two 

component regulators NarXL and NarQP, will be discussed later in the chapter. Due to the 

soluble, cytoplasmic nature of NirB, no membrane potential (∆p) is generated by the NADH-

dependent reduction of nitrite (Page et al., 1990).  

The periplasmic cytochrome-c nitrite reductase, NrfA 

The second membrane-bound, cytochrome-c nitrite reductase, NrfA, couples the 

reduction of nitrite with the oxidation of formate. The catalytic subunit of the Nrf reductase, 

NrfA, is dependent upon the coordination of 5 covalently-bound haem groups (Eaves et al., 

1998). The Nrf enzyme complex consists of a periplasmic facing, pentahaem c-type 

cytochrome (NrfA) clustered with a periplasmic pentahaem cytochrome (NrfB), a periplasmic 

iron-sulphur protein containing 4 [4Fe-4S] centres (NrfC) and a membrane-bound quinol 

dehydrogenase (NrfD) (Hussain et al., 1994). The reduction of nitrite by Nrf and the coordinate 
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oxidation of formate via the quinol pool leads to the generation of a proton gradient, 

conserving energy. 

Nitric oxide formation and nitrosative stress 

The production of endogenous nitric oxide in E. coli is generally attributed to the 

activity of both nitrite reductases, NirB and NrfA (Corker and Poole, 2003; Weiss, 2006). 

Nitric oxide is generated by the 1-electron reduction of nitrite according to the equation: NO2
- 

+ 2H+ + 1e- � NO. + H2O. E. coli may also encounter nitric oxide produced by other 

gastrointestinal bacteria as well as nitric oxide produced chemically from nitrite in an acidified 

environment (Benjamin et al., 1994; McKnight et al., 1997). The systems used by E. coli to 

remove or detoxify NO may also represent significant virulence factors in pathogenic strains as 

nitric oxide is also a key bactericidal molecule generated by macrophages to kill bacteria 

(reviewed by Fang, 2004).  

Nitric oxide is highly reactive and will react with other chemicals present in the cell to 

make secondary toxic intermediates as well as with metal centres, including iron, to form 

nitrosyl adducts. The iron-sulphur centres of metabolic enzymes, such as aconitase B and 

fumarase A, and iron-dependent transcriptional regulators such as FNR and Fur, can be de-

activated by nitric oxide by the formation of iron-nitrosyl adducts (Cruz-Ramos et al., 2002; 

D'Autreaux et al., 2004; Justino et al., 2007; Kennedy et al., 1997). Iron-sulphur centres 

involved in electron transport in respiratory chains seem unaffected by NO and it is possible 

that NO can bind only to iron-sulphur centres that are accessible at the active sites of enzymes 

with substrate channels. 

 The related reactive nitrogen species NO, NO- and NO+, all have unique chemistries 

and react differently in the cell (Hughes, 1999). Nitrosation of cellular components such as 

nucleotides and thiols involves the transfer of the nitrosyl cation, NO+. The nitrosyl cation is 

generated from NO in the presence of a metal ion or oxygen and can be transferred to a 



 12 

nucleophile with a lone pair of electrons, for instance sulphur or nitrogen. Nitric oxide cannot 

nitrosate thiols directly in the absence of either oxygen or a metal ion (Pullan et al., 2007). 

Glutathione present in the cell can become nitrosated under specific conditions and will itself 

trans-nitrosate many cell components including thiols. Indeed, S-nitrosoglutathione or GSNO 

is often used as a source of nitrosative stress in investigations. However, the biological effects 

of these two compounds are likely to be different. Some evidence has been presented that 

shows decomposition of S-nitrosothiols, in the presence of thiols, leads to the generation of 

hydroxylamine and nitrous oxide (Arnelle and Stamler, 1995). This is particularly interesting 

as the source of cytotoxic hydroxylamine is not well understood and hydroxylamine produced 

enzymatically by the nitrite reductases, NirB and NrfA, is not thought to escape the active site 

before being reduced to ammonia (Jackson et al., 1981).  Nitric oxide can also react with 

superoxide radicals to produce the highly reactive and toxic product peroxynitrite (ONOO-) 

(Hughes, 1999). As NO and superoxide are made concomitantly by the innate immune 

response, the toxicity of peroxynitrite and the ability of bacteria to deal with it may be relevant 

to the pathogenicity of E. coli and other related species (Fang, 2004). 

Nitric oxide can also indirectly damage DNA and has been shown to be a potent 

mutagen in E. coli during nitrate metabolism (Weiss, 2006). During nitrosative stress 

conditions, it is thought that an unidentified endogenous DNA-methylating species, most likely 

a nitrosamine, is produced, leading to DNA damage (Taverna and Sedgwick, 1996). 

Endogenous N-nitrosamines have been shown to be produced from secondary amines and 

nitrite by resting E. coli B cells (Kunisaki and Hayashi, 1979). N-nitrosamines have also been 

shown to be potent DNA-methylating agents and a cause of increased carcinogenesis in rats 

(Swann and Magee, 1968). It is most likely that N-nitrosamines are the endogenous 

methylating species that cause DNA-damage when E. coli are exposed to nitrosative stress.  

The complexity of nitric oxide chemistry and the many toxic secondary reactive 

nitrogen species made from it (summarised in fig 1.3) mean that it is likely that E. coli would 
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Figure 1.3 Targets of NO and its fate. Taken from Pullan et al. (2007)

(Left panel) Unreacted NO appears primarily as nitrite after oxidation or as peroxynitrite

after reaction with superoxide. (Lower left panel) The detoxification mechanisms employed 

by enterobacteria involve primarily the aerobic conversion to nitrate by flavohemoglobin

(Hmp) and the one-electron reduction to the nitroxyl anion (NO–) catalyzed by 

flavorubredoxin (NorVW). (Right panel) The redox requirements for S nitrosation of thiols

(RS–) are met by transition metals (M) or O2. Transnitrosation (i.e., transfer of the NO group 

to R2S) is directed by nitrosation motifs and/or protein hydrophobic environments



 14 

 need different enzymes and pathways to deal with and repair the diverse damage to many 

cellular components that would be caused by these reactive nitrogen species, as well as with 

the reactive nitrogen species themselves.  

Nitric oxide detoxification in E. coli by the flavohaemoglobin, HmpA 

To counter the toxicity of nitric oxide and related nitrosative stresses, E. coli has 

developed a number of systems that can reduce or detoxify nitric oxide or repair the damage 

caused by its action. In most cases, the synthesis of these systems is regulated by nitric oxide 

itself or by the presence of metabolic precursors such as nitrate (Browning et al., 2006; Poole 

et al., 1996; Tucker et al., 2005). Several systems for reducing or detoxifying nitric oxide have 

been characterised in E. coli. However, how the bacterium repairs damage caused by nitric 

oxide is less well understood.  

The three dimensional structure of HmpA has been resolved and characterised by X-ray 

crystallography. HmpA belongs to a family of ancient flavohaemoglobins that are well 

represented in both prokaryotic and eukaryotic phyla (Poole and Hughes, 2000). These proteins 

usually consist of an N-terminal haem-binding domain associated with a flavin-binding 

reductase domain, which together are functionally active (Hernandez-Urzua et al., 2003). 

HmpA was first implicated as a nitric oxide protection system when it was noticed that 

expression of HmpA was greatly increased in the presence of nitric oxide (Poole et al., 1996), 

an implication that was later confirmed by the increased sensitivity of a hmpA mutant strain of 

Salmonella enterica to a nitric-oxide releasing reagent (Stevanin et al., 2002). Aerobically, 

HmpA is able to convert nitric oxide to nitrate through dioxygenase activity (Hernandez-Urzua 

et al., 2003). HmpA is also able to reduce nitric oxide, in the absence of oxygen, to nitrous 

oxide (N2O) (Corker and Poole, 2003; Poole, 2005). However, the reaction rate of this 

reduction is very low and is unlikely to protect the bacterium from endogenously created NO 

during nitrite metabolism (Gardner and Gardner, 2002). 
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The hmpA promoter is repressed by active FNR, which binds over the -10 component 

of the hmpA promoter and inhibits RNAP binding (Poole et al., 1996). As described in later 

sections, FNR is de-activated by the presence of oxygen that degrades the co-ordinate iron-

sulphur centres of the FNR dimer. Through investigation of hmpA expression, a novel 

mechanism for FNR regulation by nitrosative stress was demonstrated. In this case the iron-

sulphur centres of the FNR dimer are attacked by nitric oxide, which leads to the de-repression 

of hmpA in response to the nitric oxide signal (Cruz-Ramos et al., 2002).  

The methionine biosynthesis regulator, MetR, has been implicated in the regulation of 

hmpA when the reactive nitrogen species S-nitrosoglutathione is present in the environment 

demonstrating a further level of complexity in the regulation of these stress responses. MetR 

binds to two operators in the hmpA promoter region and, when occupying both sites, represses 

transcription. The mechanism leading to the activation of MetR is thought to occur via the 

nitrosation of homocysteine (Hcy), the MetR cofactor. This leads to a depletion of Hcy and 

decreased levels of activated MetR resulting in the binding of MetR to only one of the operator 

sites, which is able to then activate hmpA (Membrillo-Hernandez et al., 1998). Furthermore, 

the hmpA promoter region has been identified as containing a functional NsrR-binding motif 

and has been shown to be under the control of NsrR, the regulator of nitrosative stress, by 

microarray analysis (Bodenmiller and Spiro, 2006; Filenko et al., 2007; Rodionov et al., 2005). 

