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Abstract 

 
Vibrio cholerae has spread across the world in seven recorded pandemics. Millions of 

recorded cases, and thousands of deaths, still occur world-wide each year. Survival of V. 

cholerae in the host and aquatic environments requires the careful regulation of gene 

expression. In part, this relies on quorum-sensing; a tool used by bacteria to respond to 

changes in population density. Two key transcription factors involved in the quorum-sensing 

cascade of V. cholerae are LuxO and HapR. Interestingly, the genes encoding these factors 

are highly variable amongst clinical isolates of pandemic cholera. Despite the importance of 

HapR and LuxO in escape from the host mucosa, natural competence, and expression of 

virulence factors, genome-wide DNA-binding targets have not yet been identified. 

Furthermore, it is not known how these proteins interact with other global regulators. 

 

In this study, we assess the role of HapR and LuxO in pandemic V. cholerae. We show that 

mutations common in clinical isolates of V. cholerae abolish HapR expression. We determine 

DNA-binding targets of HapR and LuxO across the V. cholerae E7946 genome and identify 

genes with a diverse range of functions that are regulated by HapR. Additionally, we 

demonstrate how HapR and the cyclic AMP receptor protein (CRP) co-regulate transcription 

from the murQP promoter. Specifically, we show that these transcription factors bind DNA 

co-operatively. 
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2.6 Gene regulation in bacteria 

Prokaryotic organisms survive in the environment through the careful regulation of gene 

expression. A diverse range of mechanisms are utilised to achieve this. Many of these 

mechanisms centre around regulating the activity of the DNA-dependent RNA polymerase 

(RNAP), particularly during transcription initiation (for detailed reviews see Browning and 

Busby, 2004, Browning and Busby, 2016, and Borukhov and Nudler, 2008). Other 

mechanisms, such as the post-transcriptional regulation of gene expression by small RNAs 

(sRNAs), are also used (Dutta and Srivastava, 2018). Together, these mechanisms allow co-

ordination of responses to environmental cues, including nutrient availability, population 

density, and stress factors. 

 

1.2  Bacterial RNA polymerase 

RNAP is an enzyme, the sequence of which is highly conserved across all bacterial species. 

The core enzyme consists of five subunits (αI, αII, β, βʹ and ω), which form a complex of 

around 400 kDa in mass (Borukhov and Nudler, 2008; Cramer et al., 2001; Nudler et al., 

1998; Minakhin et al., 2001; Zhang et al., 1999). The function of RNAP is to bind DNA and 

initiate transcription, to generate a complementary strand of RNA. This RNA can code for a 

protein (messenger RNA), be non-coding transfer RNA (tRNA), or ribosomal RNA (rRNA) 

(Borukhov and Nudler, 2008). 
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1.3 Sigma factors and Promoters 

1.3.1 Structure and function of sigma factors 

A promoter is a sequence of DNA to which RNAP binds to initiate transcription. The 

recognition of promoter DNA sequences by RNAP requires proteins called sigma factors (see 

figure 1.1) (Burgess and Anthony, 2001). Different sigma factors are categorised by the 

function of genes they regulate (their regulon). For example, σ70 (RpoD) is the 

‘housekeeping’ sigma factor in E. coli and has the largest regulon (Cho et al., 2014). 

Conversley, σ54 (RpoN) controls E. coli genes involved in nitrogen metabolism and has a 

smaller regulon (Tsang and Hoover, 2014). The ‘stationary phase’ σ38 factor (RpoS) governs 

the�epharose�n of genes for survival of bacteria in nutrient-poor environments (Hengge-

Aronis, 1993). Other E. coli sigma factors control the heat shock response (σ32, RpoH), 

flagellar biosynthesis (σ28, RpoF), cell envelope stress response (σ24, RpoE) and iron stress 

response (σ19, FecI) (Yura et al., 1993; Slamti et al., 2007; Starnbach and Lory, 1992; Hayden 

and Ades, 2008; Angerer et al., 1995). Sigma factors can have slightly different roles in 

different species of bacteria. For example, in Vibrio cholerae, σ54 is required for the 

transcription of flagellar genes and σ38 is critical for virulence and escape from the host 

epithelium during infection (Yildiz and Schoolnik, 1998; Nielsen et al., 2006; Dong and 

Mekalanos, 2012). Most sigma factors are in the σ70 family, the exception being those 

related to σ54. Σ70 family sigma factors are generally comprised of three domains (σ2, σ3 and 

σ4) with linker regions between them (Borukhov and Severinov, 2002). A σ1 domain is 

often, but not always, present.  
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1.3.2 Promoter recognition by sigma factors 

The σ70 factor recognises 6 bp sequences 35 and 10 bp upstream of the transcription start 

site (TSS) (Murakami et al., 2002; Campbell et al., 2002). These are referred to as the ‘-35ʹ 

and ‘-10’ elements and have the consensus 5ʹ-TTGACA-3ʹ and 5ʹ-TATAAT-3ʹ respectively 

(figure 1.1a). At some promoters, the sequence 5ʹ-TGn-3’ is located immediately upstream 

of the -10 element to make an ‘extended -10’ (Sanderson et al., 2003; Kumar et al., 1993). 

At promoters with an extended -10 sequence, the -35 element is less important for 

promoter recognition by σ70 (Kumar et al., 1993). An AT-rich sequence of around 20 bp, 

often found upstream of the -35 element is referred to as the ‘UP element’. This facilitates 

binding of the RNAP α subunit C-terminal domain (α-CTD) to DNA (Ross et al., 2001). The 

kinetics of association between RNAP and DNA is partly dictated by the sequence these four 

elements, which are not always of perfect consensus (Browning and Busby, 2004). Other σ70 

family sigma factors also recognise promoter elements, but the sequence and positions of 

these elements vary. All σ70 family factors stabilise spontaneous DNA opening to drive 

transcription initiation. 

 

At promoters recognised by σ54, the RNAP σ54 holoenzyme is not sufficient to drive 

transcription initiation. Unable to stabilise spontaneous DNA opening, σ54 requires energy 

from ATP-hydrolysis provided by an activator protein (Wang and Gralla, 1998; Rombel et al., 

1998). Consensus DNA-binding sites for σ54 are distinct from those for σ70 and more 

conserved across bacterial species (Merrick, 1993). Interactions between σ54 and DNA occur 

at -12 and -24 sequences with the consensus 5’-TGC-3’ and 5’-‘GG’-3’ respectively (Merrick, 

1993). Σ54 has three regions (I to III), each of which have a different function. Region I is the 

site of interaction between the -12 element and the RNAP complex, as well as the site of 
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activator ATPase binding (Yang et al., 2015). Region II is less well understood, and is highly 

variable in length, although it is believed to modulate DNA binding and unwinding in many 

bacterial species (Yang et al., 2015). Highly conserved Region III makes the strongest 

contacts with core RNAP and the promoter (Yang et al., 2015). 
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Figure 1.1 – A canonical σ70 promoter in E. coli. Consensus sequences of the -35 and (extended) -10 elements given. Positioning of σ70 domains relative to 
the promoter shown. Adapted from Browning and Busby (2008). 
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Figure 1.2 – Initiation of transcription by RNA polymerase from a canonical σ70 promoter. Core 
polymerase binds to σ70 to form the polymerase holoenzyme. This binds to the promoter to form the 
‘closed complex’. Unwinding of the DNA helix by polymerase leads to the formation of the ‘open 
complex’. Cycles of abortive initiation occur, resulting in the production of 2-15 bp abortive products 
until sufficient free energy allows for the elongation complex to form. Σ70 dissociates from 
polymerase and the full-length transcript can be produced. Adapted from Browning and Busby 
(2016) and Borukhov and Nudler (2008). 
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1.4 Transcription initiation 

Prior to DNA binding, core polymerase binds to a sigma factor to form the RNAP 

holoenzyme (see figure 1.2). At housekeeping promoters, the σ2 domain of σ70 contacts the 

-10 promoter element forming the ‘closed complex’ (Li and McClure, 1998). Where present, 

-35 elements stabilise binding by the domain σ4. UP elements are contacted by the α-CTD. 

The ‘open complex’ is formed as the two strands of the DNA are separated. This begins at 

the -11 position and bends the DNA. The two DNA strands are positioned within the RNAP 

‘clamp’ (deHaseth and Helmann, 1995). Three catalytic aspartate residues within the β’ 

subunit of RNAP contact the transcription start site (TSS, +1) of the DNA template strand 

(Vassylyev et al., 2007). Nucleotides are fed into the catalytic core of RNAP via a funnel in 

the β’ subunit, where (if complementary to the nucleotide of the DNA template strand) they 

are added to the RNA chain. Upon addition, the DNA/RNA complex moves one base-pair, 

allowing the next nucleotide to be added (Cheetham and Steitz, 1999). Initially, RNA chains 

are released prematurely at between 2 and 15 nucleotides in length; this is referred to as 

‘abortive transcription’ and can occur cyclically until RNAP ‘escapes’ its contacts with the 

promoter (when there is sufficient free energy) and move along the DNA to produce the 

full-length transcript (Revyakin et al., 2006). Σ54 factors have also been shown produce 

abortive RNA products, though ‘promoter escape’ occurs more rapidly (Tintut et al., 1995). 
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1.5 Transcription factors  

Controlling transcription is one way that bacteria respond to environmental change. 

Transcription factors are proteins that up- or downregulate transcription (see Seshasayee et 

al., 2011, for a review). Transcription factors can be activators (upregulating transcription) 

or repressors (downregulating transcription). Importantly, a single transcription factor may 

act in both capacities depending on the position of its DNA target site relative to the 

promoter and other sites of transcription factor interaction (Browning and Busby, 2004). A 

single gene or operon may be controlled by a combination of activators and repressors, 

allowing a variety of signals to feed into a single pathway. The cAMP receptor protein (CRP, 

discussed later) is a well-described transcription factor that can regulate transcription in 

multiple ways (Busby and Ebright, 1997). 

 

1.5.1 Transcription activation 

Activators are divided into three classes (see figure 1.3); class I, class II and conformational 

activators (Lee et al., 2012). Class I activators bind upstream of promoters and increase 

promoter recognition by RNAP through contacts with the C-terminal domains of the α 

subunits (Zhou et al., 2014). Class II activators bind near to the -35 element and contact the 

sigma factor via the σ4 subdomain (Niu et al., 1996). Conformational activators change DNA 

organisation to allow RNAP binding. Often, this is by twisting DNA to correctly align 

promoter elements. Not all activators conform to these descriptions; some counteract the 

activity of repressors or help drive DNA unwinding via ATP-hydrolysis. The latter is required 

at σ54-dependent promoters (Browning and Busby, 2016). 
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1.5.2 Repression of transcription 

Repressors can also be categorised into three classes (see figure 1.4). Some act by 

preventing RNAP from binding the promoter (steric hindrance) (Rojo, 1999). Others 

counteract activators (anti-activation) (Valentin-Hansen et al., 1996). Much like 

conformational activators, some repressors bend DNA to exclude RNAP from interacting 

with a promoter (looping) (Rojo, 1999). 
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Figure 1.3 – Mechanisms of transcription activation. Class I activators bind upstream of a promoter and recruit polymerase via contacts with the α-
subunits, whereas class II activators bind near the -35 element and associate with σ70 and αNTD. Conformational activators bind DNA, for example, to re-
orientate the -10 and -35 elements and enable σ70 binding. Adapted from Browning and Busby (2004) and Browning and Busby (2016). 
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Figure 1.4 – Mechanisms of transcription repression. Repressors can bind to promoter elements 
and directly inhibit polymerase binding (steric hindrance). Repressors may also act indirectly by re-
orientating DNA to ‘mask’ promoter elements (looping), or by binding to transcription activators and 
inhibiting their function (anti-activation). Adapted from Browning and Busby (2004) and Browning 
and Busby (2016). 
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1.6 CRP and transcription regulation 

1.6.1 CRP structure and binding to DNA 

CRP is a transcription factor dependent on the second messenger cyclic AMP (cAMP) (Kolb 

et al., 1993). The structure of CRP is shown in figure 1.5. Two CRP monomers dimerise by 

interaction of the N-terminal domain. The dimer interacts with DNA via a C-terminal helix-

turn-helix motif (Kolb et al., 1993; Busby and Ebright, 1999). Each monomer has three 

distinct activating regions; protein surfaces that can interact with RNAP. Activating regions 

(Ars) 1 and 3 comprise residues 156-164 and 52-58 respectively. AR2 consists of residues 19, 

21, 96 and 101 (de Crombrugghe et al., 1984; Niu et al., 1996, 1994). CRP dimers bind to a 

palindromic DNA sequence consensus 5’-TGTGAN6TCACA-3’ (Shimada et al., 2011; Manneh-

Roussel et al., 2018). Dimerisation and recognition of this sequence is dependent on cAMP; 

insertion of cAMP into the ligand binding pocket causes a conformational change in the 

DNA-binding domain of CRP (de Crombrugghe et al., 1984). Activation of transcription by 

CRP can occur through multiple mechanisms involving different Ars. 

 

1.6.2 Class I CRP promoters 

At class I promoters, CRP binds upstream of the core promoter elements and recruits RNAP 

through contacts between AR1 on the downstream CRP monomer and residue 287 of α-CTD  

(Zhou et al., 1993; Savery et al., 1998). The site of CRP binding at class I activated promoters 

can vary but is always on the same face of the DNA helix as RNAP (Ebright, 1993).  

 

1.6.3 Class II CRP promoters 

The CRP binding site at class II promoters is usually located at position -41.5 (Busby and 

Ebright, 1997). Here, CRP can contact α-CTD via AR1 and four negatively charged residues 
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(162-165) in the α subunit N-terminal domain (α-NTD) via AR2 (Niu et al., 1996; Savery et al., 

1998). Domain 4 of σ70 interacts with AR3 (Rhodius and Busby, 2000). 

  

1.6.4 Class III CRP promoters 

Class III promoters have multiple CRP sites or a combination of CRP and sites for other 

transcription factors (Browning and Busby, 2004). For example, CRP and FNR co-activate 

transcription from the ansB promoter in E. coli, with binding sites centred around -91.5 and 

-41.5 respectively (Scott et al., 1995). Regulators at Class III promoters can employ a 

combination of class I and class II-like interactions with RNAP, as illustrated in figure 1.6 

(Busby and Ebright, 1999).  

 

1.6.5 CRP-regulated genes  

In E. coli, CRP regulates over 180 genes, many of which are involved in the metabolism of 

alternative carbon sources in the absence of glucose (Kolb et al., 1993; Zheng et al., 2004).  