Nitric oxide reduction by the flavorubredoxin and associated flavo-protein, 

NorVW 

An alternative nitric oxide protection system, a dedicated nitric oxide reductase (NOR), 

has also been identified in E. coli. This protein belongs to the A-type flavoprotein family which 

is widespread amongst prokaryotes. In contrast to the nitric oxide reductases of denitrifying 

bacteria, which contain haem-copper ligands, the NOR of E. coli has been shown to contain a 

non-haem di-iron active ligand (Gomes et al., 2002). The nitric oxide reduction system consists 

of the  flavorubredoxin NorV and an associated flavoprotein NorW, which together are able to 
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detoxify nitric oxide in anaerobic conditions through NADH-dependent NO reductase activity 

(D'Autreaux et al., 2005). The protein is able to reduce nitric oxide to nitrous oxide 

anaerobically at a much higher rate than that of HmpA (Gomes et al., 2002), making NorVW 

the most likely candidate for detoxifying nitric oxide created from nitrite metabolism.  

Expression of the flavorubredoxin and its associated flavoprotein, NorVW, has been 

shown to be absolutely dependent on the function of a novel nitric oxide responsive regulator, 

NorR, which is expressed divergently from the norVW promoter (Hutchings et al., 2002).  The 

expression of norVW is co-dependent on the NorR activator and sigma 54 (σ54). Transcription 

is totally abolished by mutation of norR (Gardner et al., 2003) showing an absolute 

requirement for NorR at the norVW promoter. Active NorR, which binds to three recognition 

sequences in the promoter region of norVW, is required to initiate transcription and has led to 

the proposal that active NorR functions as a trimer (Justino et al., 2005a). NorR was viewed as 

a unique transcriptional regulator in E. coli for its ability to respond directly to the inducer 

molecule, nitric oxide. However, as mentioned, NsrR may also represent an NO-sensitive 

transcription factor (Bodenmiller and Spiro, 2006; D'Autreaux et al., 2005). 

NorR is a three domain protein that contains a C-terminal helix-turn-helix DNA-

binding domain, an N-terminal iron-containing GAF domain and a central AAA+ domain, 

which exhibits ATPase activity. NorR has been shown to respond to the presence of NO via the 

non-haem mononuclear iron containing GAF domain, which reversibly binds nitric oxide and 

changes the conformation of the regulator. This allows for ATPase activity from the AAA+ 

domain and results in the isomerisation of σ54 and transcription activation (D'Autreaux et al., 

2005). This mechanism represents an unprecedented mechanism of NO-sensing via a mono-

nitrosyl iron interaction (D'Autreaux et al., 2005). The mechanism of NorR activation allows 

for expression of nitric oxide detoxification machinery in direct response to the presence of 

toxic nitric oxide without regulatory intermediates.  
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Nitric oxide reduction by the nitrite reductase, NrfA: an auxiliary role in 

detoxification 

Previously in this chapter, the c-type cytochrome NrfA has been described as a nitrite 

reductase that reduces nitrite to ammonia and produces the toxic side product nitric oxide 

during anaerobic respiration. However, in vitro studies have shown that the Nrf protein can 

also reduce nitric oxide at a higher rate at the same active site for nitrite reduction (Poock et al., 

2002; van Wonderen et al., 2008). The physiological role of NrfA in nitric oxide reduction has 

also been shown to be significant in vivo, by assessing the sensitivity of nrf mutant strains to 

NO (Poock et al., 2002). This study also assessed the reduction of nitric oxide directly by using 

an NO-specific electrode, and showed that nrfA contributes significantly to the rate of 

reduction of NO in intact cells (Poock et al., 2002). The authors postulated from this 

information and the manner in which nrfA is regulated, that NrfA could afford some respiratory 

protection from NO in oxygen-limited environments (Poock et al., 2002). 

The roles that NrfA, as well as HmpA and NorVW, play in nitric oxide detoxification 

are not yet fully understood. However, it is unlikely that these three systems are redundant and 

are most likely to fulfil distinct roles dependent on the exact environment the bacterium is in at 

any given time. 

The E. coli hybrid cluster protein, HCP 

The hybrid cluster protein of E. coli is highly expressed in cells growing anaerobically 

in the presence of nitrate or nitrite (Filenko et al., 2005; van den Berg et al., 2000). In E. coli, 

the gene encoding Hcp is co-expressed as a two gene operon with the NADH-dependent Hcp 

reductase, Hcr, in contrast with obligate anaerobic bacteria where hcr is absent (van den Berg 

et al., 2000). Due to the presence of Hcp in cells growing anaerobically on nitrate or nitrite, a 

role in reactive nitrogen processing has been proposed (Wolfe et al., 2002). In E. coli, the 

expression of Hcp is dependent on FNR, which binds to a site centered at position -72.5 with 

respect to the transcription start site. Initial investigations into the regulation of the hcp 
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promoter suggested that NarL and NarP enhanced the expression of the promoter in response to 

nitrate and nitrite. In vitro binding of NarL and NarP proteins to a site centered around -72.5 

with respect to the transcription start site was demonstrated (Filenko et al., 2005). However, 

recent unpublished data has shown that the apparent nitrate and nitrite regulation of phcp was 

actually dependent upon de-repression of NsrR, which binds to a site overlapping the -35 

promoter element, repressing transcription, and was independent of NarL or NarP (Filenko et 

al., 2007)(Dave Chismon, unpublished results).   

The hybrid cluster protein, previously known as the prismane protein, was first 

identified in the obligate anaerobic sulphate reducing bacteria, Desulfovibrio desulfuricans and 

Desulfovibrio vulgaris, and a crystal structure for these proteins was determined (Moura et al., 

1992; Stokkermans et al., 1992). The hybrid cluster proteins of the Desulfovibrio species were 

shown to contain two iron-sulfur clusters, one a standard [4Fe-4S] cubane cluster and the other 

an unusual [4Fe-2S-2O] cluster or ‘hybrid cluster’ (Stokkermans et al., 1992) (fig. 1.4). The 

hybrid-cluster protein of E. coli has been shown to contain the same [4Fe-2O-2S] cluster but 

only a [2Fe-2S] cluster in place of the cubane cluster (van den Berg et al., 2000). The Hcr 

protein expressed in E. coli was also shown to contain FAD and a [2Fe-2S] cluster as cofactors 

(van den Berg et al., 2000). In Salmonella enterica, the expression of hcp was shown to be up-

regulated in bacteria extracted from activated macrophages, suggesting that in this species HCP 

may be involved in nitrosative stress management (Kim et al., 2003). Finally, an in vitro study, 

using purified Hcp, showed that Hcp can reduce hydroxylamine to ammonia in a 1:1 ratio with 

a Km for hydroxylamine of ~25 mM at pH 7 and ~5 mM at pH 9 (Wolfe et al., 2002). Due to 

the apparent low affinity of Hcp for hydroxylamine, the physiological relevance of the 

hydroxylamine reductase activity of Hcp in vivo is still in question and was investigated during 

this project. 
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Figure 1.4 The structure of the hybrid cluster protein

The structure of the hybrid cluster protein purified from Desulphovibrio vulgaris. 

Both the coordinated cubane [4Fe-4S] and hybrid [4Fe-2O-2S] iron-sulphur 

centres are visible and labelled. Protein structural coordinates, accession number, 

1E1D, were downloaded from RSCB protein data base and modelled using 

PyMOL modelling software. 
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The bacterial RNA polymerase 

At every stage of production, the synthesis of protein from DNA can be regulated. 

However, for reasons of energy economy, the key step to be regulated is transcription 

(Browning and Busby, 2004). The key player in transcription of DNA to RNA in E. coli is the 

multiple subunit, DNA-dependent RNA polymerase (Browning and Busby, 2004). The core 

enzyme of RNA polymerase (RNAP) consists of two α-subunits, the large β and β’ subunits 

and a small subunit, ω, which is not essential for transcription initiation but is thought to bind 

β’ and assists in RNAP assembly (Darst et al., 1989; Minakhin et al., 2001). The core enzyme 

is competent for RNA synthesis from DNA but is unable to initiate transcription from 

promoters. In order for RNAP to recognise and bind the promoter, an additional subunit or σ 

factor must associate with the core-RNA polymerase to make the RNAP holo-enzyme (Burgess 

et al., 1969; Ishihama et al., 1973). The chromosome of E. coli encodes seven different σ 

factors that are functional under certain conditions dependent upon the environment that the 

bacterium is in (Gross et al., 1998; Ishihama, 1999). All E. coli sigma factors share common 

features with the exception of the sigma factor, σ54 (Merrick, 1993). The holo-enzyme is then 

able to recognise and bind to specific target DNA sequences and initiate transcription. E. coli 

encodes seven different sigma factors that compete for the RNAP core enzyme in response to 

different stimuli (Gruber and Gross, 2003). The major sigma factor or ‘house-keeping’ sigma 

factor is σ70, also referred to as σD, encoded by the rpoD gene. Sigma 70 regulates expression 

of around 1000 transcrpition units in E. coli (Ishihama et al., 1973). Each sigma factor 

recognises a different promoter sequence and activates transcription of different sets of genes. 

The four specific promoter elements that allow for promoter recognition by σ70 RNAP-

holoenzyme have been identified and include: the -10 and -35 elements, an extended -10 

sequence and an UP-element. The -10 and -35 elements, which are positioned 10 and 35 

nucleotides upstream of the transcription start site, are recognised by domain 2 and 4 of the 
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RNAP σ factor, respectively (Campbell et al., 2002). The consensus sequence of the -10 and -

35 elements have been determined and are TATAAT and TTGACA, respectively. The 

extended -10 sequence, which is found upstream of the -10 motif, consists of a TG doublet at 

positions -13 and -14 that is recognised by domain 3 of the σ factor (Barne et al., 1997). The 

fourth promoter element or UP-element, consisting of an AT-rich region of approximately 20 

bp, is found upstream of the -35 element and is recognised by the α-carboxy-terminal domain 

of the RNA polymerase enzyme (Gourse et al., 2000).  

The central dogma of transcription regulation is that the supply of RNA polymerase is 

limited. Many of the RNA polymerase complexes present in the cell are used continuously for 

the transcription of stable RNAs, meaning that the amount of RNAP free for transcription of 

the 4000-5000 protein-coding genes in E. coli is severely limited. For this reason the action of 

RNAP and the genes that it transcribes must be prioritised and directed to ensure that genes are 

expressed at the right time in response to a changing environment. Several factors regulate the 

distribution of RNA polymerase across the chromosome; these include promoter DNA 

sequences, chromosomal folding, competition for σ factors, small ligands and transcription 

factors (reviewed by Browning and Busby, 2004).  