A ChIP-seq study in Vibrio cholerae identified 119 DNA binding targets for CRP and E. coli 

and V. cholerae CRP are 95 % identical (Skorupski and Taylor, 1997b; Manneh-Roussel et al., 

2018). In V. cholerae, CRP downregulates biofilm formation and virulence gene expression 

via induction of the high-cell density regulator, HapR (discussed later). Furthermore, CRP is 

vital for the colonisation of the intestinal tracts of fish and down-regulation of toxin 

production (Manneh-Roussel et al., 2018; Skorupski and Taylor, 1997b, 1997a). 
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Figure 1.5 – Structure of a CRP/DNA complex. Monomers of the CRP dimer coloured separately in 
yellow and orange. Molecules of cyclic AMP (cAMP) shown in red. Associated DNA shown in grey. 
DNA is bound at the major groove via C-terminal α-helices. Activating regions 1, 2 and 3 coloured in 
purple, blue and green respectively. Image generated using PyMOL. Structure resolved by Parkinson 
et al., 1996.  
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Figure 1.6 – CRP-dependent activation of transcription. Interactions between CRP (yellow), RNA polymerase subunits and promoter DNA. Model of class I 
and class II activation shown with activating regions of CRP (AR1, AR2 and AR3) indicated where interactions occur. Class I activation; AR1 of the 
downstream CRP interacting with residue 287 of αCTD. Class II activation; contacts are made between AR1 of the upstream CRP interacting with residue 
287 of αCTD, AR2 and AR3 of the downstream CRP contacts the αNTD and σ4 respectively. Two different examples of class III activation presented. Adapted 
from Busby and Ebright (1999). 
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1.7 Vibrio cholerae and the Seventh Pandemic  

1.7.1 Epidemiology of V. cholerae 

V. cholerae has spread across human populations in a series of pandemics; the current being 

the seventh (Ali et al., 2012). The bacterium can be classified by serogroup and biotype. The 

serogroup is defined by the structure of the O-antigen on the surface lipopolysaccharide 

(Chatterjee and Chaudhuri, 2003). Infectious cases of V. cholerae are of either the O1 or 

O139 serogroup. The former is responsible for the vast majority of V. cholerae infections (Ali 

et al., 2012; Chin et al., 2011). O1 serotyped V. cholerae can be further classified into 

‘Inaba’, ‘Ogawa’ or ‘Hikojima’ subtypes based on the constituent elements of the O1 antigen 

(Stroeher et al., 1992). O1 is yet further identified by biotype, either Classical or El Tor, 

based on a few differentiating properties such as haemolysin production (Stroeher et al., 

1992). The vast majority of the seventh pandemic of cholera is caused by the O1 serogroup 

and El Tor biotype of V. cholerae – and henceforth will be referred to as 7PET (Chin et al., 

2011). By contrast, the previous six pandemics are believed to be predominantly of the 

Classical biotype. 7PET cholera was first identified in the Bay of Bengal around 1910 and 

remains endemic there (Kaper et al., 1995). V. cholerae spreads prolifically in areas of poor 

sanitation or where local infrastructure (such as water and sewage lines) is severely 

damaged; often due to conflict or natural disasters (Ali et al., 2012). One of the most recent 

large-scale outbreaks of V. cholerae in Yemen has recorded over 1.2 million cases in two 

years (WHO, 2020). 

 

Previously, V. cholerae was thought to be spread around the globe by environmental events 

such as El Niño (Colwell, 1996). However, recent work has suggested that humans are more 

likely responsible for the spread of epidemic V. cholerae (Weill et al., 2017). Large-scale 
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genomic studies have shown that global dissemination of 7PET V. cholerae occurred in 

‘waves of transmission’ (Mutreja et al., 2011). These waves originate from the endemic 

regions around the Bay of Bengal, and predominantly target Africa and South Asia initially, 

with some waves subsequently spreading onwards to South America (Mutreja et al., 2011).  

 

1.7.2 The life cycle of V. cholerae 

1.7.2.1 The aquatic environment and chitin utilisation 

Key to the survival and transmission of V. cholerae is adaptation to two ecological niches: 

brackish waters (the aqueous environment) and the intestinal tracts of humans (the host 

environment) (Alam et al., 2007). V. cholerae can also colonise the intestines of several fish 

species (Halpern and Izhaki, 2017). The infection cycle of V. cholerae is illustrated in figure 

1.7. In the aqueous environment, V. cholerae forms biofilms on chitin, a polymer of N-

acetylglucosamine (GlcNAc), found in the exoskeletons of arthropods (Alam et al., 2006). 

Chitin can be utilised by V. cholerae as a carbon and nitrogen source (Meibom et al., 2004; 

Alam et al., 2006). This metabolism is governed by the regulator ChiS, which controls the 

expression of the chb operon (Klancher et al., 2020b; Yamamoto et al., 2014; Li and 

Roseman, 2004). Two enzymes, ChiA-1 and ChiA-2 are exported into the extracellular 

environment and break down chitin (Li and Roseman, 2004). Growth on chitin also induces 

the natural competence cascade, allowing the uptake of exogenous DNA from the 

environment (Meibom et al., 2005). ChiS also induces expression of TfoS, a regulator which 

promotes expression of another protein, TfoX (Dalia et al., 2014). In tandem with the 

quorum-sensing master regulator HapR, TfoX activates expression of QstR, which in turn, 

switches on competence-related genes (Scrudato and Blokesch, 2013). CRP also regulates 

genes which control nutrient acquisition and competence on chitin (Blokesch, 2012). 
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1.7.2.2 Survival in the host 

V. cholerae is ingested by consumption of contaminated food or water (Alam et al., 2007). In 

the host stomach, pH is low and so V. cholerae induces an acid tolerance response. This 

involves increased expression of the cadAB operon mediated by the transcription factor, 

CadC (Dell et al., 1994). CadA converts lysine to cadaverine, utilising protons and thus raising 

the intracellular pH. Cadaverine is then exported by CadB (Merrell and Camilli, 1999; Sabo et 

al., 1974). In the intestinal lumen of host organisms, bile and associated antimicrobial 

peptides (AMPs) act to protect the intestinal epithelium by disrupting cell walls of invading 

bacteria (Conner et al., 2016). V. cholerae responds by modifying lipopolysaccharides (LPS) 

on its cell surface, for example, via acylation by MsbB (Matson et al., 2010). Altered 

expression of porins, OmpT and OmpU, and induction of the efflux pump VexAB, is also 

important (Wibbenmeyer et al., 2002; Bina et al., 2006). To reach intestinal epithelial cells, 

V. cholerae first adheres to the mucosal surface using the GlcNAc binding protein, GbpA 

(Zampini et al., 2005). The haemagglutinin protease, HapA, is then upregulated by HapR to 

degrade the mucous layer. This allows V. cholerae to migrate through the mucosa (Jobling 

and Holmes, 1997; Silva et al., 2003).  

 

1.7.2.3 Virulence gene expression  

Virulence genes are ultimately required for V. cholerae to colonise the host. Components of 

bile, a fluid produced in the host liver, inhibit the expression of virulence genes such as toxT 

(Lowden et al., 2010). As V. cholerae moves towards the epithelium, increasing 

concentrations of bicarbonate counter toxT inhibition (Abuaita and Withey, 2009). ToxT 

controls the expression of multiple virulence factors, including cholera toxin (CTX) and the 

toxin co-regulated pilus (TCP). ToxT, regulates TCP expression indirectly and via another 
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regulator, TcpPH (Hulbert and Taylor, 2002; Häse and Mekalanos, 1998). TCP is a type IV 

pilus, which promotes the formation of microcolonies and so attachment to the epithelium 

(Helene Thelin and Taylor, 1996; Herrington et al., 1988). Upon attachment, V. cholerae 

induces biofilm formation and upregulates virulence gene expression via ToxT (Sengupta et 

al., 2016).  

 

CTX is comprised of a single subunit A (made up of the two domains, A1 and A2) surrounded 

by five B subunits (Dallas and Falkow, 1980). CTX binds to the host monosialoganglioside 

GM1 receptor on the surface of epithelial cells via a B subunit (Kaper et al., 1995). Cleavage 

of the A1 and A2 subunits, by proteases including HapA, releases the A1 subunit (Lencer et 

al., 1997; Booth et al., 1984). A1 activity causes a G-protein to perpetually activate adenylate 

cyclase, an enzyme which converts ATP to cAMP (Spangler, 1992). Elevated cAMP levels 

cause chloride ions to leak from host cells. This creates an osmotic gradient through which 

water flows into the intestinal lumen. This is responsible for the ‘rice water’ stools in cholera 

patients (Chaudhuri and Chatterjee, 2009; Kaper et al., 1995). 

 

1.7.2.4 Host dissemination 

Dissemination from the host is mediated by the sigma factor, RpoS, which upregulates 

HapR. Together, HapR and RpoS control the expression of motility and chemotaxis genes 

which drive the detachment of V. cholerae from the intestinal epithelium (Nielsen et al., 

2006). Transition between the toxin-producing and mucosal escape states was shown by 

one study to occur in only a subset of the V. cholerae population. The study proposed that a 

bistable switch gives rise to two populations: one which continues to produce TCP and CTX, 

and one which disseminates from the host (Nielsen et al., 2010). Bistable switches have 
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been described in several species (see Dubnau and Losick, 2006 for a review) and allow 

individuals of a genetically identical bacterial population to behave differently in the same 

environment (Ferrell, 2002). Small changes in the concentration of a signal are amplified by 

expression feedback loops (either positive or double-negative). Therefore, a cellular 

response controlled by a bistable switch can exist only in an ‘OFF’ or ‘ON’ state. In V. 

cholerae, TCP expression is coupled with expression of ToxT, which further upregulates the 

tcp genes, resulting in a positive feedback loop that switches the cells to a virulent state 

(Nielsen et al., 2010). 

 

1.7.2.5 Biofilm formation 

The formation of biofilms is crucial for many stages of the V. cholerae infection cycle (figure 

1.7). Biofilms provide protection from stressors, including nutrient depravation, 

temperature, acidity and antimicrobial compounds (Flemming and Wingender, 2010). 

Biofilm-associated V. cholerae cells also display increased infectivity in host organisms 

compared to planktonic cells (Faruque et al., 2006). V. cholerae biofilms are comprised 

primarily of an exopolysaccharide, VPS, and the matrix proteins Bap1, RbmA and RbmC 

(Silva and Benitez, 2016). Exopolysaccharides provide a three-dimensional structure in 

which cells aggregate (summarised by Flemming and Wingender, 2010). The three matrix 

proteins promote adhesion between cells and to surfaces (Absalon et al., 2011; Fong and 

Yildiz, 2007; Fong et al., 2006). The major regulators of biofilms in V. cholerae are VpsR and 

VpsT; transcriptional activators of biofilm-related genes (Zamorano-Sánchez et al., 2015). 

Biofilm formation is also regulated positively by factors such as c-di-GMP and AphA, and 

negatively regulated by CRP and HapR (Fong and Yildiz, 2008; Yang et al., 2010; Lin et al., 

2007). 
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Figure 1.7 – The life cycle of pathogenic V. cholerae. V. cholerae, shown as individual cells or as 
biofilms, manages the transition between host and aquatic or host and host environments 
through differential regulation of genes. Stages of infection are labelled along with 
transcription factors important for each stage (details discussed in the text). Based on 
Conner et al., 2016 and Almagro-Moreno et al., 2015.  
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1.7.3 Evolution of V. cholerae 

Horizontal gene transfer by bacteriophages is a driver of the evolution of V. cholerae 

(Waldor and Mekalanos, 1996; Karaolis et al., 1999). Toxigenic V. cholerae result from 

integration of transposable genetic elements (termed pathogenicity islands) into the Vibrio 

genome (Pang et al., 2007; Karaolis et al., 1998). Vibrio pathogenicity islands VPI-1 and VPI-2 

are found in classical and El Tor strains (Heidelberg et al., 2000; Karaolis et al., 1998; Jermyn 

and Boyd, 2002). VPI-1 includes genes encoding CTX (ctxAB) and TCP (Karaolis et al., 1998). 

Acquisition of these genes was sequential, with bacteriophages CTXφ and VPIφ identified as 

the source of ctxAB and tcp respectively (Waldor and Mekalanos, 1996; Karaolis et al., 

1999). 7PET strains contain two further pathogenicity islands, VSP-1 and VSP-2 (Dziejman et 

al., 2002). The associated genes are less well characterised but have been linked to 

increased survivability in host and aquatic environments. Genes on VSP-1 also modulate 

chemotaxis and colonisation of the host (Davies et al., 2012). The VPS-2 encoded protein, 

VerA, is involved in the response to zinc starvation (Murphy et al., 2021).  

 

Horizontal gene transfer can also occur due to uptake of DNA by natural competence in V. 

cholerae (Meibom et al., 2005). This process is induced by growth on chitin and DNA uptake 

is driven by the Chitin regulated pilus (ChiRP) (Meibom et al., 2004). Studies have shown 

that natural competence allows V. cholerae to alter its serogroup by incorporating O-

antigen genes from a donor (Blokesch and Schoolnik, 2007). 

 

Accumulation of single-nucleotide polymorphisms in the V. cholerae genome also has 

profound effects on gene expression. The N16961 strain, for example, contains a frameshift 

mutation which truncates HapR (Heidelberg et al., 2000). A recent whole-genome 
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sequencing study analysing over 1,000 clinical 7PET isolates identified a wide array of SNPs 

across the genome of V. cholerae (Weill et al., 2017). Many SNPs were non-synonymous 

(i.e., alter the encoded amino acid sequence). Genes with a high ratio of non-synonymous to 

synonymous mutations were identified as transcription regulatory factors or cell surface 

proteins with functions in host colonisation and disease. Two such factors, HapR and LuxO 

(high ratios of non-synonymous SNPs), regulate gene expression as part of the quorum-

sensing cascade (Lilley and Bassler, 2000; Jobling and Holmes, 1997; Ball et al., 2017). 
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1.8 Quorum-Sensing 

1.8.1 Quorum-sensing in bacteria 

Quorum-sensing is a mechanism by which bacteria respond to signals from neighbouring 

bacteria (reviewed in Miller and Bassler, 2001). Small molecules, known as auto-inducers 

(AIs), are continually synthesised and secreted into the environment by bacterial cells. AIs 

bind to receptor proteins on the bacterial cell surface or, less often, in the cytoplasm (Keller 

and Surette, 2006). This leads to changes in gene expression. As bacterial population density 

increases, AI levels in the local environment grow. Receptors that detect the AIs modulate 

the induction of transcription factors. Genes regulated by this process include those 

involved in controlling biofilm formation and pathogenesis (Keller and Surette, 2006; Miller 

and Bassler, 2001) . 

 

1.8.2 The Quorum Sensing Cascade in V. cholerae 

Quorum-sensing in V. cholerae (see figure 1.8) governs the expression of many genes 

involved in virulence, biofilm formation and dissemination from host organisms (Miller and 

Bassler, 2001; Margolin, 2005; Zhu et al., 2002). Key components of the quorum-sensing 

cascade are descrbed below. 

 

1.8.2.1 Quorum-sensing signals and receptors 

V. cholerae produces the cholera auto-inducer 1 (CAI-1) and auto-inducer 2 (AI-2). CAI-1 

production is highly prevalent amongst Vibrio spp. and so allows regulation of genes in 

response to other Vibrios (Ng et al., 2011). By contrast, AI-2 is common to many bacteria 

and is a more general signal of bacterial cell density (Federle and Bassler, 2003). In V. 

cholerae, CAI-1 and AI-2 are both required for lifestyle switching, but CAI-1 is required in 
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lower concentrations than AI-2 (Bridges and Bassler, 2019). In a mixed-species environment, 

this would allow V. cholerae to activate genes promoting dispersal from biofilms if two 

criteria are met; i) the local population is at high cell density (detection of AI-2) and ii) there 

are enough vibrio spp. cells within the population (detection of CAI-1) (Bridges and Bassler, 

2019). CAI-1 and AI-2 are detected by the transmembrane receptors, CqsS and LuxPQ, 

respectively. At low cell density, when their corresponding auto-inducers are at low 

concentrations, CqsS and LuxPQ phosphorylate LuxU (Bassler et al., 1994). 

 

Phosphorylation of LuxU is also controlled by environmental signals other than those 

involved in quorum-sensing. For example, in V. cholerae, a third transmembrane receptor, 

CqsR, is bound by ethanolamine; a common carbon and nitrogen source for many bacteria 

(Watve et al., 2020). Interestingly, ethanolamine is abundant in the large intestine but is not 

metabolised by V. cholerae. Hence, CqsR can respond to a particular environment. It has 

been suggested that CqsR may respond to multiple ligands (Watve et al., 2020�).  