Transcription factors 

Transcription factors are sequence-specific DNA-binding proteins that control the 

expression from target promoters. In most cases, transcription factors respond to an 

environmental signal that changes their DNA-binding affinity, allowing them to bind to 

specific target sequences and up- or down-regulate transcription (Browning and Busby, 2004). 

To date, around 300 transcription factors have been found to be encoded on the E. coli 

chromosome (Perez-Rueda and Collado-Vides, 2000). Many of these transcription factors 

regulate transcription at only one target promoter, while others have been found to alter the 

gene expression profile of a vast number of genes and are therefore referred to as global 
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transcription factors. Many E. coli transcription factors can function as both activators and 

repressors depending on the position at which they bind in the promoter region. Activation can 

occur by recruitment of the RNAP to the promoter region or by facilitating open complex 

formation. Alternatively repression can occur by several mechanisms including steric 

hindrance of RNAP, binding over or proximal to the promoter, DNA looping or repression by 

interfering with the interaction between RNAP and an activator, sometimes referred to as anti-

activation (Browning and Busby, 2004).  

Transcription activation 

Simple activation occurs at promoters by three distinct mechanisms (Browning and 

Busby, 2004). In Class I-activated promoters, an activator binds to a specific target sequence 

upstream of the -35 promoter element and the UP-element. Due to the flexible nature of the 

linker region of the protein that joins the α-carboxy-terminal domain and the α- amino-terminal 

domain of the RNAP, class I activators can bind at several distances with relation to the 

transcription start site. When bound in this configuration, the transcription activator can make 

contact with the RNAP enzyme. At class II activated promoters, the transcription factor binds 

to a specific target sequence, upstream of the -35 element but downstream of the UP-element 

or α-CTD binding sequence. In this case several contacts can be made between the 

transcription factor and the RNA polymerase. At class III dependent promoters, two or more 

transcription factors are required to bind to the promoter region and make several contacts with 

RNA polymerase (Busby and Savery, 2007). The best understood E. coli transcription factors 

are the cyclic-AMP receptor protein (CRP) and it homologue, the regulator of fumarate and 

nitrate reduction FNR. When FNR functions as a class I activator, it typically binds to a target 

sequence upstream of the -35 promoter element. When bound in this position, FNR makes 

specific protein-protein contacts with the proximally-bound α-CTD of RNAP (Barnard et al., 

2004; Lee et al., 2000; Williams et al., 1997). The region of FNR that makes contact with the 
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α-CTD of RNAP polymerase is termed activating region 1 (AR1) and is essential for 

transcription activation. At class II, FNR dependent promoters, FNR typically binds to a site 

centred at -41.5 with respect to the transcription start site. When bound at this position, FNR 

makes three specific protein-protein interactions with the proximally-bound RNA polymerase. 

The upstream half of the FNR dimer makes contact with the upstream-bound α-CTD of RNAP 

at AR 1 (fig 1.5) Two specific contacts are made between the downstream subunit of the FNR 

dimer and RNAP with AR2 of FNR contacting the α-NTD of RNAP and AR3 contacting 

domain 4 of the RNAP associated σ factor (fig. 1.5) (Li et al., 1998). The locations of 

activating regions 1, 2 and 3 on the FNR protein are similar to those found in the homologue, 

CRP. However, activating region 2 of FNR is not essential for class II activation by FNR and 

conversely, activating region 3 of CRP is not required for CRP-dependent class II activation 

(Li et al., 1998). 

The regulation of anaerobic respiration by FNR 

The transition from aerobic to anaerobic respiration is regulated at many operons by the 

global transcription factor FNR. No crystal structure of FNR has been published to date. The 

amino acid sequence of FNR has been shown to have considerable similarity with CRP, 

exhibiting a very similar C-terminus that contains a helix-turn-helix motif that directly contacts 

DNA in CRP (Shaw et al., 1983). However, the two proteins differ at the N-terminus, as FNR 

contains a cysteine rich N-terminal extension of which four cysteine residues are vital to its 

function (Green et al., 1993). The role of the cysteine residues, Cys20; Cys23; Cys29 and Cys122, 

is to co-ordinate an iron-sulphur centre at the N-terminus of the FNR monomer that facilitates 

the response to oxygen levels (Crack et al., 2008a). The iron-sulphur centre of FNR exists 

predominantly in two forms, namely a reduced [4Fe-4S]2+ in the active dimeric form of the 

protein, and an oxidised [2Fe-2S]2+ in the inactive monomeric form (fig 1.6). According to this 

information it has been suggested that equilibrium between the two forms exists, dependent on 

the oxygen concentration in the environment (Kiley and Beinert, 2003). The inter-conversion 
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Figure 1.5 Class I and Class II transcription activation by FNR in Escherichia coli

A. Class I activation. FNR binds to an upstream site, typically centered at position -61.5 and 

contacts the αCTD of RNA polymerase via AR1, activating transcription. 

B. Class II activation. FNR binds to a target proximal to the promoter –35 element and the bound 

activator interacts with the αCTD of RNA polymerase via AR1, the αNTD of RNA polymerase via 

AR2 and domain 4 of σ70 via activating region 3. The FNR dimer typically binds at a position 

centered at position -41.5.
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A. Class I activation. FNR binds to an upstream site, typically centered at position -61.5 and 

contacts the αCTD of RNA polymerase via AR1, activating transcription. 

B. Class II activation. FNR binds to a target proximal to the promoter –35 element and the bound 

activator interacts with the αCTD of RNA polymerase via AR1, the αNTD of RNA polymerase via 

AR2 and domain 4 of σ70 via activating region 3. The FNR dimer typically binds at a position 

centered at position -41.5.
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Fig. 1.6 Oxygen-sensing by FNR

In the presence of oxygen, FNR exists as an inactive monomer that is unable to bind 

DNA. When oxygen is depleted, the coordinated iron-sulphur centre of FNR is reduced 

to a [4Fe-4S] centre causing a change in conformation, allowing for protein 

dimerisation. As a dimer, FNR is able to bind DNA at specific target sequences and 

activate or repress transcription. During prolonged exposure to oxygen, the coordinated 

iron-sulphur centre can become completely degraded leading to inactive apo-FNR. 
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between the [4Fe-4S]2+ state and the [2Fe-2S] 2+ cluster occurs in two stages via a [3Fe-3S] 1+ 

intermediate, the first being a rapid oxygen-dependent step, the second a slower oxygen-

independent step (Crack et al., 2008a). Active FNR can also act as a repressor, switching off 

genes involved in aerobic respiration or fermentation as well as auto-repressing the fnr gene 

(Spiro and Guest, 1990).  

Some significant evidence has also shown that the function of FNR can be negated by 

the binding of nitric oxide to the coordinate iron-sulphur centre as an S-nitroso adduct (Crack 

et al., 2008b; Cruz-Ramos et al., 2002). FNR has been shown to repress the transcription of the 

gene encoding the NO detoxifying flavohaemoglobin, HmpA, by binding to a position centred 

around +5.5 in the hmp promoter, and this binding can be overcome with the addition of NO 

(Cruz-Ramos et al., 2002). The sensitivity of FNR to NO as well as oxygen has far-reaching 

implications for global gene regulation in response to nitrosative stress. 

The dual-acting, two-component regulators, NarXL and NarQP 

Many of the genes involved in anaerobic nitrate and nitrite respiration are co-regulated 

by FNR and two similar two-component regulator systems, NarQP and NarXL, that respond to 

the presence of nitrate and nitrite (Stewart, 1993). The Nar two-component systems conform to 

the model of a transmembrane histidine protein kinase (NarX/ Q) paired with a cytoplasmic 

response regulator (NarL/ P). In both cases, the histidine protein kinase (HPK) component 

auto-phosphorylates at a conserved histidine residue in response to an environmental signal, 

such as nitrate, expending ATP in the process (Cavicchioli et al., 1995). The HPK domain is 

then de-phosphorylated by the response regulator and the phosphate group is passed from the 

conserved histidine of the HPK to a conserved aspartate on the response regulator (Egan and 

Stewart, 1991). The phosphorylated active form of the response regulator is then able to bind 

DNA at specific target sites and alter expression from those promoters (fig. 1.7). 
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Figure 1.7 The dual-acting two-component regulators NarXL and NarQP

The dual-acting two-component regulators, NarXL and NarQP, activate and repress 

target promoters in the presence of nitrate and nitrite. The presence of nitrate or 

nitrite in the periplasm causes the sensor components NarX and NarQ to 

autophosphorylate. The phosphate group is then passed through a phospho-relay 

system to the DNA-binding components, NarL and NarP, which in turn bind to 

specific promoter sequences, enhancing or repressing transcription. The sensitivity 

and response of NarX and NarQ to the different anions, nitrate and nitrite, differs 

allowing for differential control of target promoters dependent upon the 

environmental signal.
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The sensor kinases, NarX and NarQ, show 32% identity and 68% similarity to each other with 

most of the highly conserved regions located in the cytoplasmic domains (Cavicchioli et al., 

1995). The periplasmic domains of the two sensor kinases are relatively dissimilar with the 

exception of a conserved, 17 amino acid region designated the P-box, which is almost identical 

in the two sensors (Cavicchioli et al., 1996). The P-box domain is essential to protein function 

and is proposed to detect nitrate and nitrite in the periplasm and modulate signal transduction 

to the response regulator through the cytoplasmic domain (Cavicchioli et al., 1996). Both NarX 

and NarQ contain two conserved histidines and one conserved asparagine, His399, His513 and 

Asn509 in NarX; His370, His484 and Asn480 in NarQ, which are vital for phosphorylation of NarL 

(Cavicchioli et al., 1995). Only His399 of NarX was necessary for NarL-phoshate 

dephosphorylation (Cavicchioli et al., 1995).  It is proposed that His399 and His370 of NarX and 

NarQ, respectively, are the site of autokinase activity in response to nitrate (Cavicchioli et al., 

1995). 

 It is generally accepted that NarX plays a key role in the differential response between 

nitrate and nitrite. NarX autokinase activity has been shown to be 100 times more sensitive to 

the presence of nitrate than nitrite (Lee et al., 1999).  In response to the presence of nitrate, 

NarX phosphorylates both NarL and NarP but in response to nitrite, NarX phosphorylates NarP 

while acting as a NarL phosphatase (Williams and Stewart, 1997). This leads to a differential 

gene expression in response to nitrate and nitrite, synthesising the enzymes best suited to utilise 

the available oxidants (Goh et al., 2005; Unden and Bongaerts, 1997). 

The response regulators, NarL and NarP are both 24 kDa proteins that share 44% 

identity and 64% similarity in their amino acid sequence. In response to nitrate in the 

periplasm, NarL and NarP can be phosphorylated by either NarX or NarQ and, once 

phosphorylated, can bind to DNA at specific target sequences (Egan and Stewart, 1991). NarL 

and NarP both contain a conserved aspartate residue, Asp59 in both proteins, which must be 

phosphorylated for the protein to bind DNA in vivo (Egan and Stewart, 1991). The solution of 
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the crystal structure of the response regulator, NarL, revealed that the tertiary structure of the 

protein consisted of the N-terminal receiver domain, the site of phosphorylation, which is 

folded into a five-strand β sheet flanked by five helices similar to that seen in the chemotaxis 

protein CheY (Baikalov et al., 1996). The C-terminal DNA-binding domain of the protein 

consisted of four compacted α-helices, two of which formed a helix-turn-helix motif, typical of 

DNA-binding proteins (Baikalov et al., 1996). The two functional domains are linked by a 13-

residue flexible tether that is not visible in the crystal structure. In the crystal structure, which 

resolved the non-phosphorylated form of the protein, the C-terminal domain is rotated against 

the N-terminal receiver domain in such a way that DNA binding would be negated (Baikalov et 

al., 1996). Investigations into changes in the NarL protein structure caused by phosphorylation 

indicated that when the conserved aspartate residue is phosphorylated, it triggers a change in 

conformation of the protein and a domain separation that allows for DNA binding at target 

promoters (Zhang et al., 2003) (fig1.8). 

Both regulator proteins (NarP/ L) bind to a heptameric DNA target sequence in the 

regulatory region of target genes. The heptameric binding sequence for both regulator proteins 

was shown to be TACXXYT, where X can be T or C, and Y can be A or C (Tyson et al., 

1994). However, NarP has been shown to only bind to target sites where the heptameric 

sequence is arranged in an inverted repeat conformation with a two bp spacer, also referred to 

as the 7-2-7 conformation, whereas NarL will bind to 7-2-7 sequences as well as other 

arrangements (Darwin et al., 1997). 

The differentiation between anions by the sensor kinases, NarX and Q, and the 

differential binding of NarL and P to target sequences allows E. coli to discriminate between 

oxygen alternatives and synthesise proteins of alternate metabolic pathways to utilize them. At 

the start of this project, all promoters known to be activated by either NarL or NarP were 

dependent upon co-activation by FNR. 
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Figure 1.8 Phosphorylation of NarL leads to domain separation that allows DNA binding

A. This figure shows a cartoon ribbon representation of the X-ray crystal structure of NarL (PDB 

code 1RNL) to a resolution of 2.40 Å. The protein is organised into two distinct domains joined 

by a flexible linker. The N-terminal receiver domain is folded into a 5-strand β-sheet surrounded 

by 5 α helices and contains the site of protein phosphorylation, Asp59. The C-terminal domain 

consists of four compacted α helices. In the unphosphorylated form of the protein the C-terminal 

is rotated against the N-terminal in such a way that DNA binding by the helix-turn-helix motif, 

formed by α8 and α9, would be inhibited.

B. This figure shows a theoretical structure of the phosphorylated form of NarL. When NarL 

becomes phosphorylated at Asp59, a domain separation is triggered, most likely through a hinge-

bending motion that leaves the distinct N and C-terminal domains in tact. This predicted 

conformation change was modelled by rotating the psi and phi bonds of Gly126 in the flexible 

linker, leading to domain separation. This figure was interpreted from the results of Zhang et al. 

(2003) using PyMOL modelling software.
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Regulation of transcription by the nucleoid associated protein, Fis 

The small DNA-binding protein, Fis, or the Factor for Inversion Stimulation, is one of a 

small family of DNA-binding proteins that aid in structuring the compacted E. coli 

chromosome (McLeod and Johnson, 2001). Unlike the eukaryotic equivalents, histones, the 

nucleoid associated proteins of bacteria form relatively unstable associations with DNA 

(McLeod and Johnson, 2001). Fis was identified as being an essential stimulus of DNA-

inversion catalysed by site specific recombinases in bacteriophage, Mu and P1 (Haffter and 

Bickle, 1987; Johnson and Simon, 1985). However, Fis has also been shown to have an effect 

on the structuring of the E. coli chromosome, DNA replication and, more recently, 

transcription regulation (Filutowicz et al., 1992; Ishihama, 1999; McLeod and Johnson, 2001). 

As with all nucleoid-associated proteins, Fis binds DNA non-specifically at high physiological 

levels but has been shown to bind preferentially to a core consensus sequence of 15 bp, reading 

GNtYAaWWWtTRaNC, where Y= C or T, W= A or T, R= G or A and N= any base. (Hengen 

et al., 1997). Depending upon the DNA sequence flanking the Fis binding site, the protein can 

contact up to 27 bp of DNA and introduce bends into the DNA structure ranging from less that 

50° to greater than 90° (Pan et al., 1996). The activity of Fis is regulated predominantly by the 

relative abundance of the protein in the cell at any given growth phase (McLeod and Johnson, 

2001). Fis levels during stationary phase are negligible but increase to between 25,000 and 

40,000 copies per cell during early exponential phase (Ali Azam et al., 1999). Fis levels are 

also affected by medium composition and are greatest in rich media (Ball et al., 1992). Fis has 

been shown to have a diverse role in the E. coli cell and controls the expression of several 

genes that encode enzymes required for anaerobic nitrate or nitrite reduction. The regulation 

ofthese genes will be detailed in later sections.  
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The regulator of nitrosative stress, NsrR 

Further complexity in the regulation of nitric oxide metabolism was uncovered in a 

recent computational biology study (Rodionov et al., 2005). The authors of this study used 

comparative sequence analysis of the upstream regions of the hcp gene (hybrid cluster protein), 

a gene known to be regulated by anaerobiosis and nitrate or nitrite. In the sulphur-reducing 

bacterium, Desulfovibrio vulgaris, the regulation of hcp is controlled by an FNR/ CRP-like 

transcription factor, HCR. However, no such regulator exists in E. coli.  By aligning the 

promoter regions of the hcp gene from several obligate anaerobic bacteria, a conserved 

palindromic consensus sequence was identified that was shown to be a candidate binding site 

for an unknown transcription factor (Rodionov et al., 2005). The consensus sequence, 

gATGyAT-(N5)-ATrCATc, was also reported in the promoter regions of hmpA, ytfE, and 

ygbA; genes that have been confirmed or implicated in nitric oxide stress management (Justino 

et al., 2005b; Rodionov et al., 2005). In addition to the sites identified in Rodionov et al 

(2005), a potential site has also been identified in the promoter of the operon of unknown 

function, yeaR-yoaG, and a 4-fold, NsrR-dependent repression effect was observed in a 

microarray analysis of the NsrR regulon (Filenko et al., 2007). It is suggested that the NsrR 

protein of E. coli is directly responsive to nitric oxide (Bodenmiller and Spiro, 2006). NsrR 

belongs to the Rrf2 family of transcription regulators that includes the iron-sulphur containing 

transcription regulator, IscR. The mechanism by which NsrR is able to detect nitric oxide has 

not been determined in E. coli but the sequence similarity to IscR and the presence of a number 

of conserved cysteine residues suggests that an iron-sulphur centre may be coordinated in the 

protein (Tucker et al., 2008). The NsrR proteins of other bacteria have been purified and 

analysed and it has been demonstrated that the proteins often coordinate an NO-sensitive iron-

sulphur centre of some form. The NsrR protein of the human pathogen, Neisseria gonorrhoeae, 

has been shown to contain an NO-sensitive [2Fe-2S] centre that binds NO, limiting the DNA-

binding activity of the protein to target DNA sites in vitro (Isabella et al., 2009). Similarly, the 
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NsrR protein of the Gram-positive bacteria, Streptomyces coelicolor and Bacillus subtilis, have 

been shown to contain NO-sensitive [2Fe-2S] and [4Fe-4S] centres, respectively (Tucker et al., 

2008; Yukl et al., 2008). When the purified NsrR protein of Streptomyces coelicolor is exposed 

to exogenous nitric oxide the cluster is nitrosylated, resulting in the loss of DNA-binding 

activity in vitro (Tucker et al., 2008). It is likely that NsrR might be a global repressor of nitric 

oxide metabolism and its role in the regulation of genes that are known to be or implicated in 

nitric oxide stress management will be investigated during this study.  