 

Nitric oxide (NO) is produced by many host organisms as an antimicrobial in response to 

infection (Janoff et al., 1997). While some bacteria can synthesise NO, V. cholerae does not 

encode the required synthase enzyme (Crane et al., 2010; Hossain et al., 2018).The cytosolic 

kinase, VpsS, phosphorylates LuxU in the absence of NO (Jung et al., 2015; Hossain et al., 

2018).  VpsV senses NO and inhibits the activity of VpsS. Taken together, this suggests that 

the VpsV/VpsS-mediated response acts as a sensor of host cell activity (Hossain et al., 2018). 

 

Different Vibrio spp. have unique quorum-sensing signals and receptors. Vibrio harveyi, for 

example, uniquely encodes a regulator, LuxN, which is controlled by the ligand, HAI-1, which 
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is produced by LuxM (Bassler et al., 1993). Similarly, regulation of LuxU by the receptor, 

CqsR is found in V. cholerae but not in V. harveyi. Any of these sensors alone is sufficient to 

activate the LuxU-mediated pathway (Jung et al., 2015). 
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Figure 1.8 – The quorum-sensing regulatory cascade in V. cholerae. Yellow arrows indicate the direction of phosphorylation. Black arrows indicate 
activation/synthesis and blunt arrows indicate repression. As cell density increases, auto-inducer concentrations in the environment increase. Binding of 
these auto-inducers to their corresponding receptors results in the transition to high cell density-type behaviours, including the activation of competence 
and repression of biofilm formation. Nitric oxide concentrations also affect LuxU phosphorylation. Adapted from Eickhoff and Bassler, 2018. CAI-1 = Cholera 
Auto-inducer 1, AI-1 = Auto-inducer 1, AI2 = Auto-inducer 2, DPO = 3,5-dimethylpyrazin-2-ol, NO = Nitric oxide. 
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1.8.2.2 LuxU and LuxO 

Once phosphorylated, LuxU phosphorylates, LuxO (Freeman and Bassler, 1999). LuxO is one 

of a family of proteins, known as bacterial enhancer binding proteins (bEBPs), that are 

activators of σ54-dependent transcription (Bush and Dixon, 2012). bEBPs are AAA proteins 

(ATPases associated with various cellular activities), which form six-membered rings that 

bind activator sequences, which causes promoter DNA looping. This looping (often 

mediated by factors such as IHF) allows bEBPs to bind σ54 (see figure 1.9) (Erzberger and 

Berger, 2006; Joly et al., 2012; Bush and Dixon, 2012). The structure of LuxO (figure 1.10) is 

consistent with that of group I bEBPs, with receiver (or R) domains facing outward and 

catalytic ATPase (or C) domains in the centre (Boyaci et al., 2016). In an unphosphorylated 

state ATPase activity is inhibited by the R domain (Freeman and Bassler, 1999).  Unlike other 

known group I bEBPs, the hexameric ring of LuxO is pre-assembled in an inactive state prior 

to phosphorylation which might allow more rapid activation and repression of transcription 

(Boyaci et al., 2016). Phosphorylation of LuxO by LuxU occurs at a conserved aspartate 

residue, which de-represses ATPase activity and facilitates ATP-dependent DNA unwinding 

(Boyaci et al., 2016). When phosphorylated, LuxO acts in conjunction with Hfq to activate 

the four quorum-regulatory RNAs (Qrrs) (Vincent et al., 2012). 
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Figure 1.9 – Transcription initiation by bEBPs. RNA polymerase holoenzyme binds to σ54-dependent 
promoters at -12 and -24 consensus sites. A bEBP binds to an upstream activator sequence (UAS) 
and cause DNA looping. ATP hydrolysis by bEBP results in conformational changes which unwind the 
DNA and form the open complex. Based on Bush and Dixon, 2012. 
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Figure 1.10 – Crystal structure of a LuxO monomer (V. angustum). Receiver I domain, ATPaI(C) 
domain and R-C linker coloured red, yellow, and orange respectively. Conserved asparate residue 
which is phosphorylated by LuxU is shown in blue. Monomers form a hexameric ring structure, 
which is inactive in the unphosphorylated state. Image produced in Pymol. Crystal structure resolved 
in Vibrio angustum by Boyaci et al. (2016). 
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1.8.2.3 The quorum-regulatory RNAs 

The four small quorum-regulatory RNAs, Qrr1-4 (see figure 1.11), all contain a conserved 

sequence of 33 nucleotides for binding the hapR and vca0939 mRNAs (Tu and Bassler, 

2007). Qrr binding also represses transcription of the luxO gene and upregulates 

transcription of aphA (Tu and Bassler, 2007). Repression of hapR and activation of vca0939 

by Qrrs is redundant; studies have shown that, in Qrr triple deletion mutants, a ‘feedback-

loop’ compensates for there being fewer Qrrs (Lenz et al., 2004; Svenningsen et al., 2009; 

Faner and Feig, 2013). Feedback is mediated by HapR, which up-regulates Qrr expression, 

though the mechanism is not understood (Svenningsen et al., 2009). In Vibrio harveyi, Qrrs 

are not functionally redundant as In V. cholerae (Tu and Bassler, 2007). Instead, V. harveyi is 

thought to have other co-factors to help finely modulate Qrr expression. Furthermore, many 

Vibrio spp., including V. harveyi encode a fifth Qrr, absent in V. cholerae, the function of 

which is unknown (Tu and Bassler, 2007).  

 

1.8.2.4 AphA 

AphA sits at the end of the quorum-sensing cascade and is the master transcriptional 

regulator of genes required at low cell density. Hence, AphA promotes so-called ‘individual 

behaviours’ in V. cholerae (Rutherford et al., 2011). For instance, AphA is an activator of the 

toxin coregulated pilus (TCP) regulators, TcpP and TcpH (Yang et al., 2010). Interaction with 

the promoters of tcpP and tcpH requires a co-activator, AphB. AphA also represses the high 

cell density regulator, HapR, and downregulates natural competence by directly repressing 

expression of TfoX (Papenfort et al., 2015; Haycocks et al., 2019).  In Vibrio harveyi, AphA 

has been shown to modulate expression of qrrs 2, 3 and 4 (Tu and Bassler, 2007; van Kessel 

et al., 2013a). 
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Figure 1.11 – Quorum-regulatory RNA sequences in V. cholerae. -24, -12 and transcription start sites indicated in blue, orange and purple respectively. 
Sequence homologous to the ribosome binding site (RBS) of hapR is highlighted in green. Nucleotides conserved across all four Qrrs highlighted in grey.  
Adapted from Tu and Bassler, 2007. 
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1.8.3 HapR 

HapR also sits at the end of the quorum-sensing cascade and is the master regulator at high 

population density. The factor was first identified as a regulator of haemagglutinin protease 

(Hap), which activates the A subunit of the cholera toxin (CTX) (Jobling and Holmes, 1997).  

HapR is a TetR family transcription factor homologous to LuxR in V. harveyi, SmcR in V. 

vulnificus, and OpaR in V. parahaemolyticus (de Silva et al., 2007). TetR family regulators in 

non-Vibrio species generally control the expression of one or two genes (Cuthbertson and 

Nodwell, 2013). HapR and homologues in other Vibrios, however, regulate hundreds of 

genes (Ball et al., 2017). 

 

1.8.3.1 Structure and DNA binding of HapR 

The structure of HapR (see figure 1.12) �epharose�onsation mediated by helical motifs of the 

C-terminal domain (de Silva et al., 2007). It has been speculated that a small channel within 

this domain is bound by a ligand which subsequently alters HapR DNA-binding or 

transcription regulation. However, this ligand has yet to be identified. The N-terminal 

domain has a helix-turn-helix motif that binds DNA (de Silva et al., 2007). There is no 

structure of a HapR/DNA complex. However, one study has resolved the DNA-bound 

structure of the HapR homologue in Staphylococcus aureus, QacR (Schumacher et al., 2002).  

 

The consensus DNA-binding sequence of HapR is unresolved. Studies of the HapR 

homologue LuxR in V. harveyi using chromatin immunoprecipitation and DNA sequencing 

(ChIP-seq) provide some insight; LuxR-bound promoters have a palindromic sequence of 

approximately 20 bp (van Kessel et al., 2013b; Zhang et al., 2021). Different consensus 

sequences are observed when comparing LuxR-activated and LuxR-repressed promoters 
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(van Kessel et al., 2013b; Zhang et al., 2021). Similarly, it has also been suggested that HapR 

may bind two distinct DNA motifs (Tsou et al., 2009). Further studies have shown that HapR 

and LuxR bind to DNA near the -10 and -35 elements of promoters and interact with both 

the N- and C-terminal domains of the RNAP α-subunits (Ball and van Kessel, 2019). The 

number of LuxR dimers bound at a single promoter can vary, with as many as eight 

identified binding sites at the luxCDABE promoter (Chaparian et al., 2016).  
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Figure 1.12 – Crystal structure of a V. cholerae HapR dimer. Monomers coloured separately (light 
and dark green). Helix associated with binding to the major groove of DNA highlighted in cyan. 
Residues forming a small putative ligand binding pocket highlighted in red. Crystal structure resolved 
by de Silva et al., 2007. Image produced in Pymol. 
 



 

 37 

1.8.3.2 Gene regulation by HapR 

HapR is thought to regulate around 100 genes in V. cholerae; approximately half of these 

genes are upregulated, and half are downregulated by HapR. (Nielsen et al., 2006). 

Regulation by HapR leads to V. cholerae exhibiting so-called ‘group behaviours’, such as the 

repression of biofilm formation and virulence gene expression (Rutherford et al., 2011). 

Furthermore, HapR, along with RpoS, promotes dissemination of V. cholerae from host 

organisms (mucosal escape) (Jobling and Holmes, 1997). HapR also induces the natural 

competence cascade by activating QstR expression (Scrudato and Blokesch, 2013; Meibom 

et al., 2005). In a recent ChIP and RNA-seq study, LuxR and histone-like nucleoid structuring 

protein (H-NS) were shown to co-regulate 124 genes in V. harveyi (Chaparian et al., 2020). 

LuxR was proposed to de-repress genes inhibited by H-NS by competitive binding at 

promoters. H-NS regulates a similar number of genes in V. cholerae, and many of these 

genes are related to virulence, motility and the response to stress factors (Wang et al., 

2015). Therefore, it is reasonable to assume that a similar mechanism of activation by HapR 

occurs in V. cholerae. Alternatively, it has been shown that HapR and H-NS can co-

operatively repress gene expression (Ayala et al., 2018). 

 

1.8.4 The VarS/VarA two component system 

A separate signalling cascade, referred to as the VarSA/CsrABCD system, influences the 

activity of LuxO (Lenz et al., 2005). The sensor kinase VarS responds to a currently unknown 

external signal by phosphorylating VarA. Phosphorylated VarA directly upregulates 

transcription of three sRNAs, CsrB, CsrC and CsrD. These sRNAs bind to a regulatory protein, 

CsrA, preventing it from binding to other mRNAs (Liu et al., 1997; Lenz et al., 2005). When 

uninhibited, CsrA acts to downregulate the activity of LuxO; the exact mechanism of this is 



 38 

currently unknown but it is believed to involve some intermediate, as the luxO promoter 

does not contain a consensus CsrA DNA binding site (Lenz et al., 2005). 

 
1.8.5 VqmA 

A distinct quorum-sensing pathway, mediated by the cytosolic receptor, VqmA, exists in V. 

cholerae (Wang et al., 2011a). The VqmA-binding ligand, 3,5-dimethylpyrazin-2-ol (DPO), 

stimulates the production of the small RNA VqmR. VqmR is regulatory and represses aphA 

and vpsT (Herzog et al., 2019; Papenfort et al., 2015). 
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1.9 Overview of this study 

Whole genome sequencing studies have revealed that the hapR and luxO genes are highly 

variable amongst clinical isolates (Weill et al., 2017). Given the critical role that HapR and 

LuxO have in the response of V. cholerae to the environment, this high degree of variability 

is intriguing. Furthermore, HapR is not expressed (or expressed at very low levels) in many 

V. cholerae pathogenic isolates (Joelsson et al., 2006). In some strains, such as the El Tor 

strain N16961, the hapR gene has a frameshift mutation and is non-functional (Zhu et al., 

2002). Hence, the aim of this study was to characterise the role of HapR and LuxO in the 

quorum-sensing cascade of 7PET Vibrio cholerae.  

 

First, we have determined the effect of clinically observed mutations within the promoter 

sequences of hapR and luxO. We show that these mutations, common in clinical isolates, 

can alter promoter activity substantially. Second, we have used Chromatin 

Immunoprecipitation and DNA sequencing (ChIP-seq) to map binding of HapR and LuxO 

genome wide. Though ChIP-seq studies have previously been done on HapR homologues in 

other Vibrio species (such as LuxR in V. harveyi), the DNA binding profile of HapR in 7PET V. 

cholerae has not been determined (Zhang et al., 2021; Ball et al., 2017).  

 

Third, this study details the mechanism by which HapR interacts with a target promoter to 

regulate transcription. Using a combination of in vitro transcription, promoter probe assays 

(using β-galactosidase as a reporter), electrophoretic mobility shift assays and DNaseI 

footprinting, we show co-operative interactions, between HapR and CRP, important to 

repress transcription. Experiments in this study were done using V. cholerae E7946, an 
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Ogawa El Tor strain isolated in 1978 from a patient in Bahrain that expresses HapR (Miller et 

al., 1989). 
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Chapter 2 
Materials and Methods 
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2.1 Cells and Culturing 

2.1.1  Liquid cultures 

Unless otherwise stated, all overnight cultures and subcultures of E. coli and V. cholerae 

were grown in Luria-Bertani (LB) broth (supplied by Sigma) with appropriate antibiotics at 

37 oC.  To prepare, powdered broth was dissolved in deionised water (dH2O) at the 

concentration stated by the supplier, then autoclaved at 121 oC for 21 minutes. V. cholerae 

strains were grown with either 50 µg/ml (N16961) or 100 µg/ml (E7946) Streptomycin in 

addition to any other antibiotics required. 

 

2.1.2 Plate cultures 

Strains in this study were grown on LB agar (supplied by Sigma) with the same antibiotic 

concentrations as were used in liquid cultures. To prepare, powdered media was dissolved 

in deionised water (dH2O) at the concentration stated by the supplier, then autoclaved at 

121 oC for 21 minutes. 

  

2.1.3 Antibiotics 

Antibiotics were dissolved in dH2O (or 100 % methanol for Tetracycline) to a stock 

concentration of 1000-fold the intended final concentration and filter sterilised through a 

0.45 µM filter before storage at the appropriate temperature as per the supplier’s 

instructions. 

 

2.1.4 Bacterial Strains 

See Table 2.1 for a list of bacterial strains used 
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2.2 Plasmids, oligonucleotides and synthesised DNA fragments 

2.2.1 Plasmids 

See Table 2.2 for a list of plasmids used  

 

2.2.2 Oligonucleotides 

See Table 2.3 for a list of oligonucleotides used 

 

2.2.3 Synthesised DNA fragments 

See Table 2.4 for a list of synthesised DNA fragments used 

 

 

2.3 Buffers 

See table 2.5 for a list of buffers used 

 

  



 44 

Strain Features Source 

E. coli JCB387 lac- nir-  Grainger et al., 2007 

E. coli T7 Express Detailed in product 

specifications 

New England Biolabs (NEB) 

E. coli M182 lacIPOZY- Casadaban and Cohen, 1980 
E. coli M182Δcrp lacIPOZY- crp- Casadaban and Cohen, 1980 
E. coli S17 (λpir) λpir lysogen S17-1 

derivative 
de Lorenzo et al., 1993 

E. coli DH5α  Woodcock et al., 1989 

V. cholerae N16961 hapR- Heidelberg et al., 2000 

V. cholerae E7946 hapR+ Miller et al., 1989 

V. cholerae E7946 ΔhapR hapR- This study 

V. cholerae E7946 Δcrp crp- This study 

V. cholerae E7946 ΔhapR Δcrp hapR- crp- This study 

 
Table 2.1 – Strains used in this study. Key features of each strain shown. 
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Plasmid Description 
Selective 
Marker  

(Conc. used 
when culturing) 

Source 

pRW50-T E. coli/V. cholerae shuttle vector with a multiple 
cloning site directly upstream of a LacZ gene  

Tetracycline 
(35 µg/ml) 

Lodge et al., 
1992 

pAMNF pJ201-derived plasmid. Contains an N-terminal 
3xFLAG tag and downstream multiple cloning site 

Kanamycin 
(50 µg/ml) 

ATUM 

pAMNF HapR pAMNF with hapR ORF cloned between HindIII and 
KpnI restriction sites 

Kanamycin 
(50 µg/ml) 

This study 

pAMCF pJ241-derived plasmid. Contains a C-terminal 
3xFLAG tag and upstream multiple cloning site 

Kanamycin 
(50 µg/ml) 

ATUM 

pAMCF LuxO pAMCF with luxO ORF cloned between HindIII and 
KpnI restriction sites 

Kanamycin 
(50 µg/ml) 

This study 

pHis-tev-HapR Over-expression vector encoding a 6xHis tagged 
HapR. Tag and HapR separated by a tev protease-
cleavable linker 

Ampicillin 
(100 µg/ml) 

Supplied by 
the Dhalia lab 
(Indiana 
University) 

pHis-tev-HapR 
(R123A) 

pHis-tev-HapR with point mutation in hapR ORF Ampicillin 
(100 µg/ml) 

This study 

pHis-tev-HapR 
(R123E) 

pHis-tev-HapR with point mutation in hapR ORF Ampicillin 
(100 µg/ml) 

This study 

pSR pBR322-derived plasmid. Cloning site upstream of a 
λoop terminator and encodes a separate σ70-
dependent RNA transcript (RNA-I) 

Ampicillin 
(100 µg/ml) 

Busby and 
Ebright, 1999 

pDCRP-Vc pBR322-derived plasmid. Encodes V. cholerae CRP 
under control of its native promoter (located 
between EcoRI and SalI restriction sites) 

Ampicillin 
(100 µg/ml) 

Manneh-
Roussel et al., 
2018 

pDCRP-Vc 
(E55A) 

pDCRP-Vc with point mutation in crp ORF Ampicillin 
(100 µg/ml) 

This study 

pDCRP-Vc 
(E55R) 

pDCRP-Vc with point mutation in crp ORF Ampicillin 
(100 µg/ml) 

This study 

pKAS32 E. coli/V. cholerae shuttle vector encoding a 
streptomycin sensitive ribosomal S12 protein, RpsL 

Ampicillin 
(100 µg/ml) 

Skorupski and 
Taylor, 1996 

pKAS32 HapR pKAS32 with flanking regions of hapR gene and 
promoter (as present on V. cholerae E7946 
chromosome I) inserted 

Ampicillin 
(100 µg/ml) 

This study 

pKAS32 CRP pKAS32 with flanking regions of crp gene and 
promoter (as present on V. cholerae E7946 
chromosome I) inserted 

Ampicillin 
(100 µg/ml) 

This study 

 
Table 2.2 – Plasmids used in this study. Features of each plasmid and the appropriate antibiotics 
used to select for them in bacterial culture shown. 
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Oligonucleotide 
 

Sequence (5ʹ -> 3ʹ) 
 

Features/Notes 
 

Cloning of HapR and LuxO ORFs and promoter regions 

HapR WT Cloning fwd 
GGCTGCGGTACCATGGACGCATCAATCGAA
AAACGC 

Amplifying HapR for cloning 
into pAMNF (KpnI) 

HapR WT Cloning rev 
GCCCGAAGCTTCTAGTTCTTATAGATACACA
GCATATTGAGG 

Amplifying HapR for cloning 
into pAMNF (HindIII) 

LuxO (KpnI removed) 
cloning fwd 

GGCTGCGGTACCATGGTAGAAGACACGGCG
TCGGTGGCGGCGCTGTATCGTTCTTACCTCA
CACCGCTGGATATTGATATCAATATCGTGGG
TACGGGAC 

Amplifying LuxO for cloning 
into pAMCF (KpnI) 

(Synonymous mutation to 
remove KpnI site) 

LuxO (KpnI removed) rev ATCGCGTCCCGTACCCACGATATTG 

Amplifying LuxO for cloning 
into pAMCF (stop codon 
excluded for C-terminal 

tagging) 
LuxO WT Cloning rev (no 
STOP) 

GCCCGAAGCTTCCGTTCCTTCTCTTTTTCTTTC
AC 

HindIII 

HapR Pro WT fwd  
GGCTGCGAATTCAATCCTGTTAATCGTTTCC
CTACTCATCCTCGCTTTG 

EcoRI 

HapR Pro WT rev 
GCCCGAAGCTTCATAGGGGTATATCCTTGCC
AATTGAGTTGTTGATTGAG 

HindIII 

HapR Pro Mut1 rev 
GCCCGAAGCTTCATAGGGGTATATCCTTGCT
AATTGAGTTGTTGATTGAGC 

HindIII 
C -> T mutation 

HapR Pro Mut2 rev 
GCCCGAAGCTTCATAGGGGTATATCCTTGCC
AATTGCGTTGTTGATTGAGCATTTTGC 

HindIII 
A -> C mutation 

HapR Pro Mut3 rev 
GCCCGAAGCTTCATAGGGGTATATCCTTGCC
AATTGAGTTTTTGATTGAGCATTTTGCTC 

HindIII 
G -> T mutation 

LuxO Pro WT fwd 
GGCTGCGAATTCAGAGAAAAACACTGATTTC
AAACACGCAG 

EcoRI 

LuxO Pro WT rev 
GCCCGAAGCTTCATGAGGACATATTTTGTTT
TCTGCAAAGATTGATTATG 

HindIII 
 

LuxO Pro Mut1 rev 
GCCCGAAGCTTCATGGGGACATATTTTGTTT
TCTGCAAAGATTGATTATG 

HindIII 
T -> C mutation 

LuxO Pro Mut2 rev 
GCCCGAAGCTTCATGAAGACATATTTTGTTT
TCTGCAAAGATTGATTATG 

HindIII 
C -> T mutation 

LuxO Pro Mut3 rev 
GCCCGAAGCTTCATGAGGGCATATTTTGTTT
TCTGCAAAGATTGATTATG 

HindIII 
T -> C mutation 

LuxO Pro Mut4 rev 
GCCCGAAGCTTCATGAGGACATATTTTGTTT
TCTGCAAAGATTAATTATGTTGCATAGCCTA
GCC 

HindIII 
C -> T mutation 
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Amplifying promoters for cloning into pSR and pRW50-T vectors 

 
HapTarget PmurQ fwd AAAAGAATTCCACCAATCTGGCGGCCACTC EcoRI 
HapTarget PmurQ rev TTTTAAGCTTCATAAGGCTTCTCGGCAAAT HindIII 
HapTarget PhapR fwd AAAAGAATTCCATACCATTCTCGTTGTGTT EcoRI 
HapTarget PhapR rev TTTTAAGCTTCATAGGGGTATATCCTTGCC HindIII 
HapTarget PVC0585 fwd AAAAGAATTCCATAGGGGTATATCCTTGCC EcoRI 
HapTarget PVC0585 rev TTTTAAGCTTCATACCATTCTCGTTGTGTT HindIII 
HapTarget PVC0502 fwd AAAAGAATTCGACAAAAGTTTGTTGCCCGC EcoRI 
HapTarget PVC0502 rev TTTTAAGCTTCATAGTATTGGCTTTGGCAT HindIII 
HapTarget PmutH fwd AAAAGAATTCACCAGACCACATGAAGATCC EcoRI 
HapTarget PmutH rev TTTTAAGCTTCATAAAGGCTTTCGGTTTGG HindIII 
HapTarget PleuO fwd AAAAGAATTCTAATGAACTGACTAACTCAA EcoRI 
HapTarget PleuO rev TTTTAAGCTTCATTGCGTCTTTTTTATCTA HindIII 

HapTarget PVC0433 fwd 
AAAACAATTGTACCTGCAACTTCAAGTAGT 
 

MfeI 

HapTarget PVC0433 rev TTTTAAGCTTCATTATTTTTTAATCACCAA HindIII 

HapTarget PVC0241 fwd 
AAAAGAATTCCTATAGATGCGAACAGTTGC 
 

EcoRI 

HapTarget PVC0241 rev TTTTAAGCTTCATAGTATGCTGACTACTGC HindIII 

HapTarget PrfaD fwd 
AAAACAATTGCATAGTATGCTGACTACTGC 
 

MfeI 

HapTarget PrfaD rev TTTTAAGCTTCATTATGAATTCCTATAGAT HindIII 
HapTarget PVC0620 fwd AAAAGAATTCAAACCGTACCCGTTTTGCGAG EcoRI 
HapTarget PVC0620 rev TTTTAAGCTTACTAGTAAGGAACAGCTATG HindIII 
HapTarget PVC0688 fwd AAAAGAATTCCATAGCGTTTGTCCTTTTGT EcoRI 
HapTarget PVC0688 rev TTTTAAGCTTCATTACTATCCATTTTTTCA HindIII 
HapTarget PVC1298 fwd AAAAGAATTCCATAAACTCTTTGTATAATT EcoRI 
HapTarget PVC1298 rev TTTTAAGCTTCATGATAGTTTTGTAATTAT HindIII 

HapTarget PVC1375 fwd 
AAAACAATTGCATCCACTTCTTCCTTATTA 
 

MfeI 

HapTarget PVC1375 rev TTTTAAGCTTCATATCAAAAGTGGTTGGGA HindIII 

HapTarget PVC1376 fwd 
AAAACAATTGCATATCAAAAGTGGTTGGGA 
 

MfeI 

HapTarget PVC1376 rev TTTTAAGCTTCATCCACTTCTTCCTTATTA HindIII 
HapTarget PVC1403 fwd AAAAGAATTCCATTTTTTGGGTAATCGATA EcoRI 

HapTarget PVC1403 rev 
TTTTGGATCCCATGGAAAACCTCGTTGTTT 
 

BamHI 

HapTarget PVC1405 fwd AAAAGAATTCCATGGAAAACCTCGTTGTTT EcoRI 

HapTarget PVC1405 rev 
TTTTGGATCCCATTTTTTGGGTAATCGATA 
 

BamHI 

HapTarget PVC1436 fwd AAAAGAATTCCCAATTCGTAAAGAAGCTAA EcoRI 

HapTarget PVC1436 rev 
TTTTGGATCCCATATCTGCTGAGGCTTTAG 
 

BamHI 
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HapTarget PVC2352 fwd AAAAGAATTCTCAGCACAATATCTCGCGCC EcoRI 
HapTarget PVC2352 rev TTTTAAGCTTCATGCCGATGAGGCTCATAA HindIII 
HapTarget PVCA0218 fwd AAAAGAATTCCATATAAACCTCACTGACTC EcoRI 
HapTarget PVCA0218 rev TTTTAAGCTTCATCGTTTACTTCTTATCAT HindIII 
HapTarget PVCA0219 fwd AAAAGAATTCCATCGTTTACTTCTTATCAT EcoRI 
HapTarget PVCA0219 rev TTTTAAGCTTCATATAAACCTCACTGACTC HindIII 
HapTarget PVCA0662 fwd AAAAGAATTCTCAGTTTGTAAATTGAGGAA EcoRI 
HapTarget PVCA0662 rev TTTTAAGCTTCATATCAAATATGAATCCTT HindIII 
HapTarget PVCA0663 fwd AAAAGAATTCCATATCAAATATGAATCCTT EcoRI 
HapTarget PVCA0663 rev TTTTAAGCTTCATGGTGTTACCTACTTGTT HindIII 
HapTarget PVCA0906 fwd AAAAGAATTCATTTTTATCCTGACCCCATA EcoRI 
HapTarget PVCA0906 rev TTTTGGATCCCATGCCTACGCCTATCGCCG BamHI 
HapTarget PVCA0960 fwd AAAAGAATTCCATCATGAGTTATATTTACA EcoRI 
HapTarget PVCA0960 rev TTTTAAGCTTCATCCCTCAATCCTCAGTTT HindIII 
HapTarget PVCA0961 fwd AAAAGAATTCCATCCCTCAATCCTCAGTTT EcoRI 
HapTarget PVCA0961 rev TTTTAAGCTTCATCATGAGTTATATTTACA HindIII 

 
Oligonucleotides for sequencing cloned DNA inserts in different plasmids  

 

pRW50 seq fwd GTTCTCGCAAGGACGAGAATTTC Sequencing inserts in pRW50 
constructs 

pRW50 seq rev GTCGTTGAACTGAGCCTGAAATTCAGG Sequencing inserts in pRW50 
constructs 

pSR seq fwd GTGCCACCTGACGTCTAAGAAACC Sequencing inserts in pSR 
constructs 

pSR seq rev GCAACCGAGCGTTCTGAACAAATCC Sequencing inserts in pSR 
constructs 

pAM seq fwd ATTTATTCCAATGTCACACACTTTTCGC Sequencing inserts in pAMNF 
or pAMCF constructs 

pAM seq rev GAAACGCCGTAGCGCCGATGGTAGT Sequencing inserts in pAMNF 
or pAMCF constructs 

 
Amplifying fragments for radiolabelling 

 

pSR footprinting fwd (bio) [BIO]-CACGAGGCCCTTTCGTCTTCTC 

Amplifying promoter 
fragments for DNaseI 
footprinting, EMSA or GA 
ladder prepar–tion - 
biotinylated to prevent 
radiolabellin’ at 5' end 

pSR footprinting rev GGAGTTCTGAGGTCATTACTGGAG 

Amplifying promoter 
fragments for DNaseI 
footprinting, EMSA or GA 
ladder preparation 
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pSR footprinting fwd 

 
CACGAGGCCCTTTCGTCTTCTC 

Amplifying promoter 
fragments for DNaseI 
footprinting, EMSA or GA 
ladder preparation 

pSR footprinting rev (bio) [BIO]-GGAGTTCTGAGGTCATTACTGGAG 

Amplifying promoter 
fragments for DNaseI 
footprinting, EMSA or GA 
ladder prepar–tion - 
biotinylated to prevent 
radiolabellin’ at 5' end 

 
Amplifying fragments for pKAS32-mediated gene knock-outs 

 

pKAS32 fwd 
GCAGGCACAAGCGGCCGCCTGCAGCTGGCG
CCATCGATACGCGTACGTCG 

Amplifying pKAS plasmid 
backbon�ephargibson 
assembly or restriction 
cloning 

pKAS32 rev 
CACGGTTTCATTAACAACCGGTACCTCTAGA
ACTATAGCTAGCATGCGCAAATTTAAAGCGC
TG 

Amplifying pKAS plasmid 
backbon�ephargibson 
assembly or restriction 
cloning 

CRP arm upstream fwd 
CGGTTGTTAATGAAACCGTGGATATTAAATG
C 

Amplifying crp flanking 
regions for assembly into 
pKAS plasmid and 
subsequent crp gene knock-
out 

CRP arm upstream rev ATCGGGGCACCTAGCCGATTTTTCCGGTTTC 

Amplifying crp flanking 
regions for assembly into 
pKAS plasmid and 
subsequent crp gene knock-
out 

CRP arm downstream fwd AATCGGCTAGGTGCCCCGATAACCCGTC 

Amplifying crp flanking 
regions for assembly into 
pKAS plasmid and 
subsequent crp gene knock-
out 