The regulation of anaerobic respiration 

The major nitrate reductase, NarGHI, and the soluble, NADH-dependent nitrite 

reductase, NirB, are both expressed during anaerobic growth in the presence of high 

environmental concentrations of nitrate. The promoter of narGHI is dependent upon the 

binding of the global regulator FNR at a position centred around -41.5, where FNR functions 

as a class II activator, contacting RNA polymerase (Dong et al., 1992). Full activation of 

pnarGHI in response to nitrate is dependent upon phospho-NarL. The narG promoter region 

contains up to nine NarL operators arranged in two groups: one proximal to the transcription 

start site, around -80 and one distal, grouped around -200 (Dong et al., 1992; Li et al., 1994; 

Walker and DeMoss, 1994). However, only two of these NarL operators are absolutely 

required for full expression: a single heptamer centered at -195 and a single heptamer centered 

around -80  (Darwin et al., 1996). The activity of the narG promoter has also been shown to be 

dependent on the binding of the nucleoid-associated protein IHF (integration host factor), 

which binds in a position between -106 and -144 with respect to the transcription start site, in 

between the binding site of FNR and NarL. When bound in this position it is proposed that IHF 

introduces a bend in the DNA, which may bring the upstream bound NarL into closer 

proximity with the bound FNR (Schroder et al., 1993).  
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Similarly, the activity from the nir promoter is maximal during anaerobic growth in the 

presence of high concentrations of nitrate. Expression of nir requires the binding of FNR to a 

site centred at -41.5 and the binding of either phosphor-NarL or NarP to a proximal site centred 

around -69.5 with respect to the transcription start site (Browning et al., 2000; Jayaraman et al., 

1989; Tyson et al., 1993). Expression of nir has also been shown to be repressed by the 

nucleoid-associated proteins, FIS and IHF, which bind to sites centred around -142 (FIS I) and 

+23 (FIS II) and -88 (IHF I) (Browning et al., 2000). More recently a second site for IHF 

binding, centred around -115 (IHF II) and a third FIS site, centred around -97 (FIS III) have 

been identified and it was shown that FIS, IHF and FNR can all bind simultaneously to form a 

multi protein-DNA complex (Browning et al., 2004b). It has been postulated that the binding 

of NarL and NarP at the nir promoter is needed to overcome the repression caused by FIS and 

IHF, and that observed NarL activation is a result of the relief of the distortion of nucleoid-

protein structure, allowing for FNR-dependent transcription activation (Browning et al., 

2004b). Finally, nir expression is also regulated in response to catabolite availability by the 

Catabolite Repressor Activator protein, Cra, which represses the nir promoter in minimal 

medium (Tyson et al., 1997). This regulatory network ensures that Nir is synthesised only in 

rich medium in the presence of high environmental nitrate.  

The co-regulation of NarG and NirB by anaerobiosis and high nitrate strongly suggest 

that both enzymes are part of the same pathway to optimally reduce nitrate to ammonia. When 

high nitrate concentrations are available in the environment, NarG-dependent nitrate reduction 

would generate energy through the coupling of reduction with proton translocation, while NirB 

would reduce the toxic nitrite that would be generated by NarG, but would not conserve energy 

from nitrite reduction.  

The regulation of the periplasmic nitrate reductase, Nap, and the cytochrome-c nitrite 

reductase, Nrf are coordinated in a similar fashion. Both operons are maximally expressed 

during anaerobic growth in the presence of low levels of nitrate and nitrite. Regulation of the 
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shown to be essential for both classes of transcription activation by mutating specific amino 

acids within these regions (Li et al., 1998). Due to the fact that NarL has never been shown to 

function as an independent transcription activator, how or where NarL contacts RNA 

polymerase is unknown. 

An investigation to identify the activating regions of NarL would be necessary for 

understanding how NarL is able to function as a transcription activator. One method for 

identifying the specific regions of the NarL protein that are essential for activation comes from 

the work of Lee et al (2000). This study identified the essential residues of RNAP required for 

interaction with FNR at class I promoters by utilising suppression genetics and an existing 

alanine-scan library of the αCTD domain of RNA polymerase (Murakami et al., 1996). By 

determining the ‘patches’ of residues in RNAP that are essential for activation by FNR, the 

residues that interact during transcription activation could be identified. By using pyeaR as a 

reporter of NarL-dependent transcription activation and the α-CTD alanine scan method, the 

residues of the RNA polymerase α-CTD that are essential for activation of pyeaR by NarL 

could be identified and mapped onto the experimentally determined structure of the α-CTD. 

From this information it is likely that a number of essential ‘patches’ will be identified. By 

combining information on the properties of the essential amino acids in the α-CTD, such as 

charge and hydrophobicity, with the determined structure of NarL, it might be possible to 

identify candidate residues in the structure of NarL that can then be targeted for mutagenesis. 

This should lead to the discovery of how and where NarL contacts RNA polymerase at the 

yeaR and ogt promoters in order to activate transcription. The structure of the DNA-binding C-

terminal domain of NarL bound to oligonucleotides containing NarL operators from the nir and 

nar promoter DNA sequences has been resolved (fig 6.2) (Maris et al., 2005). This information 

could also aid in the understanding of how NarL functions as a transcription activator. 
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Fig 6.2 X-ray crystal structure of NarL-CTD DNA binding domain complexed with 

oligonucleotides containing NarL target sequences.

A. Co-crystallisation of the NarL C-terminal domain with DNA oligonucleotides containing NarL 

binding sequences revealed that dimerisation of NarL at the nirB promoter occurred independently of 

the N-terminal sensor domain (accession number 1ZG1)(Maris et al., 2005). The dimeristaion occurs 

via the C-terminus helix (box i.) while the DNA recognition helix facilitates sequence recognition (box 

ii.). 

B. Predicted positively (blue) and negatively (red) charged regions of the NarL-CTD protein dimer

when complexed with DNA. These exposed charged regions may be important in protein-protein 

interactions with the RNAP α-CTD.

A.

B.

i.

ii.
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NarL binding site positioning and promoter strength 

In contrast to the yeaR promoter, which requires binding of NarL to only one site for 

transcription activation, activation at the ogt promoter requires binding of NarL to two sites in 

the promoter region. One explanation for this is the fact that binding of NarL to the ogt 

promoter has been shown to be ~10 times weaker than binding at the yeaR promoter in vitro 

(Squire et al., 2009). This could account for the difference in overall promoter activity in 

response to nitrate and the lack of nitrite induction of ogt when phospho-NarL levels would be 

lower. Furthermore, the positioning of the yeaR NarL binding site at -43.5 is 2 bp closer to the 

-35 promoter element than is the downstream NarL binding site at ogt, which is centred around 

-45.5. It was initially postulated that the change in positioning of the downstream NarL 

operator at pogt might affect the strength of the ogt promoter. This might explain the 

requirement for a second upstream NarL binding site at the class III activated ogt promoter in 

comparison to the class II NarL-dependent yeaR promoter. The requirement for two sites in the 

ogt promoter has been demonstrated (fig 4.15). However, to date, it has not been demonstrated 

whether the binding of NarL to the two sites in the ogt promoter is co-operative and whether 

mutagenesis of one site leads to a loss of binding at both sites. To determine whether this is the 

case, a DNase I footprint with the two mutagenised ogt promoter fragments OGT102 and 

OGT104 could be used. If NarL still binds to one site when the other site has been 

mutagenised, it will prove that NarL binding at each site is independent and suggest that NarL 

makes multiple contacts with RNAP at the ogt promoter. However, if loss of binding at one 

mutagenised site causes loss of all binding of NarL to the ogt promoter, this would suggest co-

operative binding of NarL and would require further investigation. 

Initial investigations by David Chismon (unpublished results) into the properties of the 

NarL operator sequence and positioning in the yeaR and ogt promoter regions yielded some 

unexpected results. When the NarL operator from the yeaR promoter was transplanted into the 

ogt promoter to replace the ogt NarL operator (-45.5), ogt promoter activity was increased to 
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approximately the same level as the yeaR promoter in response to nitrate. Conversely, when 2 

bp of promoter DNA between the -35 promoter element and the downstream ogt NarL operator 

was deleted, to reposition the ogt NarL-operator in the yeaR promoter position (-43.5), it led to 

a total loss of ogt promoter activity in response to nitrate. This evidence suggests that it is the 

sequence of the yeaR NarL operator, and therefore the binding affinity of NarL, that governs 

the overall activity of the promoter, and not the position of the operator relative to the -35 and -

10 promoter elements. However, this experiment also reveals that the exact spacing of the 

NarL operator with respect to the ogt transcription start site is vital to promoter function. 

The NarP independence of yeaR promoter activity  

As has been demonstrated in this study and previous investigations, the binding sites 

for NarL at the yeaR and ogt promoters are arranged as 7-2-7 inverted repeat sequences (Lin et 

al., 2007; Squire et al., 2009). This arrangement is usually sufficient for binding of both NarL 

and the homologous response regulator, NarP (Darwin et al., 1997; Tyson et al., 1994). 

However, thorough investigation of both pyeaR and pogt has shown that NarP has little or no 

effect at either of these promoters: NarP does not bind to either promoter in vitro (fig 4.6) and 

very little effect on promoter activity is seen in vivo (table 4.1). This phenomenon is not 

believed to be due to a difference in affinity for the operator sequences, as even at high 

concentrations of NarP, no binding was observed in EMSA experiments with the yeaR 

promoter fragment. 

The NarL and NarP amino acid sequences ar 44% identical, 64% similar and differ in 

length by a single amino acid (fig 6.3). Although the structure of NarP has not been solved, 

based on its amino acid sequence it is presumed to have a similar three-dimensional structure 

to that of NarL. The amino acid sequences of NarL and NarP are most similar in the sensor 

domains and the DNA binding helix-turn-helix domains, but differences in other regions could 

account for the inability of NarP to function as an FNR-independent transcription activator. 
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Figure 6.3 Alignment of the amino acid sequences of the homologous response 

regulators, NarL and NarP

The amino acid sequences of the homologous response regulator proteins, NarL and 

NarP, were aligned using the ClustalW tool at http://www.ebi.ac.uk/Tools/clustalw2. 

Residues that are identical in the two proteins are marked with a star, while residues 

with side chains with very similar or related properties are marked with a colon or full 

stop, respectively. The helix-turn-helix DNA binding motif, formed by helices α8 and 

α9, and the conserved apsartate (the site for phosphorylation) are indicated. 

α9

α8

α9

α8

P

Figure 6.3
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 The physiological relevance of yeaR and ogt regulation by NarL but not NarP is not fully 

understood, especially when the effect of an fnr mutation on increased NarL dependent nitrite 

activation is considered. 