CRP arm downstream rev AGGCGGCCGCTTGTGCCTGCGCAGCCAA 

Amplifying crp flanking 
regions for assembly into 
pKAS plasmid and 
subsequent crp gene knock-
out 

HapR arm1 fwd  
CTAGAGGTACCGGTTGTTAATCCCAACCCCG
ATTGGTAATC 

Amplifying hapR flanking 
regions for assembly into 
pKAS plasmid and 
subsequent hapR gene 
knock-out 
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HapR arm1 rev  TGTGTTTCATTTTCTTGGGCAGCACAAAG 

Amplifying hapR flanking 
regions for assembly into 
pKAS plasmid and 
subsequent hapR gene 
knock-out 

HapR arm2 fwd  
GCCCAAGAAAATGAAACACACAGTTGAAGT
C 

Amplifying hapR flanking 
regions for assembly into 
pKAS plasmid and 
subsequent hapR gene 
knock-out 

HapR arm2 rev  
CGCCAGCTGCAGGCGGCCGCTATGCGGTCG
ATGTGCTG 

Amplifying hapR flanking 
regions for assembly into 
pKAS plasmid and 
subsequent hapR gene 
knock-out 

 
Site-directed mutagenesis of hapR and crp genes 

 

HapR_R123E _fwd_SDM 
 

TGCTTCAACCGAGGACGAAGTTTGGC 
 

Introducing mutation in hapR 

ORF 
GCA -> GAG mutation 

HapR_R123A _fwd_SDM 
 

TGCTTCAACCGCTGACGAAGTTTGGCC 
 

Introducing mutation in hapR 

ORF 
GCA -> GCT mutation 

HapR_R123_rev_SDM 
 

CTCCACTCAAACCAGACTTTG 
 

Introducing mutation in hapR 

ORF 

CRP_E55R_fwd_SDM 
 

GATCAAAGATCGTGAAGGTAAAGAGATGAT
TCTC 
 

Introducing mutation in crp 

ORF 
GAA -> CGT mutation 

CRP_E55A_fwd_SDM 
 

GATCAAAGATGCGGAAGGTAAAGAGATGAT
TC 
 

Introducing mutation in crp 

ORF 
GAA -> GCG mutation 

CRP_E55_rev _SDM 
 

AGTACCGCAACTGAACCT 
 

Introducing mutation in crp 

ORF 
 

Table 2.3 – Oligonucleotides used in this study. Features within the DNA sequence such as 
restriction sites (e.g. EcoRI) highlighted. Mutations indicated in red are relative to wild-type 
sequence of V. cholerae (E7946).  
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Fragment 

 
Sequence (5ʹ -> 3ʹ) 

 
Features 

HapR Pro Mut4 
 

CATAGGGGTATATCCTTGCCAATTGAGTTGTTGATTGAGCATTTTGCTCT
AATGATTATTTTGTTATTTGCTACTTAAAGCCCTATGGGTGTAATGGTGC
ATATATTCAAGGTCAATCTCTGTTGGGTGAAAAATGTGCAACTATGTTA
ATTATTTGTCGTTTCAGCTTGTTTTATTGAGTGGGTACATAACAAAGCGA
GGATGAGTAGGGAAACGATTAACAGGATT 
 

A -> G 

mutation 

-10 and -35 
elements 

HapR Pro Mut5 
 

CATAGGGGTATATCCTTGCCAATTGAGTTGTTGATTGAGCATTTTGCTCT
AATGATTATTTTGTTATTTGCTACTTAAAGCCCTATGAGTGAAATGGTGC
ATATATTCAAGGTCAATCTCTGTTGGGTGAAAAATGTGCAACTATGTTA
ATTATTTGTCGTTTCAGCTTGTTTTATTGAGTGGGTACATAACAAAGCGA
GGATGAGTAGGGAAACGATTAACAGGATT 
 

T -> A 

mutation 

-10 and -35 
elements 

HapR Pro Mut6 
 

CATAGGGGTATATCCTTGCCAATTGAGTTGTTGATTGAGCATTTTGCTCT
AATGATTATTTTGTTATTTGCTACTTAAAGCCCTATGAGTGTAATGGTGC
ATATATTCAAGGTTAATCTCTGTTGGGTGAAAAATGTGCAACTATGTTA
ATTATTTGTCGTTTCAGCTTGTTTTATTGAGTGGGTACATAACAAAGCGA
GGATGAGTAGGGAAACGATTAACAGGATT 
 

C -> T 

mutation 

-10 and -35 
elements 

LuxO Pro Mut5 
 

AGAGAAAAACACTGATTTCAAACACGCAGATAAAAAAATAGCCAATAG
AATGAGTCTATTGGCTGTTATTTGTGAACATTGATTATTCACTAACAACG
TCAGTTGGCTAGGTGACCCTTGCGGGTCAGTAGTAATCAAGCACATATC
GTGCCAACTCAAATCGGTCTAGATGTGTGATGTTTAGCATCATTTATCA
AGAAATTTTAATTCAAATTTGCAAAATGCAATTCCAAATGCAATTATTAC
AGCAAAATGCAAAATAATATGGCTAGGCTATGCAACATAATCAATCTTT
GCAGAAAACAAAATATGTCCTCATG 
 

G -> A 

mutation 

 

 
Table 2.4 – Synthesised DNA fragments used in this study. Features within the DNA sequence such 
as restriction sites (e.g. EcoRI) highlighted. Fragments synthesised by ThermoFisher. Mutations 
indicated in red are relative to wild-type sequence of V. cholerae (E7946).   
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Buffer 

 
Constituents 

Phenol:Choloroform:Isoamyl alcohol Phenol 50 % (v/v) 
Choloroform 48 % (v/v) 
Isoamyl alcohol 2 % (v/v) 

FA lysis buffer (150) 50 mM Hepes-KOH (pH7)  
150 mM NaCl  
1 mM EDTA  
1 % (w/v) Triton X-100  
0.1 % (w/v) Sodium deoxycholate  
0.1 % (w/v) SDS 

FA lysis buffer (500) 50 mM Hepes-KOH (pH7)  
500 mM NaCl  
1 mM EDTA  
1 % (w/v) Triton X-100  
0.1 % (w/v) Sodium deoxycholate  
0.1 % (w/v) SDS 

TE 10 mM Tris-HCl (pH 8.0)  
1 mM EDTA 

TBS 20 mM Tris-HCl (pH 7.4)  
0.9 % (w/v) NaCl 

ChIP wash buffer 10 mM Tris-HCl (pH 8.0)  
250 mM LiCl  
1 mM EDTA  
0.5 % (w/v) Nonidet-P40  
0.5 % (w/v) Sodium Deoxycholate 

ChIP elution buffer 50 mM Tris-HCl (pH 7.5)  
10 mM ETDA  
1 % (w/v) SDS 

Protein Buffer 1 25 mM Tris-HCl (pH 7.5) 
1 mM EDTA 
1M NaCl 

Protein Buffer 2 25  mM Tris-HCl (pH 8.5) 
4M urea 

Protein Buffer 3 25  mM Tris-HCl (pH 8.5) 
6 M guanidinium-HCl 

Protein Buffer A 25mM Tris-HCl (pH 8.5) 
1M NaCl 

Protein Buffer B 25 mM Tris-HCl (pH 8.5) 
1 M NaCl 
1 M imidazole 
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Protein Buffer X 50 mM HEPES 
1 M NaCl 
1 mM DTT 
5 mM EDTA 
0.1 mM Triton X-100 

CRP Lysis Buffer 50 mM Potassium phosphate  
2 mM EDTA 
0.2 M NaCl 
5 % (w/v) Glycerol 
2 mM DTT 
Protease inhibitor cocktail (–erck - added as per instructions) 

CRP Dialysis Buffer 50 mM Potassium phosphate  
2 mM EDTA 
5 % (w/v) Glycerol 
2 mM DTT 

CRP Column Wash Buffer 500 mM Potassium phosphate  
2 mM EDTA 
5 % (w/v) Glycerol 
2 mM DTT 

CRP Stock Buffer 10 mM Sodium phosphate 
0.1 mM EDTA 
0.2 M NaCl 
50 % (w/v) Glycerol 

RNAP Lysis Buffer 50 mM Tris-HCl (pH 7.5) 
150 mM NaCl 
2 mM MgCl2 

0.1 mDTT 
2 2 mMDTA 
2 1 mM β-mercaptoethanol 

5 % (w/v) Glycerol 
0.2 % (w/v) Triton X-100 
0.25 mg/ml lysozyme 
Protease inhibitor cocktail (–erck - added as per instructions) 

TGED Buffer 10 mM Tris-HCl (pH 7.5) 
0.1 mMA 
2.6 0.1 mM DTT 
5 % (w/v) Glycerol 

RNAP Stock Buffer 10 mM Tris-HCl (pH 7.5) 
0.2 mM EDTA 
0.1 mM DTT 
100 mM NaCl 
50 % (w/v) Glycerol 

Z-Buffer 30 mM NaH2PO4·2H2O 
60 mM NaPO4 

2 1 mM MgSO4 ·7H2O 
10 mM KCl 
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5 x Protein loading buffer 10 % (w/v) SDS  
10 mM DTT 
20 % (w/v) Glycerol 
0.2 M Tris-HCl (pH 6.8) 
0.05 % Bromophenol blue 

10 x TNSC buffer 400 mM Tris-acetate 
100 mM MgCl2 

1 M KCl 
Primer extension STOP solution 97.5 % (v/v) formamide 

10 mM EDTA pH 7.5 
0.025 % (v/v) bromophenol blue  
0.025 % (v/v) xylene cyanol FF 

2 x STOP solution 660 mM Urea 
100 mM EDTA 
80 % (v/v) Deionised formamide 
0.015 %  (v/v)  Bromophenol blue 
0.015 %  (v/v) Xylene cyanol 

8 % polyacrylamide gel 27 % (v/v) Protogel (30 %) (Geneflow) 
6 M Urea 
1 x TBE 
3.5 mM Ammonium persulphate 
0.0003 % (v/v) N,N,Nʹ,Nʹ-Tetramethyl ethylenediamine 
(Temed) 

5 % polyacrylamide gel 16.6 % (v/v) Protogel (30 %) (Geneflow) 
6 M Urea 
0.5 x TBE 
4.4 mM Ammonium persulphate 
0.002 % (v/v) N,N,Nʹ,Nʹ-Tetramethyl ethylenediamine (Temed) 

DNaseI Blue 5 M urea 
20 mM NaOH 
1 mM EDTA 
0.025 % (v/v) bromophenol blue 
0.025 % (v/v) xylene cyanol FF 

DnaseI Stop 0.3 M Sodium acetate (pH 7) 
10 mM EDTA 

 
Table 2.5 – Buffers used in this study.    
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2.4 PCR, restriction digests, DNA preparation and gel electrophoresis 

2.4.1 Polymerase chain reactions (PCR) 

PCR was done using Q5 DNA polymerase (NEB) according to the manufacturers protocol. 

Where required (for example, before restriction digestion or cloning) the resulting DNA was 

purified using a PCR purification kit (Qiagen). 

 

2.4.2  Restriction digests 

Enzymes for DNA restriction digests were supplied by NEB. Restriction digests were done 

using the optimal buffers and enzymes at the appropriate concentrations as stated by the 

supplier. Where required for restriction cloning, digested plasmid DNA was incubated at 37 

oC with Calf Intestinal Phosphatase (CIP) for at least 1 hour post-digest. 

 

2.4.3  Ligation reactions 

Ligation of DNA fragments were done using Quick ligase (supplied by NEB) following the 

manufacturers protocol.  

 

2.4.4 Genomic DNA extraction 

Genomic DNA was extracted using a DNeasy Blood and Tissue kit (Qiagen) following the 

manufacturers protocol with one amendment to the first step, cells were resuspended in 

180 µl ATL buffer, 20 µl of 100 mg/ml lysozyme was added and the cells were incubated at 

37 oC for 30 minutes. 
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2.4.5 Plasmid purification 

Plasmid DNA was extracted using Mini, Midi or Maxiprep kits (supplied by Qiagen) as per 

the supplied protocol, with the amendment of using nuclease-free dH2O for elution instead 

of the supplied elution buffer. 

 

2.4.6 Phenol-chloroform extraction/Ethanol precipitation 

A phenol:choloroform:isoamyl alcohol solution (mixed at a ratio of 25:24:1) was added to an 

equal volume of DNA and transferred to a 5PRIME Phase Lock Gel Heavy tube (Quantabio). 

A vortex mixer was used to homogenise the sample and the aqueous layer were separated 

from the organic phase by centrifugation at 21,000 x g for 3 minutes. The aqueous upper 

phase was transferred to a new microfuge tube and mixed with 1/10 volume of 3 M sodium 

acetate (pH 5.2). When precipitating DNA fragments smaller than 100 bp in size, 1/100 

volume of GlycoBlue (Thermo Fisher) was also added. DNA was then precipitated by adding 

cold 100 % ethanol to the mixture and storing at -80 oC for 30 minutes. DNA was collected 

by centrifugation at 4 oC and 21,000 x g for 45 minutes. The supernatant was removed and 

the DNA pellet was resuspended in cold 70 % ethanol before collecting by centrifugation at 

4 oC and 21,000 x g for 10 minutes. The supernatant was removed and the DNA pellet was 

resuspended in nuclease-free dH20.  

 

2.4.7 Agarose gel electrophoresis 

1 % (w/v) agarose gels were made by dissolving agarose powder (Bioline) in 1 x TBE. Gels 

were supplemented with 1/10,000 volumes ethidium bromide or Sybr Safe (Thermo Fisher) 

before pouring. Once set, gels were placed into electrophoresis tanks filled with 1 x TBE. 

DNA was mixed with 6 x gel loading dye (NEB) before loading into the wells of the gel. DNA 
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fragments were separated by electrophoresis at 120 V for as long as required. DNA 

fragments were visualised using a UV transilluminator.  

 

2.4.8 DNA gel extraction 

DNA bands were excised from agarose gels using a clean razor blade and the DNA was 

extracted using a Gel Extraction kit (Qiagen) following the manufacturers protocol.  

 

2.4.9 Preparation of polyacrylamide gels 

Polyacrylamide gels were made by mixing TBE, Protogel (30 % w/v acylamide/bisacryl–mide 

- Geneflow) and ddH2O (see table 2.5 for final concentrations). Acrylamide was polymerised 

by addition of ammonium persulphate (APS) and TEMED (N,N,N’,N’ – 

Tetramethylethylenediamine) at appropriate concentrations (see table 2.5). Gels were 

submerged in TBE (the same concentration as the final TBE concentration within the gel) 

within gel tanks. 8 % polyacrylamide gels were run at 80 W for 1 hour before samples were 

loaded.  
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2.5 Bacterial transformation and chromosomal deletions 

2.5.1 Preparing competent cells 

To prepare competent E. coli cells, 1 ml of an overnight culture of JCB387 was sub-cultured 

into 50 ml of LB and grown at 37 oC to mid-log phase (O.D.650 – 0.3 - 0.5). Cells were 

incubated on ice for 10 minutes before centrifugation at 3,500 x g for 5 minutes at 4 oC. The 

pelleted cells were re-suspended in 25 ml pre-chilled 0.1 M CaCl2 and incubated on ice for 

30 minutes. Cells were centrifuged again as before and re-suspended in 3.3 ml 0.1 M CaCl2. 

Cells were then left overnight on ice before being supplemented with 1.2 ml of 50 % 

glycerol (filter-sterilised and chilled). Aliquots of cells were made and stored at -80 oC. 