The role of NsrR at the yeaR promoter 

The expression of yeaR has been shown in various transcriptomic studies to be 

increased in response to nitric oxide and other reactive nitrogen species (see table 1.1). This 

response is largely attributed to the presence of an NsrR binding site in the yeaR promoter 

region that overlaps the -35 promoter element. An investigation into the NsrR regulon showed 

a 4-fold increase in the transcription of yeaR in conditions where NsrR repression had been 

relieved by repressor titration (Filenko et al., 2007). However, during this study, the repression 

effect of NsrR on pyeaR has been found to be weak (fig 4.7).  It is difficult to determine the 

extent of NsrR repression at the yeaR promoter using in vivo promoter-lacZ fusion assays due 

to the requirement for nitrate activation via NarL. When nitrate is present, NarL activates 

transcription from the yeaR promoter and, presumably, NsrR represses until nitric oxide is 

produced. However, nitric oxide is already presumably being produced by the bacterium as a 

result of nitrate and nitrite reduction, meaning that NsrR is already de-repressed. Indeed, the 

introduction of an nsrR mutation has very little effect on the overall promoter activity in these 

conditions, suggesting that promoter activity is maximal and NsrR is already de-repressed.  

In order to elucidate what role the NsrR protein has in regulation of the yeaR promoter, 

it would be necessary to use both in vivo and in vitro techniques. Some success using crude cell 

lysates of strains over expressing functional NsrR for EMSA experiments has been recorded by 

Doug Browning and David Chismon (University of Birmingham). These experiments have 

shown that the promoter fragments of nrf and hcp, which both contain NsrR operators, are 

bound by a protein, presumed to be NsrR, changing the electromobility of the promoter 
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fragment (unpublished data). This approach could be used to ascertain whether NsrR does bind 

to the yeaR promoter.  

More recent evidence has shown that it is possible to purify NsrR from other bacterial 

species and to use the purified protein in EMSA experiments (Tucker et al., 2008). If this 

approach can be used in E. coli, it would be more desirable to use purified protein than crude 

cell extract. However, all purifications and subsequent reactions using the NsrR protein must 

be carried out in an anaerobic cabinet. 

A further method for determining the role of NsrR in the regulation of yeaR would be 

the use of ‘star’ or ‘locked on’ mutants of NarL. If the activity of NarL is made independent of 

the presence of nitrate or nitrite, the activity of the yeaR promoter could be assayed in the 

absence of nitrate in strains with and without functional NsrR. This would allow the effect of 

NsrR to be measured in the absence of any source of reactive nitrogen species, while NarL is 

still fully active. Although a ‘locked on’ NarL mutant is not currently available, it has been 

shown previoulsy that if the NarQ sensor kinase from Neisseria gonorrhoeae is introduced into 

E. coli, it continually phosphorylates E. coli NarL even in the absence of nitrate or nitrite 

(Overton et al., 2006; Whitehead and Cole, 2006). This would provide a suitable alternative 

method for testing the role of NsrR at the yeaR promoter in the absence of sources of nitric 

oxide. 

Aerobic inhibition of the yeaR promoter 

Once it was established that the activity of the yeaR promoter is activated by NarL in 

the presence of nitrate, independently of FNR, it was presumed that the activity of the promoter 

would be induced equally in the presence of nitrate under aerobic growth conditions. Initial 

experiments demonstrated that this was not the case, and that the activity of the promoter under 

aerobic conditions was approximately 10-fold lower than the absolute level observed in 

anaerobic conditions (fig. 4.7, 4.12, 4.13 and 4.14). The initial explanation for this 



 180 

phenomenon was that, in aerobic conditions, the nitrate and nitrite reductases, whose 

expression is FNR dependent, are not synthesised. This would mean that there would be no 

endogenous source of nitric oxide in the cells during aerobic growth to relieve repression by 

NsrR, leading to low promoter activity. However, this was shown to be incorrect, as the 

introduction of a chromosomal nsrR mutation had very little effect and the promoter activity 

remained low. This result is contradictory to the findings of a parallel study on the regulation 

of yeaR, which showed a similar pattern of aerobic inhibition but greater overall promoter 

activity in aerated cultures in the presence of nitrate (Lin et al., 2007). Lin et al (2007) also 

showed that by mutagenising the NsrR operator in the yeaR promoter they were able to 

drastically increase promoter activity in both aerated and non-aerated cultures. 

The reason for this anomalous result is not clear, but it could be due to differences in 

the methods used in this study and that of Lin et al (2007). First, all promoter-lacZ fusions in 

this study were constructed in the low-copy number plasmid (2-5 copies per cell), pRW50, 

whereas Lin et al used single-copy chromosomal promoter-lacZ fusions at the bacteriophage λ 

insertion site. The difference in the overall effect of NsrR at the yeaR promoter between the 

two studies could also be due to the use of plasmid-based promoter-lacZ fusions, as NsrR has 

been shown to be prone to repressor titration (Bodenmiller and Spiro, 2006; Filenko et al., 

2007). This could mean that the yeaR promoter is already partially de-repressed with regards to 

NsrR, in all experiments in this study, due to the presence of multiple NsrR operators and 

repressor titration. 

NarX dependent NarL phosphorylation in response to nitrite 

The dependence of NarL-activation at pyeaR on the sensor kinases, NarX and NarQ, 

was determined during this project (fig 5.8). It was determined that either NarX or NarQ was 

required for full activation of the promoter by NarL. However, a surprising anomaly was 

observed when the activity of the yeaR promoter was measured in a narX null derivative in the 
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presence of nitrite. Existing evidence, outlined in chapter five, would suggest that under these 

conditions, the activity of a NarL dependent promoter would be higher than in the parental 

strain where NarX is functional. This would be because of the antagonistic action of NarX 

phosphatase activity in the presence of nitrite, which would limit the cellular levels of NarL, 

phosphorylated by NarQ (Rabin and Stewart, 1993). When NarX is absent, it would be 

expected that NarQ would phosphorylate NarL unimpeded by the action of NarX, leading to an 

increase in NarL-dependent promoter activity. This was clearly not the case in this study and 

remains unexplained but represents a further aspect of interest in the anaerobic nitrate 

respiration regulatory network. 

The action of Fis at NarL-dependent promoters 

The activity of both the yeaR and ogt promoters was similarly repressed when assayed 

in rich medium, and this effect was shown to be due to the nucleoid associated protein, Fis 

(figs 4.8 & 4.16). Fis was shown to bind to two sites in the yeaR promoter and a single site in 

the ogt promoter. Remarkably, at both promoters it appeared that Fis was able to repress 

transcription by binding to one or more sites that overlapped the NarL operator, effectively 

excluding an essential activator. 

It is not entirely clear as to why the cell would opt out of expressing yeaR and ogt in 

times of rapid growth in rich medium, conditions when Fis levels would be high. However, it is 

well established that E. coli represses the transcription of many essential genes during rapid 

growth due to the limited supply of RNA polymerase, which is diverted to the promoters of 

genes encoding the protein synthesis and cell replication machinery (Ishihama, 2000). In 

several cases, this repression effect is facilitated by Fis by various different mechanisms 

(Browning et al., 2004a; Browning et al., 2005; Grainger et al., 2008). This study provides 

further evidence of the diversity of roles of the nucleoid associated protein, Fis. 



 182 

Indirect repression of NarL dependent promoters by FNR in response to nitrite 

Increased levels of NarL phosphate in the absence of functional FNR 

The activity of the NarL-dependent yeaR promoter was shown, in this investigation, to 

be increased relative to the parental strain in response to nitrite in the absence of functional 

FNR (fig 5.4). This result, as well as results of previous micro-array studies, suggested that 

FNR may act as a repressor of this promoter (Constantinidou et al., 2006). However, in vitro 

investigation showed that purified FNR protein does not bind specifically to the yeaR promoter 

region, meaning that any observed effect on promoter activity must be via an indirect 

mechanism. Western analysis of the cellular levels of NarL showed that the increase in yeaR 

promoter activity in an fnr mutant was not due to an increase in total cellular NarL content, 

which was in fact lower in an fnr null derivative (fig 5.7). Chapter 5 of this study investigated 

this phenomenon in detail and established that the effect of an fnr mutation was not due to 

modulation of NarX phosphatase activity, as NarQ-dependent NarL activity was also shown to 

be affected by an fnr mutation (fig 5.10). Furthermore, the apparent ‘FNR effect’ was observed 

in the case of the ogt promoter, indicating that this is a general effect of FNR on NarL-

dependent promoters (fig 5.4).   

Taking into account all of the evidence gathered during this investigation, it was 

postulated that, by some unidentified mechanism, there is an increase in the cellular levels of 

NarL-phosphate in response to nitrite in an fnr mutant strain. In order to test this hypothesis, an 

experiment was attempted to determine the ratio of NarL-phosphate: total NarL, using highly 

sensitive mass spectroscopy. This method would require the identification of the peptide 

containing the phosphorylation site Asp59 (fig 6.4). A strain was constructed, in which the 

chromosomal narL gene was replaced with a gene encoding a C-terminal 3xFLAG fusion of 

NarL. This strain was grown anaerobically in the presence of nitrite and total cellular NarL-

FLAG was extracted using anti-FLAG antibodies conjugated to magnetic beads. This  
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MSNQEPATILLIDDHPMLRTGVKQLISMAPDITVVG

EASNGEQGIELAESLDPDLILLDLNMPGMNGLETLD

KLREKSLSGRIVVFSVSNHEEDVVTALKRGADGYLL

KDMEPEDLLKALHQAAAGEMVLSEALTPVLAASLRA

NRATTERDVNQLTPRERDILKLIAQGLPNKMIARRL

DITESTVKVHVKHMLKKMKLKSRVEAAVWVHQERIF

(5279.6 Da)

Figure 6.4 In silico trypsin digestion of NarL and identification of phospho-

peptide

The NarL polypeptide, when treated with trypsin, would yield a number of 

peptides, including a 5.3 kDa peptide (bold boxed sequence) that contains the 

protein phosphorylation site, Asp 59 (red underlined). This in silico peptide 

digest was generated using PeptideCutter, available at 

http://www.expasy.ch/tools/peptidecutter

Figure 6.4
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procedure was identical to the protocol used for the DNA-sampling experiment described in 

chapter 5, with the addition of DNAse to the lysis buffer. 

All attempts at this experimental method yielded high quantities of NarL-FLAG 

protein, which was separated by SDS-PAGE and visualised using SilverQuest® silver staining 

(Invitrogen)(figure 6.5). Proteins were then destained, digested with trypsin and eluted from 

the gel. Eluted peptides were analysed on a Thermo-Finnigan FT-ICR mass spectrometer using 

a NanoMate chip-based electrospray system operated by the University of Birmingham 

Functional Genomics and Proteomics Unit. On all occasions, the protein purified was identified 

as NarL by its peptide sequence (data not shown). However, despite several attempts, it was 

not possible to identify the peptide containing the phosphorylation site, most likely due to its 

relatively large size (5.2 kDa).  

This experiment may be a good way of determining whether FNR indirectly regulates 

NarL dependent promoter activity by modulating NarL-phosphate levels. However, 

modifications will need to be made in order to maximise the chance of identifying the correct 

peptide. In the future, site directed mutagenesis could be used to introduce a recombinant 

trypsination site proximal to Asp59, to facilitate the identification of the phospho-peptide. 

 

The physiological roles of the gene products of yeaR-yoaG, ogt and hcp-hcr 

Nitrate regulation of DNA repair 

The physiological role of Ogt has been widely and thoroughly studied. It is accepted 

that the ogt gene encodes an O6-alkylguanine DNA-alkyltransferase that removes methyl 

groups from alkylated DNA (Margison et al., 1985; Potter et al., 1987). However, this study 

and the work of Meng Xu (PhD thesis) provide the first evidence of nitrate regulation of ogt 

expression, and hence of DNA repair (Squire et al., 2009). The rationale for this unprecedented 

regulation comes from the fact that RNS, in particular NO, are known to cause an indirect  
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Fig 6.5 Affinity-directed isolation of NarL-3xFLAG

Strain JCB387∆narL-3xFLAG was grown anaerobically to an OD650 of 0.5 in the 

presence of 2.5 mM nitrite. Cells were harvested, lysed by sonication and cell extract 

was obtained. Promoter NarL-FLAG protein was isolated by incubation with anti-

FLAG conjugated magnetic beads, washed and eluted. Proteins were separated by 

SDS-PAGE on a 4-12% gradient gel, calibrated for size with SeeBlue® prestained

protein markers.

A single high intensity band, with the correct molecular weight for NarL-3xFLAG, 

was excised, de-stained, and digested with porcine trypsin. Peptides were then eluted 

and analysed on a Thermo-Finnigan FT-ICR mass spectrometer using a NanoMate

chip-based electrospray system, run by the Functional Genomics Suite at the 

University of Birmingham.
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increase in DNA mutation rates (Weiss, 2006). In the presence of NO, lysine, other amino 

acids and other chemicals, such as methylamine, can become potent DNA methylating agents 

(Kunisaki and Hayashi, 1979; Swann and Magee, 1968; Taverna and Sedgwick, 1996). The 

regulation of ogt in response to nitrate, via NarL alone, indicates that Ogt is synthesised as part 

of a prophylactic response to endogenous RNS that are generated during anaerobic nitrate and 

nitrite metabolism (Squire et al., 2009; Weiss, 2006). Surprisingly, S-adenosyl methionine 

(SAM) was shown not to be the major DNA-methylating mutagen in these nitrosative stress 

conditions (Taverna and Sedgwick, 1996). 

Repair of iron-sulphur centres damaged by nitric oxide 

The product of the E. coli ytfE gene has been shown to have an important role in 

resistance to nitric oxide stress (Justino et al., 2005b; Justino et al., 2007). Like yeaR-yoaG, 

ytfE has been shown to be repressed by NsrR (Filenko et al., 2007). Bioinformatic analysis of 

the promoter region has also identified a putative FNR binding site that overlaps the RNA 

polymerase binding site. The expression patterns of ytfE and yeaR-yoaG were also very similar 

in two independent transcriptomic studies that measured the expression of genes in response to 

nitrate, nitrite or nitric oxide (Constantinidou et al., 2006; Justino et al., 2005b). The fact that 

both of these genes are regulated in a very similar fashion by a very similar set of transcription 

factors suggests that the products of both genes may be involved in similar or even the same 

pathways. 

Much of the physiological data published on the growth phenotypes of a ytfE null 

mutant and its ability to grow under different anaerobic conditions is now being reviewed due 

to the identification of a chromosomal deletion of approximately 100 genes in the ytfE mutant 

strain (Claire Vine. unpublished data). However, the gene homologue of ytfE in Neisseria 

gonorrhoeae, dnrN, has been shown to be involved in the repair of the transcription factor, 

FNR, after damage by nitric oxide (Overton et al., 2008). Published evidence shows that 
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purified YtfE can repair the metabolic enzymes, Aconitase B and Fumarase A, after nitric 

oxide damage (Justino et al., 2006). However, whether this repair is due to the reduction or 

removal of NO from the iron-sulphur centres of these proteins, or the re-insertion of an entirely 

new iron-sulphur centre, remains to be proven. Whether YtfE is able to repair iron-sulphur 

centre containing transcription factors, such as FNR, in E. coli is currently being investigated. 

A previous investigation into the repair of the iron-sulphur containing E. coli ferredoxin, 

following nitrosative stress, revealed that the restoration of ferredoxin function was not due to 

de novo synthesis but to the repair of the damaged dinitrosyl iron cluster. Furthermore, this 

repair was shown to be dependent upon the availability of cellular L-cysteine (Rogers and 

Ding, 2001). 

When E. coli encounters nitric oxide, damage to the cell is inevitable due to the highly 

reactive nature of nitric oxide. Amongst the many biological components to which nitric oxide 

can bind are iron-sulphur centres that are essential components of many enzymes, involved in 

all aspects of metabolism. When nitric oxide binds to iron-sulphur centres, a nitrosyl adduct is 

formed (fig 6.6). How these damaged iron-sulphur centres are repaired is unknown, but it could 

involve either the reduction of the nitrosyl adduct in situ or the excision or transfer of the 

nitrosyl group to another recipient. If the nitroso-adduct was reduced in situ, while still bonded 

to the iron atom, it is possible that several reduction steps, catalysed by several enzymes might 

be required to remove the NO group entirely. One scheme proposed is that the nitrosyl adduct 

would be reduced to a metal-bound hydroxamate adduct by an enzyme-catalysed 2 electron 

reduction, before being reduced to hydroxylamine by a further reduction, possibly involving a 

second enzyme (fig.6.7). The hydroxylamine produced from this reduction could then be 

reduced by Hcp or another unknown enzyme. Alternatively, a transferase enzyme could 

catalyze the removal of the NO adduct entirely to another protein, most likely a thiol-

containing enzyme, in a process known as transnitrosation (Arnelle and Stamler, 1995). Under 

the right physiological conditions, transnitrosation of the metal bound nitroso-adduct is  
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possible, but this would still leave the cell with the problem of having to remove the nitrosyl 

adduct from a different protein. One possible, but metabolically unfavourable, mechanism of 

NO removal would be for the cell to synthesise a protein that would be used as an ‘NO-

sponge’, acting as a target for nitrosation by NO or transnitrosation before being degraded 

entirely. Any protein synthesized during conditions of nitrosative stress could fulfil this role. 

However, a highly expressed protein, especially one containing an iron-sulphur, centre such as 

Hcp, would be an ideal candidate.   

Structural domain similarity of YeaR and TehB 

Bio-informatic analysis of the YeaR protein sequence, using domain specific BLAST 

searching, PSI-BLAST, revealed the presence of a DUF1971 superfamily domain in the YeaR 

amino acid sequence. This domain is most often found in the tellurite resistance protein, TehB, 

from several organisms. The highest similarity score for a protein of known structure was 

TehB of Vibrio fischeri ES114 with a hit score of 85.5 and an e value of 2e-16. This result is 

considered to be significant for elucidating the function of YeaR for several reasons. As has 

been shown in previous sections, nitric oxide toxicity often involves the binding of NO to 

metal groups, or the conversion of NO to secondary RNS in the presence of metals. How TehB 

functions to remove tellurium from the cytoplasm is not known, but the protein has been 

shown to contain a conserved motif known as the S-adenosylmethionine (SAM)-dependent 

non-nucleic acid methyltransferase motif, and site-directed mutagenesis of conserved residues 

cause loss of tellurite resistance. TehB over-expressed from a plasmid has been shown to 

facilitate the loss of TeO3
2- from an assay mixture, but the reaction end-product is not known 

(Liu et al., 2000). Whether or not YeaR possesses this same SAM-binding motif has not been 

determined at present. Tellurium is found in the same group of the periodic table as the 

essential element, selenium, which is incorporated into the modified amino acid, seleno-

cysteine. The similar chemical properties of these two elements might suggest that YeaR could 
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be involved in the processing of selenium in response to NO stress. How cellular selenium 

levels are affected by NO, or the reaction products that occur, are not known but would be of 

interest to this study. In some bacterial species, YeaR is present as an amino-terminal extension 

of TehB and thus is often referred to as TehB or TehB^ (Lin et al., 2007; Rodionov et al., 

2005). In the Vibrionales and some Enterobacteria, tehB or tehB^ are encoded on the 

chromosome immediately downstream of the nitric oxide reductase encoding genes, norVW, 

and are presumed to be co-ordinately expressed in response to nitric oxide (Rodionov et al., 

2005). Finally, the cryptic tellurite resistance protein of E. coli, TehB, which shows only 

limited similarity to YeaR, was shown to be upregulated in the presence of NO and also nitrite 

(Constantinidou et al., 2006; Justino et al., 2005b). A putative NsrR binding site was identified 

in the promoter of TehB, situated in a position that overlaps the transcription start site 

(Bodenmiller and Spiro, 2006). Why tellurite resistance or related cell processes might be 

regulated by nitric oxide stress is not understood, but offers new possibilities for the function of 

YeaR and YoaG.  