 

2.5.2 Transformation by heat shock 

Competent cells were thawed on ice and mixed with plasmid(s) or the final product of a 

ligation reaction for transformation. Mixture was chilled for at least 30 minutes before heat 

shock at 42 oC for 2 minutes. After recovery on ice for 3 minutes cells were supplemented 

with LB and incubated for 1 hour at 37 oC (with shaking) before spreading onto LB agar 

plates with selective antibiotics where appropriate. Colonies were selected after overnight 

incubation at 37 oC. 

 

2.5.3 Transformation by electroporation 

Mid-log phase E. coli or V. cholerae cells were collected by centrifugation at 3,500 x g for 10 

minutes at 4 oC.  The cells were then re-suspended in 15 % (v/v) glycerol. This glycerol wash 

was repeated three times before the cells were finally resuspended in 500 µl 15 % (v/v) 

glycerol and stored at -80 oC. Cells and up to 1 µg of desired plasmid DNA were mixed (50 µl 

total volume) and incubated for 30 minutes on ice in a 0.2 cm gap electroporation cuvette 
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(GeneFlow). After incubation, 2,500 V were applied to cuvettes with a capacitance of 25 µF 

and resistance of 200 Ω in an Eporator (Eppendorf). Immediately after electroporation, cells 

were supplemented with 950 µl of LB and incubated at 37 oC with shaking for 1 hour. Cells 

were then spread onto LB agar with appropriate antibiotics and grown overnight at 37 oC. 

 

2.5.4 Transformation by natural competence 

Mid-log phase cultures of V. cholerae E7946 cells were collected by centrifugation at 3,500 x 

g and resuspended in 1 ml 0.7 % (w/v) Instant Ocean (Aquarium Systems). 100 µl of cells 

were added to microfuge tubes prepared with 0.1 g sterile chitin flakes (Sigma) and 900 µl 

0.7 % (w/v) Instant Ocean. The mixtures were incubated at 30 oC (non-shaking) for between 

36 and 48 hours, then 1-5 µg of DNA for transformation was added. Mixtures were 

incubated for another 24 hours at 30 oC before addition of LB broth, vortexing and 

incubation at 37 oC (shaking). Cell suspensions were then spread onto LB agar plates with 

appropriate antibiotics and incubated overnight at 37 oC.  

 

2.5.5 Conjugation 

Conjugations were done in either a bipartite or tripartite manner. For bipartite conjugation, 

overnight cultures of donor E. coli S17 (containing a plasmid for conjugation) and recipient 

V. cholerae were collected by centrifugation at 3,500 x g. Cells were washed with 0.9 % NaCl 

and resuspended in LB broth. Donor and recipient cells were mixed in a 1:1 ratio.  

 

For tripartite conjugation, overnight cultures of donor E. coli DH5α (containing a plasmid for 

conjugation), ‘helper’ E. coli DH5α (containing a plasmid, pRK2013), and recipient V. 

cholerae were collected by centrifugation at 3,500 x g. Cells were washed with 0.9 % NaCl 
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and resuspended in LB broth. Donor, helper, and recipient strains were mixed in a 1:2:1 

ratio. 

 

Cell mixtures were spotted onto LB agar plates and dried aseptically before incubation 

overnight at 30 oC. Cell clumps formed overnight were scraped and resuspended in 0.9 % 

NaCl before spreading onto selective LB agar plates (selecting for V. cholerae with the 

desired plasmid). Plates were incubated overnight at 37 oC and colonies were subsequently 

selected and re-streaked onto selective LB agar plates.  

 

2.5.6   Chromosomal deletions in V. cholerae 

Regions to be deleted in the V. cholerae genome were removed using an allelic replacement 

method first developed by Skorupski and Taylor. Briefly, regions of the chromosome 

approximately 1kb upstream and downstream of the deletion were cloned in plasmid 

pKAS32. This plasmid contained a faulty ribosomal subunit, rpsL, which sensitises V. 

cholerae to streptomycin. The pKAS32 derivatives were introduced into E. coli S17cells 

(through transformation by heat shock) and subsequently into V. cholerae E7946 by 

conjugation. pKAS32 is a suicide vector within V. cholerae and must be incorporated (via 

homologous recombination) into the genome to allow growth on LB agar supplemented 

with 100 µg/ml ampicillin and 6.25 µg/ml polymyxin B. Cells were then re-streaked onto LB 

agar supplemented with 500 µg/ml streptomycin. V. cholerae which do not undergo a 

second homologous recombination event, and remove the rpsL gene, are unable to grow at 

this stage. Cells which did grow were tested by colony PCR (using MyTaq Red Mix, Bioline) 

to check for the deletion of our region of interest. 
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2.6  Chromatin Immunoprecipitation and DNA sequencing (ChIP-seq) 

2.6.1 ChIP-seq procedure 

Overnight cultures of cells containing pAMNF or pAMCF (with or without hapR or luxO 

genes) were sub-cultured to O.D.650 1-1.2. Cells were then fixed with formaldehyde (to a 

final concentration of 1 % v/v). Reactions were quenched with glycine (to a final 

concentration of 0.5 M). Cells were washed with TBS and resuspended in FA lysis buffer (150 

nM NaCl) with 2 mg/ml lysozyme. Cells were then left at 37 oC for 30 minutes before 

sonication with a Bio-ruptor (Diagenode) for 3 x 10 cycles (30 second pulses each). The cell 

debris was removed by centrifugation at 21,000 x g for 5 minutes. The supernatant was 

collected. 

 

A 50 % v/v solution of Prot�epharoseharose beads (GE Healthcare) in TBS was prepared and 

25 µl was mixed with 800 µl of lysates along with 1 µl of anti-FLAG antibody (Sigma). After 

incubation and rotation at room temperature for 90 minutes, the beads were resuspended 

in FA lysis buffer (150 mM NaCl) and transferred to a Spin-X column (VWR). The same 

procedure was used to wash beads in all subsequent steps. Beads were collected and 

washed twice with 10mM Tris-HCl (pH 7.5). The bead-associated DNA was then blunt-ended 

using a Quick Blunting kit (NEB). The beads were washed twice with FA lysis buffer (150 mM 

NaCl) and twice with 10mM Tris-HCl (pH 8) before the DNA was poly-adenylated using 

Klenow Fragment (3ʹ-->5ʹ exo-, NEB). The beads were then washed twice with FA lysis buffer 

(150 mM NaCl) and twice with 10mM Tris-HCl (pH 7.5). NEXTFlex Barcodes (BioO Scientific) 

were ligated to the DNA with a Quick Ligase kit (NEB). The beads were then washed twice 

with FA lysis buffer (150 mM NaCl) and once with TE buffer (10 mM Tris-HCl, 1 mM EDTA, 

pH 8.0). The spin-X column was transferred to a new microfuge tube, elution buffer (50 mM 
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Tris-HCl, 10 mM EDTA, 1 % SDS, pH 7.5) was added and the tubes were incubated at 65 oC 

for 10 minutes. DNA was eluted off the beads by centrifugation at 3,500 x g  for 1 minute 

and de-crosslinked by boiling at 100 oC for 10 minutes. To purify the DNA, Agencourt 

AMPure XP magnetic beads (Beckman Coulter) were added at 1.1 x volume to eluted DNA. 

The tubes were placed on a magnetic rack to separate the beads from the liquid phase. The 

liquid phase was removed and the beads were washed twice on the magnetic rack with 70 

% (v/v) ethanol.  The final DNA libraries were eluted by adding dH2O to the tubes, mixing 

and placing the tubes on the magnetic rack to separate the beads. The liquid phase was 

collected in a fresh microfuge tube. 

 

Libraries were then amplified by PCR using Q5 DNA polymerase (NEB) and NEXTflex primer 

mix (BioO Scientific). To determine the appropriate number of cycles used to amplify the 

libraries, a test amplification was done with samples taken at 18, 21, 24, 27, 30, and 33 

cycles and viewed on a 1 % agarose gel post-stained with ethidium bromide diluted in 

10,000 volumes of dH2O. Once the optimal conditions for amplification had been 

determined, the original ChIP libraries were amplified again as before using the determined 

number of cycles before another AMPure bead clean-up (as described earlier, except with 

beads added at 0.8 x the volume of DNA library). If necessary, a further 0.8 x AMPure clean-

up was done. 

 

DNA concentrations were quantified on a Qubit 2.0 Fluorometer (ThermoFisher) and the 

average size of the amplified DNA was determined using an Agilent 220 TapeStation. This 

information was used to mix libraries at an equimolar ratio (usually 2nM of each library) 

before loading onto an Illumina MiSeq cartridge for sequencing. 
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2.6.2 ChIP-seq of HapR and LuxO 

For both HapR and LuxO, two biological repeats of the ChIP-seq experiment were done.  For 

one of the pAMNF-HapR replicates, a modified version of the previously outlined 

immunoprecipitation protocol was used, in which two extra wash steps preceded the TE 

wash; FA Lysis (500 mM NaCl) and ChIP wash buffer (10 mM Tris-HCl, 250 mM LiCl, 1 mM 

EDTA, 0.5 % Nonidet-P40, 0.5 % Sodium Deoxycholate, pH 8) were used in this instance. 

 

2.6.3 Analysing ChIP-seq data 

Raw .fastq files obtained after sequencing  were uploaded to usegalaxy.org and sequences 

were trimmed with the ‘FastqGroomer’ programme (Carver et al., 2012). BAM files were 

generated with the ‘Bowtie2’ programme using these trimmed ‘.fastq’ files. The BAM files 

were visualised on Artemis alongside the reference genome, V. cholerae N16961 

(Chromosome 1 or 2) (Heidelberg et al., 2000). This allowed us to observe binding peaks for 

our protein of interest. Averages of replicate datasets were obtained using the 

‘multibamsummary’ programme on usegalaxy.org. Averaged values were normalised (all 

values expressed as a fraction of the highest value), these values were then opened in 

DNAPlotter (Carver et al., 2009) to produce a genome-wide profile of binding peaks. 

 

To select peaks from the data, the averaged data was loaded in Artemis and was used to 

create features using the ‘create features from graph > peaks’ function. For HapR, the 

window size = 100, minimum feature size = 100 and cut-off value = 10. For LuxO, the 

window size = 100, minimum feature size = 100 and cut-off value = 4. Where this function 

created multiple features for a single peak, these features were merged. 
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MEME analysis of ChIP-seq data was used to determine DNA binding motifs (Bailey et al., 

2009). The midpoint of DNA binding features (created for each peak as described above) 

determined the peak centres. A 300 bp selection of the genome sequence around each peak 

centre was taken and processed in MEME. The parameters for this analysis included the 

assumption either one or zero motifs were present per sequence. For HapR, the maximum 

length of motif was 25 bp. For LuxO, the maximum length was 16 bp.  
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2.7 β-galactosidase Assays 

2.7.1 Generating promoter-lacZ fusions 

DNA regions of interest in V. cholerae were amplified by PCR using colonies of V. cholerae 

E7946 as the DNA template. Point mutations in promoters were introduced with modified 

primers or using synthesised promoter fragments (Table 2.4) as an alternative PCR 

template. PCR products were cloned using appropriate restriction enzymes into pRW50-T.  

 

2.7.2 β-galactosidase assays 

Overnight cultures were grown to mid-log phase (unless otherwise stated) before lysis with 

3 drops each of toluene and 1 % sodium deoxycholate, mixing with a vortex mixer and 

aeration for 20 minutes at 37 oC. 2.5 ml of Z-buffer containing ONPG and β-

mercaptoethanol was added to 100 µl of lysed cells and left at 37 oC for at least 20 minutes. 

Reactions were quenched with 1 ml of 1M sodium carbonate and the reaction time and the 

O.D.420 of each sample was recorded. β-galactosidase activity (Miller units) (Miller, 1972) 

was calculated as follows: 

!"#$%$#& = !,###	%	&.(	%	)	%	*.+.,&#
,.(	%	-	%	.	%	*.+./(#   

where: 

 A = Final volume (ml) 

 T = Time (minutes) 

 V = Volume of lysed cells (ml) 

1,000/4.5 = Factor accounting for 1 mole/ml O-nitrophenol absorption - 0.0045 at 

O.D.420  

 2.5 = Factor accounting for O.D.650 of 1 per 0.4 mg/ml bacteria 
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2.8 Primer extension 

Overnight cultures were grown to mid-log phase before collected by centrifugation at 3,500 

x g. All subsequent centrifugation steps were done at 4 oC. Cell were resuspended in TE 

buffer with 40 µg/ml lysozyme and incubated at room temperature for 15 minutes. 700 µl of 

buffer RLT (Qiagen) with 1 % (v/v) β-mercaptoethanol was added to cells along with 500 µl 

100 % ethanol and these were passed through RNeasy mini columns (Qiagen). Columns 

were washed once with 700 µl of buffer RW1 and twice with 500 µl of RPE (Qiagen). RNA 

was then eluted from the column with 30 µl RNase-free water. To remove DNA 

contaminants, samples were mixed with 1 µl Turbo DNase and 3.5 µl 10 x Turbo DNAse 

buffer (Ambion) and ioncubated for 30 minutes at 37 oC. The DNase was inactivated with 6.1 

µl Dnase inactivating reagent (Ambion) at room temperature for 2 minutes. The 

supernatants were collected after centrifugation of samples at 21,000 x g for 90 seconds 

and stored at -80 oC. 

 

0.5 µl of 100 µM primer was radiolabelled by mixing 1 µl γ32-ATP, 1 µl T4 Polynucleotide 

Kinase (NEB), 2 µl 10 x PNK buffer and 15.5 µl DEPC-treated water. The mixture was 

incubated at 37 oC for 30 minutes before inactivation at 68 oC for 10 minutes. 1 µl of 

radiolabelled primer was mixed with 20-30 µg of extracted RNA along with 0.1 volumes of 

3M sodium acetate (pH 7.0) and 2.5 volumes of cold 100 % ethanol before incubation for 30 

minutes at -80 oC. RNA was then collected by centrifugation at 21,000 x g, washed with 1 ml 

cold 70 % ethanol and re-suspended in 30 µl hybridisation buffer (20 mM HEPES, 0.4 M 

NaCl, 80 % formamide). The suspension was incubated for 5 minutes at 50 oC, then 15 

minutes at 75 oC and finally 3 hours at 50 oC to anneal the primer. 75 µl of 100 % cold 

ethanol was then added and the RNA was incubated for at least 30 minutes at -80 oC. 
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RNA was collected by centrifugation at 21,000 x g, washed with 1 ml cold 70 % ethanol and 

resuspended in 31 µl DEPC-treated water.  Samples were mixed with 2.5 µl AMV reverse 

transcriptase (Promega), 1 µl 50 mM DTT, 5 µl 10 mM dNTPs and 0.6 µl RNasin for 1 hour at 

37 oC. After inactivation at 72 oC, 1 µl of 10mg/ml RNase was added to the sample, which 

was incubated for 30 minutes at 37 oC. 6.7 µl of 3M sodium acetate (pH 4.8) was added 

along with 125 µl 100 % cold ethanol. The sample was collected by centrifugation at 21,000 

x g and resuspended in 4 µl primer extension STOP solution (see table 2.5). 

 

To prepare the A, C, G and T ladders, 10 µg of template DNA from bacteriophage M13mp18 

was denatured with 8 µl of 2 M NaOH and incubated at room temperature for 10 minutes. 

DNA was precipitated with 7 µl of 3 M NaAc (pH 5.2), 4 µl dH20 and 120 µl of 100 % cold 

ethanol for 20 minutes at -80 oC. DNA was collected by centrifugation at 21,000 x g for 15 

minutes, washed with 700 µl 70 % cold ethanol, dried under a  vacuum for 8 minutes  and 

resuspended in 10 µl dH2O. 10 pM of Universal primer  (5ʹ GTAAAACGACGGCCAGT 3ʹ) with 2 

µl annealing buffer (1 M Tris-HCl pH 7.5, 100 mM MgCl2, 160 mM DTT) was added to the 

DNA and incubated at 65 oC for 5 minutes, then at 37 oC for 10 minutes and then at room 

temperature for 5 minutes.  

 

5 µl each of four termination reaction solutions (A, C, G and T) were prepared in separate 

tubes: 

 

‘A’ mix short    840 μM dCTP, 840 μM dGTP, 840 μM dTTP,  

14 μM ddATP, 93.5μM dATP, 40 mM Tris-HCl (pH 7.5), 

50 mM NaCl 
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‘C’ mix short    840 μM dATP, 840 μM dGTP, 840 μM dTTP,  

14 μM ddCTP, 93.5 μM dCTP, 40 mM Tris-HCl (pH 7.5), 

50 mM NaCl 

 

‘G’ mix short    840 μM dCTP, 840 μM dATP, 840 μM dTTP,  

14 μM ddGTP, 93.5 μM dGTP, 40 mM Tris-HCl (pH 7.5), 

50 mM NaCl 

 

‘T’ mix short    840 μM dCTP, 840 μM dGTP, 840 μM dATP,  

14 μM ddTTP, 93.5 μM dTTP, 40 mM Tris-HCl (pH 7.5), 

50 mM NaCl 

 

T7 polymerase was diluted at a 1:5 ratio of T7 dilution buffer (25 mM Tris-HCl pH 7.5, 5 mM 

DTT, 100 μg/ml BSA, 5 % v/v glycerol). 2 µl of diluted T7 polymerase was mixed with the 

M13 DNA/primer mix, 3 µl ‘A’ labelling mix (1.375 mM of dCTP, dGTP, and dTTP each, 333.5 

mM NaCl) and 1 µl of α-P32 dATP (Perkin Elmer). The mixture was incubated at room 

temperature for 5 minutes and 4.5 µl was transferred into the four termination reaction 

tubes. After a further incubation for 5 minutes at 37 oC, primer extension STOP solution (see 

table 2.5) was added to each reaction.  

  

Samples and the A, C, G and T ladders were run on a 6 % polyacrylamide sequence gel 

before drying and exposing to a phosphorscreen (BioRad). This was then imaged on a 

BioRad FX phosphoimager. 
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2.9 Protein purification 

2.9.1 Purification of HapR 

Protein buffers 1-3, A, B and X were prepared (see Table 2.5). E. coli T7 Express cells were 

transformed with plasmid pHis-tev-HapR (or mutant derivatives thereof), which encodes a 

hexa-His tag fused to HapR via a tev protease cleavage site (provided by Ankur Dalia). Cells 

were grown in 40 ml LB (supplemented with 100 µg/ml ampicillin) overnight. Cells were sub-

cultured into 1 L of LB (supplemented with 100 µg/ml ampicillin) and grown at 37 oC to mid-

log phase before being supplemented with IPTG (to a final concentration of 0.4 M). The 

culture was grown for a further 3 hours at 37 oC before being collected by centrifugation at 

3,500 x g and stored at -80 oC.  

 

To purify HapR, the pelleted cells (post-IPTG induction) were re-suspended in 40 ml Buffer 1 

before lysis using a tip sonicator. The lysed cells were centrifuged at 75,000 x g for 30 

minutes at 10 oC and the pellet was re-suspended in 40 ml Buffer 2. This was then 

centrifuged again at 75,000 x g for 30 minutes at 4 oC and the pellet was re-suspended in 40 

ml Buffer 3. After a further 30-minute centrifugation, the supernatant was run through a 

nickel column using an AKTA Prime. The column was washed with Buffer A and the flow-

through was collected. Thereafter the column was washed with increasing concentrations of 

imidazole (increasing ratio of Buffer B to Buffer A) and fractions were collected at intervals.  

 

To identify fractions with HapR we used SDS-PAGE to analyse samples. Bands corresponding 

to the molecular weight of HapR+6xHis (~24.5 kDa) were found and the corresponding 

fractions were combined and dialysed overnight at 4 oC using SnakeSkin tubing 
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(ThermoFisher) in 1 L Buffer X. Dialysed protein was concentrated with a vivaspin column 

and concentration was determined by Bradford assay (Bradford, 1976). 

 

2.9.2 Purification of CRP 

CRP lysis, dialysis, column wash and stock buffers were prepared (see Table 2.5). E. coli 

M182Δcrp cells were transformed with the plasmid, pDCRP-Vc, which expresses V. cholerae 

CRP (or mutant derivatives thereof). Cells were grown in 300 ml LB (supplemented with 100 

µg/ml ampicillin) overnight. Cells were collected by centrifugation at 3,500 x g, re-

suspended in 6 ml CRP lysis buffer and lysed by sonication using a Bioruptor.  

A PolyPrep chromatography column (Bio-Rad) was prepared with the addition of 60 mg 

adenosine 3ʹ,5ʹ-cyclic monophosphate agarose (cAMP-agarose; Merck), rehydrated with 

ddH20. Sonicated cells were centrifuged at 10,000 x g for 30 minutes at 4 oC and the 

supernatant was passed through a 0.2 µm filter and loaded onto the column. The column 

was washed with 5 ml CRP dialysis buffer, followed by 5 ml CRP column wash buffer 

supplemented with 5 mM each of 5’ and 3’ adenosine monophosphate (AMP). After a final 

wash with 5 ml CRP column wash buffer, CRP protein was eluted with 5 ml CRP column 

wash buffer supplemented with 5 mM adenosine 3ʹ,5ʹ-cyclic monophosphate (cAMP). 0.5 ml 

fractions were taken from this wash and run on an SDS-PAGE gel to check for the presence 

of CRP. Fractions containing CRP were dialysed overnight at 4 oC using SnakeSkin tubing 

(ThermoFisher) in CRP stock buffer.  
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2.9.3 Purification of V. cholerae RNA polymerase 

RNAP lysis, TGED and RNAP stock buffers were prepared (see table 2.5). To purify V. 

cholerae RNA polymerase we used a purification method as first described by Burgess and 

Jendrisak, 1975. An overnight culture of V. cholerae N16961 was sub-cultured into 8 L of LB 

and grown at 37oC to mid-log phase. Cells were harvested by centrifugation at 3,500 x g and 

re-suspended in 100 ml of RNAP lysis buffer. The cells were then lysed using a tip sonicator 

before samples were subjected to centrifugation at 39,000 x g for 45 minutes at 4 oC. The 

resulting supernatant was passed through a 0.2 µm filter, then polymin P was added to a 

final concentration of 0.35 % (v/v). Ammonium sulphate was added gradually to a final 

concentration of 35 % (w/v) to precipitate RNAP. Protein precipitates were re-suspended in 

TGED buffer supplemented with 100 mM NaCl and loaded onto a HiTrap heparin column 

using a 650E advance protein purification system (Waters). The column was washed with 

TGED + 100 mM NaCl and then fractions were eluted using TGED with increasing 

concentrations of NaCl (up to 1 M). Appropriate fractions containing RNA polymerase 

(determined by running fractions on an SDS PAGE gel) were collected and dialysed overnight 

at 4 oC using SnakeSkin tubing (ThermoFisher) in RNAP stock buffer. This protocol purifies 

the core RNAP enzyme; the primary growth phase sigma factor, RpoD, was purified 

separately in a previous study (Manneh-Roussel et al., 2018). 
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2.10 In vitro transcription assays 

Promoters were cloned in plasmid pSR using appropriate restriction enzymes. Resulting 

plasmids were purified by maxiprep and used for in vitro transcription reactions. Purified 

Vibrio cholerae RNAP holoenzyme (4 nM) and RpoD (100 nM) was combined with 30 ng/µl 

plasmid DNA in TNSC buffer supplemented with BSA (100 µg/ml), ATP (200 µM),GTP (200 

µM), CTP (200 µM), UTP (10µM) and α-P32-UTP (5 µCi). Where appropriate, purified CRP 

(with 0.2mM cAMP) and/or HapR was incubated with plasmid DNA in buffer at 37 oC for 10 

minutes before the addition of polymerase and RpoD. Reactions were incubated at 37 oC for 

10 minutes and stopped with the addition of 1 volume of 2 x STOP solution (see table 2.5). 

Reactions were run on an 8 % polyacrylamide gel at 80W for approximately 1-2 hours 

depending on the expected size of transcripts. Resulting gels were dried and exposed 

overnight to a phosphor screen. 

 

 

2.11 Radiolabelling of DNA 

DNA fragments were prepared prior to radiolabelling using PCR or restriction enzyme based 

methods. In both cases, pSR plasmid containing a cloned promoter fragment (inserted at 

EcoRI/HindIII sites) was used. In the enzyme-based method, this plasmid was digested by 

HindIII and subsequently treated with Calf Intestinal Phosphatase (CIP, supplied by NEB). 

This DNA was then digested with AatII, run on a 1 % agarose gel, and the desired DNA 

fragment purified using a gel extraction kit (Qiagen). In the PCR method, fragments were 

amplified using pSR footprinting fwd/rev primers (see table 2.3). One of the primers used in 

was tagged with biotin, which prevents radiolabelling at the 5’ end.  
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Prepared fragments were then radiolabelled with P32-labelled γ-dATP (10 μCi/μl) and T4 

polynucleotide kinase (PNK, supplied by NEB) following the manufacturers protocol. 

Fragments were passed sequentially through two separate columns containing 200 µl G-50 

Sephadex beads in TE buffer. 

 

 

2.12  Electrophoretic mobility shift assays 

Protein stocks were diluted to appropriate working concentrations in 1 x TNSC buffer. 

Stocks of CRP (or mutant derivatives thereof) were prepared with 250 µg/ml cAMP. Herring 

sperm DNA (to a final concentration of 12.5 mg/ml per reaction) was mixed with 

radiolabelled DNA fragments as a non-specific competitive inhibitor. DNA mixtures were 

incubated at 37 oC for a minimum of 10 minutes with or without protein mixes (refer to 

figure legends of results) in 1 x TNSC buffer. After incubation, samples were separated by 

electrophoresis at 200 V on a 5 % (w/v) polyacrylamide gel for approximately 2-3 hours 

before drying and exposing overnight to a phosphor screen.  
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2.13 DNaseI footprinting 

Radiolabelled DNA fragments (between 10 and 40 ng) and 25 µg/ml of herring sperm DNA 

(a non-specific competitive inhibitor) were combined in a 1 x TNSC buffer. This mixture was 

then incubated with HapR, and/or CRP, if required (refer to figures of results) for 15 minutes 

at 37 oC. Recombinant DNaseI (Thermo Fisher) was diluted in dH2O at a ratio of 1:15 and 2 µl 

of this was added to the DNA mixture. The DNA was digested for 5 minutes and the reaction 

was then quenched with the addition of 10 volumes of DNaseI Stop solution (see table 2.5). 

10 volumes of phenol:chloroform:isoamyl alcohol (25:24:1) was added, a vortex mixer was 

used to homogenise the sample and the aqueous layer was separated from the organic 

phase by centrifugation at 21,000 x g for 3 minutes. The supernatant was removed and DNA 

was precipitated with 450 µl 100 % (v/v) ethanol and 2 µl GlycoBlue for 1 hour at -80 oC. The 

DNA was centrifuged at 21,000 x g and the DNA pellet was then washed with 1 ml 70 % (v/v) 

ethanol. After centrifugation at 21,000 x g for 10 minutes at 4 oC, the DNA was dried under a 

vacuum for 8 minutes and resuspended in 8 µl of DNaseI blue (see table 2.5). Samples were 

heated to 80 oC before running on an 8 % (w/v) polyacrylamide gel at 80 W for 

approximately 2 hours. The gel was then dried and exposed overnight to a phosphor screen. 
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2.14  GA ladder preparation 

Radiolabelled DNA fragments were treated with 50 µl formic acid and incubated at room 

temperature for 2.5 minutes. The reaction was stopped with 200 µl 0.3 M sodium acetate 

(pH 7) and 1 µl of GlycoBlue (Thermo Fisher). DNA was precipitated with 700 µl 100 % (v/v) 

ethanol for at least 45 minutes at -80 oC before centrifugation at 21,000 x g for 1 hour at 4 

oC. The DNA pellet was washed three times with 1ml 70 % (v/v) ethanol, centrifuging at 

21,000 x g for 10 minutes at 4 oC each time. The DNA was then resuspended in 100 µl 0.1 M 

piperidine and incubated at 90 oC for 30 minutes before precipitating with 10 µl 3 M sodium 

acetate (pH 7), 1 µl of GlycoBlue and 300 µl 100 % (v/v) ethanol. The DNA was incubated for 

45 minutes at -80 oC before centrifugation at 21,000 x g for 1 hour at 4 oC. The pellet was 

washed twice with 1 ml 70 % (v/v) ethanol as before. The pellet was then dried under a 

vacuum for 8 minutes and resuspended in 20 µl of DNaseI blue solution (see table 2.5).  
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Chapter 3 
Assessing hapR and luxO promoter mutants 
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3.1 Introduction 

The promoters for expression of two quorum-sensing proteins in Vibrio cholerae, HapR and 

LuxO, were explored in this chapter. As noted earlier, these proteins are of interest because 

of their role in regulating the V. cholerae infection cycle and to their sequence variability 

across clinical isolates. Figure 3.1 shows the ratio of non-synonymous to synonymous 

mutations across V. cholerae chromosome I (the larger of the two chromsomes inV. 

cholerae). The plot is derived from the cumulative number of SNPs across all clinical isolates 

from a 2017 whole-genome sequencing study (Weill et al., 2017). Some single nucleotide 

polymorphisms (SNPs) at the luxO and hapR loci are found within the corresponding 

promoter regions. Therefore, we aimed to assess the consequences of these mutations for 

gene expression. To do this, we cloned wild-type and mutated versions of the hapR and luxO 

promoter regions in pRW50-T, upstream of a lacZ reporter gene. V. cholerae E7946 was 

transformed with these constructs by conjugation and β-galactosidase assays were done to 

determine the levels of gene expression. We detected a mixture of effects with some 

mutations greatly reducing promoter activity. 
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Figure 3.1 – V. cholerae chromosome I mutation rates within the 7PET lineage. Genes with a high ratio of non-synonymous mutations shown as peaks on 
the red track. The overall rate of SNP occurrence is in orange; many genes accumulate SNPs that do not cause mutations. ChIP-seq data describing the 
binding of the housekeeping RNA polymerase at promoters across the genome is shown in green. SNP data from Weill et al., 2017.  



 79 

3.2. The effect of naturally occurring mutations within the hapR promoter 

To replicate the occurrence of SNPs observed in clinical isolates of V. cholerae, we 

generated six mutated versions of the hapR promoter (referred to as PhapR M1-6), each with 

a single nucleotide divergent from the wild-type promoter (as detailed in figure 3.2). SNPs 

within the promoter region of hapR were only observed at these six loci across clinical 

isolates (Weill et al. 2017). Point mutations were located downstream of the transcription 

start site (PhapR M1-3) and within the -10 or -35 elements of the promoter (PhapR M4-6). The 

results of β-galactosidase assays are shown in figure 3.2. pRW50-T without a promoter 

inserted upstream of lacZ was used to determine background activity. Mutant 1 showed an 

increase in activity compared to wild-type while Mutants 2 and 3 showed a slight decrease 

in activity. The PhapR M4-6 derivatives showed a complete loss of activity. 