Nitrogen isotope, N
15

, tracer experiments to identify nitric oxide detoxification 

pathways 

In a recent investigation into the properties and function of the nitrate and nitrite 

transporter in E. coli, NarU, the heavy isotope N15 was used to track the accumulation of nitrite 

and ammonia inside and outside the cell during growth in the presence of nitrate (Jia et al., 

2009). Using highly accurate mass spectrometry, the heavier, non-radioactive, isotope can be 

identified even in chemically different species, such as nitrate and nitrite, by the difference in 

molecular mass. This procedure could be used to identify the pathway for nitric oxide 

detoxification, especially from iron-NO adducts, as have been discussed earlier. The isotope, 

N15, is not available in the form of nitric oxide gas but N15 nitric oxide could be generated from 

N15 nitrite (Sigma Aldrich) in an acidic environment, as has been shown previously (Kim et al., 

2003). The accumulation of different pathway products, such as hydroxylamine and 
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hydroxamates, could then be investigated in mutants lacking one or more of the genes 

implicated in NO detoxification. This technique could lead to the identification of the 

physiological function of one or more genes of unknown function in the resistance of E. coli to 

reactive nitrogen species.   

The hypothetical function of YeaR-YoaG and its role in nitrosative stress 

This study has presented clear evidence that the operon of unknown function yeaR-

yoaG and the gene ogt are regulated in response to nitrate, via NarL, by an FNR independent 

mechanism. As has been discussed, nitrate and nitrite reduction, which are utilised by the 

bacterium to survive in anaerobic conditions, can lead to the generation of highly cytotoxic 

nitric oxide (Corker and Poole, 2003). The generation of nitric oxide from nitrate and nitrite 

metabolism would undoubtedly disrupt the cell and would eventually de-activate the global 

response regulator, FNR, by binding to the essential iron-sulphur centre and forming a stable 

dinitrosyl adduct (Cruz-Ramos et al., 2002). Under these conditions, it would be expected that 

a number of SOS proteins would be synthesised in order to deal with the nitric oxide present 

and the damage it has caused (Constantinidou et al., 2006; Justino et al., 2005b). A mechanism 

of direct regulation by NO, via FNR, has already been proven at the hmpA promoter, which 

encodes the flavohaemaglobin, Hmp, a nitric oxide detoxification system. Active FNR binds to 

the hmp promoter and represses transcription (Cruz-Ramos et al., 2002). When nitric oxide is 

produced, it deactivates FNR, leading to Hmp synthesis and nitric oxide detoxification. In 

contrast to phmp, the regulation of yeaR is only indirectly effected by FNR, suggesting that 

YeaR-YoaG might be synthesised as a prophylactic response to the nitric oxide precursor, 

nitrate. 

The role of NsrR at the yeaR promoter is vital to understanding whether the gene is 

expressed in response to, or in preparation for, nitrosative stress. A single binding site for NsrR 

exists in the promoter region of yeaR, and a 4-fold effect of NsrR repression on yeaR 
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transcription was reported (Filenko et al., 2007; Lin et al., 2007). However, this study has 

demonstrated that the apparent role of NsrR in vivo is relatively weak. The experiments 

suggested earlier in this discussion, to ascertain whether NsrR binds to the yeaR promoter, 

would be vital to identifying the physiological role of the YeaR-YoaG proteins. 

In general, when studying bacterial physiology, understanding the regulation of a gene 

is key to understanding the function of the encoded proteins. The conditions when proteins are 

maximally expressed tend to be the conditions where the encoded protein is most active and 

most needed. Furthermore, groups of proteins that are required in response to different 

environmental conditions are often co-regulated and under the control of similar transcription 

factors (Browning and Busby, 2004; Constantinidou et al., 2006). These assumptions suggest 

that yeaR-yoaG, which is expressed in response to nitrate, and is co-regulated with genes 

known to be involved in nitrosative stress management, forms part of a response to nitrosative 

stress.  

Despite the implication that yeaR-yoaG forms part of an SOS response to deal with 

nitric oxide, no clear growth inhibition phenotype of a yeaR-yoaG null strain by nitric oxide 

has been observed. This suggests that the function of YeaR-YoaG is not vital to the ability of 

E. coli to grow in these conditions. This apparent redundancy appears to be common 

throughout nitrosative stress responses, as the E. coli chromosome encodes three proteins with 

known nitric oxide reductase capabilities (HmpA, NorVW and NrfA). It is not likely that these 

systems are functionally redundant, but that they are synthesised under subtly different 

conditions, for example, when exogenous nitric oxide is encountered as opposed to endogenous 

NO. However, the presence of several ‘back-up’ systems, even if differently expressed, makes 

the identification of clean growth phenotypes in response to nitric oxide difficult. In order to 

understand the contribution that each of these systems makes to nitric oxide reduction/ 

detoxification it would be necessary to construct mutants that are deficient in all combinations 

of these known systems, as well as genes implicated in nitrosative stress management. A 
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systematic investigation into the contribution of, HmpA, NorVW, NrfA, NirB, Hcp and YeaR-

YoaG to the rate of nitric oxide reduction by E coli grown in different anaerobic conditions is 

being undertaken by Claire Vine of the University of Birmingham, which will aid in the 

discovery of the function of YeaR-YoaG. 

The existence genes encoding of several other systems for nitric oxide reduction on the 

E. coli chromosome and the lack of growth phenotype during nitrosative stress lead to the 

proposal that YeaR-YoaG is not a further nitric oxide reductase. One other possible indication 

of the function of YeaR-YoaG comes from the regulation of hmpA. The promoter region of 

hmpA contains two operators for the MetR transcriptional regulator, a global regulator that 

controls genes involved in methionine biosynthesis. The DNA-binding affinity of MetR is 

controlled by the availability of homocysteine, which binds to the MetR regulator and modifies 

its activity (Urbanowski, 1989). In the presence of homocysteine, MetR binds to both of the 

operators in the hmp promoter region and represses transcription (Membrillo-Hernandez et al., 

1998). When homocysteine levels are depleted, only the MetR site proximal to the -35 of phmp 

is occupied and transcription from phmp is activated. The cellular levels of the MetR cofactor, 

homocysteine, and the synthesis of methionine are dramatically effected by the addition of 

GSNO, a potent NO releasing compound, which nitrosates homocysteine to form S-

nitrosohomocysteine (Flatley et al., 2005). 

The dependence of Hmp expression on homocysteine availability raises a possible route 

of investigation for the function of YeaR-YoaG. Homocysteine is an integral component of the 

cyclical methionine biosynthetic pathway (fig 6.8). This pathway also involves the formation 

of S-adenosylmethionine (SAM), a potent methylating agent. As noted previously, it has been 

demonstrated that YeaR shares significant sequence and domain similarity with the tellurite 

resistance protein, TehB, whch is also appears to be regulated by nitrosative stress 

(Constantinidou et al., 2006; Justino et al., 2005b). The function of TehB and related proteins 

in many bacteria is thought to be dependent upon the methylation of tellurite by TehB and the 
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 protein bound co-factor SAM. It could be feasible that YeaR is also able to coordinate SAM, 

or another structurally related product, that accumulates during growth in nitrosative stress 

conditions due to the disruption of the methionine biosynthetic pathway. An investigation into 

the cellular levels of homocysteine, SAM and methionine, as well as other metabolites such as 

N5-methyl tetrahydrofolate, during nitrosative stress might aid in the discovery of YeaR-YoaG 

function. The use of chemostat cultures and small molecule metabolomics might offer an 

insight into the downstream effects of nitrosative stress on bacterial metabolism. 

The structure of YeaR has recently been resolved by X-ray crystallography by the 

Northeast Structural Genomics Consortium (http://www.nesg.org/). The protein exists as a 

tetramer with a propeller-like structure, with each YeaR protein chain incorporating a zinc ion 

as a chemical ligand (fig 6.9). This information might assist in the determination of YeaR 

function in the cell.  

Final conclusions 

The conclusions of this study are that the regulatory mechanisms of yeaR and ogt offer 

new insights into the possible functions of the proteins encoded by these genes in nitrosative 

stress tolerance. The ability of E. coli to resist the damaging effects of nitric oxide and other 

reactive nitrogen species is vital to its ability to thrive in the environment and in the gut of 

mammals. The activation of these proteins by NarL, independent of FNR, reveals a new level 

of complexity in how E. coli is able to respond to the changing environment it encounters 

during infection, and might offer new insight into the pathogenicity of E. coli strains. Although 

several possible explanations for the increased nitrite-dependent yeaR promoter activity in the 

absence of functional FNR have been inverstigated, and future experiments suggested, it most 

likely that this effect is due to a lack of nitrate and nitrite metabolism in an fnr null mutant, 

leading to an abundance of inducer molecule (nitrite) and thefore increase NarL activity.
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 However, this would indicate that pyeaR and pogt are subject to unusal transcriptional control 

by NarL, which would normally be de-phosphorylated by NarX in response to nitrite. 

Despite the lack of a growth phenotype during nitrosative stress, it is certain that YeaR 

and other proteins expressed in these conditions, such as Hcp, have a very important role in 

dealing with the damage and disruption caused to the cell by nitric oxide, if not detoxifying the 

molecule itself. It is proposed that the function of YeaR is to deal with a downstream effect of 

nitric oxide, rather than to reduce nitric oxide directly. This could involve the repair of iron-

sulphur centres, the removal of NO from thiol groups, or the regeneration of a nitrosylated 

metabolite such as homocysteine. This study also prompts many other lines of investigation 

into how E. coli regulates transcription during stress conditions, and how these transcriptional 

networks affect the lifestyle of E. coli. 
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