 

3.3 The effect of naturally occurring mutations within the luxO promoter 

Five mutant luxO promoters, referred to as PluxO M1-5, were cloned in pRW50-T (sequences 

detailed in figure 3.3). Unlike the hapR promoter, none of the luxO promoters were mutated 

at known promoter elements. Consistent with this, PluxO M1-4 showed no difference in β-

galactosidase activity compared to wild-type (results presented in figure 3.3). Interestingly, 

PluxO M5 did show a slight increase in activity. 
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Figure 3.2 – Effect of mutations on hapR promoter activity. β-galactosidase assay of promoter-lacZ fusions in plasmid pRW50-T compared with a no-insert 
control (n=3). -35, -10 and transcription start sites indicated in green, blue and purple respectively. Point mutations which differentiate mutant promoters 
from the wild-type (E7946) promoter sequence are highlighted in red. Transcription start site determined using data from Papenfort et al. (2015). 
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Figure 3.3 – Effect of mutations on luxO promoter activity. β-galactosidase assay of promoter-lacZ fusions in plasmid pRW50-T compared with a no-insert 
control (n=3). Possible -24, -12 and transcription start sites indicated in blue, yellow and purple respectively. Point mutations which differentiate mutant 
promoters from the wild-type (E7946) promoter sequence are highlighted in red. Transcription start site determined using data from Papenfort et al. 
(2015). 
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3.4 Primer extension analysis of hapR and luxO promoter mutants 

The increases in β-galactosidase activity observed for PhapR M1 and PluxO M5 may have been 

due to the introduction of additional core promoter elements. For example, the point 

mutation made for PluxO M5 (as ‘TGGCAT’ to ‘TAGCAT’) may have resulted in the creation of 

a new -10 element, and transcription start site, upstream of luxO. Any such transcript would 

differ in compared to the canonical luxO mRNA. Hence, we used a primer extension assay, 

to determine the lengths of transcripts derived from the wild-type and mutant promoters. 

The results of the primer extension assay are shown in figure 3.4. Both PhapR M1 and PluxO M5 

showed no difference in transcript length when compared to wild-type. 
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Figure 3.4 – Primer extension analysis of WT and mutant PluxO and PhapR.  A radiolabelled (P32) 
primer complementary to the expected mRNA, was annealed and used to prime reverse 
transcription. Resulting DNA products were analysed on an acrylamide gel. luxO promoter Mutant 5 
and hapR promoter Mutant 1 are labelled M5 and M1 respectively. As a size standard, 
bacteriophage DNA (M13mp18) was used to generate dNTP sequencing ladders (labelled ‘A’, ‘C’, ‘G’ 
and ‘T’). Transcription start sites for hapR and luxO are indicated by green and red arrows 
respectively.  
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3.5 Discussion 

This part of the study set out to determine whether mutations in the hapR and luxO 

promoters, observed in clinical isolates, gave rise to changes in promoter activity. Our β-

galactosidase assay results show that three of the SNPs found in the hapR promoter region 

completely ablate gene expression. We expected this because the mutations occur at highly 

conserved bases in the -10 or -35 elements of the promoter. Mutations in PhapR  M4 and M5 

change the -10 element in the promoter from a consensus ‘TACACT’ to ‘TTCACT’ and 

‘TACACC’ respectively. The mutation in PhapR M6 alters the -35 element from a consensus 

‘TTGACC’ to ‘TTAACC’. Interestingly however, we observed an almost 2-fold increase in 

expression from PhapR M1 compared to wild-type. The M1 mutation occurs downstream of 

the transcription start site and does not appear to introduce a higher-consensus Shine-

Dalgarno sequence, which might enhance ribosome binding. Our primer extension analysis 

did not shed any further light on this, as no changes to the length of the mRNA transcript 

were observed. It could be that this mutation results in increased mRNA stability allowing 

for greater gene expression. 

 

Expression of HapR has been shown to vary across different V. cholerae strains, though the 

reason for this is unknown (Joelsson et al., 2006). It has been speculated that gene 

regulation by HapR may provide advantages in some environments and not others. An 

example of this has been observed in the fruit-fly, Drosophila melanogaster. During 

colonisation of the intestine, it was shown that uptake of host succinate by V. cholerae was 

reduced by HapR (Kamareddine et al., 2018). Succinate metabolism is important in the 

infectious cycles of many bacteria, including in Salmonella Typhimurium, where succinate is 

both a carbon source and an inducer of antimicrobial resistance genes (Spiga et al., 2017; 
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Rosenberg et al, 2021). In V. cholerae, reduced succinate uptake led to longer periods of 

infection, due to increased host survival, and would likely mean that more V. cholerae cells 

were shed from the host. It is therefore easy to see why HapR might benefit the bacterium 

in a host-environment. However, expressing genes which limit nutrient uptake is likely to be 

disadvantageous in a nutrient-limited environment. In these instances, it may be more 

efficient to express HapR either minimally or not at all. In contrast to hapR, mutations in the 

promoter region of luxO appeared to have little effect on gene expression. It is possible, 

however, that the mutations made affect the binding of other transcription factors 

expressed only under certain conditions. Most of the mutations in the luxO promoter were 

located downstream of the transcription start site, meaning they may affect the stability of 

the mRNA transcript and thus alter LuxO expression. 
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Chapter 4 
ChIP-seq of HapR and LuxO 
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4.1 Determining DNA-binding sites of HapR and LuxO in V. cholerae E7946 by ChIP-seq 

As shown in the previous chapter (figure 3.1), the quorum-sensing transcription factors, 

HapR and LuxO, are highly variable amongst clinical isolates of 7PET V. cholerae (Weill et al., 

2017). Determining which genes are regulated by both proteins is therefore important for 

our understanding of this pandemic. In this chapter, we used chromatin 

immunoprecipitation and DNA sequencing (ChIP-seq) to map genome-wide DNA binding by 

HapR and LuxO in V. cholerae E7946. To do this, we cloned hapR and luxO in plasmids 

pAMNF and pAMCF respectively. pAMNF encodes a 3xFLAG tag directly upstream of a 

multiple cloning site and kanamycin resistance gene. pAMCF contains a 3xFLAG tag directly 

downstream of a multiple cloning site and kanamycin resistance gene. V. cholerae E7946 

were transformed with these plasmids and the resulting strains were used for ChIP-seq 

assays. After cross-linking and sonication, immunoprecipitations were done using anti-FLAG 

antibody. In control experiments, we used V. cholerae E7946 transformed with empty 

pAMNF or pAMCF. DNA libraries were produced from isolated DNA and sequenced using an 

Illumina MiSeq. Sequencing reads were mapped to the V. cholerae N16961 reference 

genome and are presented as circular plots in figure 4.1a. Examples of identified peaks are 

shown in figure 4.1b and c. For HapR, the example peak centre is located directly upstream 

of the gene VC1280, which indicates HapR regulates this gene via interaction with its 

promoter.  For LuxO, the example peak centre is located between genes VCA0040 and 

VCA0041; this coincides with the quorum-regulatory RNA 2 (qrr2). Overall, 32 peaks were 

found to meet our selection criteria for HapR, and five were observed for LuxO. 
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Figure 4.1 – ChIP-seq of HapR and LuxO in V. cholerae E7946. a) Circular plot showing the distribution of peaks displayed across both chromosomes.  
Examples of individual peaks (from two replicates and a negative control) and adjacent genes displayed for b) HapR and c) LuxO. Read depths for each trace 
are displayed on the right. d) Distance of HapR peaks from nearest start codons. V. cholerae N16961 was used as reference genome for ChIP-seq analysis. 
Individual replicates of the ChIP-seq data across both chromosomes is displayed in a linear plot in supplementary figure 1. 
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We expected most of the peaks for HapR to be in non-coding regions upstream of genes. To 

determine if this was the case, we mapped distances between all peak centres and their 

nearest gene (shown in figure 4.1c). Of the 32 peaks observed for HapR, 25 were found 

within 500 bp upstream of their nearest start codon. Of these, 19 were within 200 bp. 

 

The genes adjacent to the HapR and LuxO peaks are listed in table 4.1. HapR targets are also 

grouped by cellular function (either known or inferred from their amino-acid sequence) and 

presented in figure 4.2. 27 percent of these targets are involved in metabolism, and 11.4 

percent are motility and chemotaxis-related genes. Other functional categories of identified 

targets included gene regulation and cellular signalling. It is notable that 34 percent of gene 

targets were of unknown function. Unsurprisingly, four of the five peaks observed for LuxO 

are adjacent to the four quorum-regulatory RNAs. The fifth peak is in the intergenic region 

between two divergent genes encoding the cold-shock like protein, CspD and the ATP-

dependent Clp protease adapter protein, ClpS (Heidelberg et al., 2000).  
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Gene(s) Function(s) Category(s) 

HapR 
Chromosome I 

VC0102<(VC0103) hypothetical protein<(hypothetical protein) Unknown 
VC0204<>VC0206 transcriptional regulator, MurR<>N-acetylmuramic acid-6-phosphate etherase, MurQ Gene Regulation <>Metabolism 

VC0240<>VC0241 ADP-L-glycero-D-mannoheptose-6-epimerase, RfaD <> mannose-1-phosphate 
guanylyltransferase Metabolism<>Metabolism 

VC0433 arginine/ornithine antiporter Metabolism 
VC0484 hypothetical protein Unknown 

(VC0486) transcriptional regulator, DeoR family Gene Regulation 
(VC0502) type IV pilin Motility and chemotaxis 
VC0515 hypothetical protein Unknown 

VC0583<>VC0585 hemagglutinin/protease regulatory protein, HapR<>Hypoxanthine 
phosphoribosyltransferase Gene Regulation<>Metabolism 

VC0668 DNA mismatch repair protein MutH DNA repair 
VC0687<>VC0688 carbon starvation protein A, putative <> lipoprotein, putative Metabolism<>Structural 
(VC0822)>VC0823 inner membrane protein, putative Unknown 

VC0880 conserved hypothetical protein Unknown 
VC0916 phosphotyrosine protein phosphatase Cell Signalling 

VC1280<>VC1281 hypothetical protein <> PTS system cellobiose-specific IIC, CelB Unknown<>Metabolism 

VC1298<>VC1299 methyl-accepting chemotaxis protein <> 6-pyruvoyl tetrahydrobiopterin synthase Motility and 
chemotaxis<>Metabolism 

VC1375<>VC1376 hypothetical protein <> GGDEF family protein Unknown<>Cell Signalling 
VC1403<>VC1405 methyl-accepting chemotaxis proteins Motility and chemotaxis 
VC1436<(VC1437) cation transport ATPase, E1-E2 family Cell Signalling 

VC1851 phosphodiesterase Cell Signalling 
VC2211<(VC2212) hypothetical protein Unknown 
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VC2352 NupC family protein Metabolism 
VC2486 leucine transcriptional activator, LeuO Gene Regulation 

Chromosome II 
VCA0148 TagA-related protein Metabolism 

(VCA0198) site-specific DNA-methyltransferase, putative Gene Regulation 
VCA0218<>VCA0219 Haemolysin secretion protein HlyB <> Haemolysin, HlyA Virulence<>Virulence 
VCA0224<>VCA0225 hypothetical protein <> conserved hypothetical protein Unknown<>Unknown 

VCA0662<>VCA0663 CbbY family protein <> methyl-accepting chemotaxis protein Metabolism<>Motility and 
chemotaxis 

VCA0691 acetoacetyl-CoA reductase Metabolism 
VCA0906 methyl-accepting chemotaxis protein Motility and chemotaxis 

VCA0960<>VCA0961 diguanylate cyclase <> hypothetical protein Cell signalling<>Unknown 
VCA1070 sodium/proline symporter Metabolism 

LuxO 

Chromosome I 

qrr1 <> VC1021 quorum-regulatory RNA <> transcriptional repressor, LuxO Gene Regulation<>Gene 
Regulation 

VC1142<>VC1143 cold shock-like protein CspD<>ATP-dependent Clp protease adapter protein, ClpS Gene Regulation<>Metabolism 

Chromosome II 
qrr2 quorum-regulatory RNA Gene Regulation 
qrr3 quorum-regulatory RNA Gene Regulation 
qrr4 quorum-regulatory RNA Gene Regulation 

  
 
 
Table 4.1 – Genes adjacent to HapR and LuxO ChIP-seq peaks. Brackets indicate peak centre is within gene, arrows indicate if genes are upstream (<) or 
downstream (>) of peak centres. Functions of genes are given if known. 
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Figure 4.2 – Functional categories of genes adjacent to HapR ChIP-seq peaks. Functions categorised 
either by known function or assumed function based on structural homology with other proteins.  
 

Unknown
Metabolism
Gene Regulation
Motility and Chemotaxis

DNA repair
Cell Signalling
Virulence
Structural



 95 

4.2  Determining DNA-binding motifs from ChIP-seq data 

Next, we used MEME (Bailey et al., 2009) to identify the consensus DNA-binding motifs of 

HapR and LuxO. Figure 4.3 shows the results of this analysis, with the most significant motif 

for each protein presented. The HapR motif consists of a 22 bp, ‘A/T’-rich palindromic 

sequence with consensus 5’-‘T1T2A3N4T5G6A7T8A9N10A11T12N13T14A15T16C17A18N19T20A21A22-3’. 

The ‘T5’ and ‘A18’ nucleotides were completely conserved. The LuxO motif identified consists 

of two hexameric palindromes, 5’-‘TTGCAA’-3’, either side of an ‘A/T’ centre. We then 

analysed these motifs to determine their positions relative to the determined peak centres 

(figure 4.3c). For HapR, the determined motif trended towards the centre of the peaks, 

which is expected as peak centres should correspond to the precise position of HapR 

binding. This contrasts with the control motif (the second most significant motif identified 

by MEME), which shows no bias in its distribution.  Analysis of the MEME-determined LuxO 

motif shows a similar distribution compared to the control motif, although this is harder to 

interpret due to the small number of peaks available.  
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Figure 4.3 – Binding motifs of HapR and LuxO as determined by MEME. DNA-binding motif for a) 
HapR and b) LuxO as determined by MEME analysis. MEME output was set to determine three 
potential binding motifs; the most probable motif (based on e-value) is displayed. c) Distances 
between the DNA binding motifs and the nearest peak centre in V. cholerae. Top motifs for HapR 
and LuxO displayed against the second probable motif as control motifs.  
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4.3  Assessing the co-regulation of genes using ChIP-seq data 

We noticed that the DNA-binding motif for HapR resembled that of the cyclic AMP-receptor 

protein (CRP) (see figure 4.4), which regulates genes in V. cholerae in response to cyclic AMP 

(cAMP) levels (Kolb et al., 1993; Manneh-Roussel et al., 2018). Therefore, we compared our 

data for HapR with CRP binding sites identified by a prior ChIP-seq analysis (Manneh-Roussel 

et al., 2018). In tandem, we also compared our data with binding sites for: AphA (a regulator 

of low cell density behaviours in V. cholerae) (Haycocks et al., 2019), sigma 54 (known to act 

in tandem with LuxO to activate the quorum-regulatory RNAs) (Dong and Mekalanos, 2012), 

and the ‘housekeeping’ sigma factor, σ70 (Manneh-Roussel et al., 2018). Most HapR DNA-

binding motifs were within 100 bp (upstream or downstream) of the nearest ChIP-seq peak 

centre (figure 4.3). Therefore, we defined overlapping peaks as peaks with centres within 

200 bp of one another. A control analysis, in which one of the two ChIP datasets being 

compared was replaced with randomised set of genomic loci, was also done. This was 

designed to allow for overlap between datasets that might have occurred by chance. The 

results are shown in figures 4.5 and 4.6. A total of 8 CRP peaks were found to coincide with 

HapR peaks; these loci are predominantly in intergenic regions (see table 4.2). Conversely, 

there was no overlap between detected HapR and AphA targets. 8 of the 32 HapR targets 

were bound with σ70. This suggests that many HapR target promoters are inactive in our 

conditions. For LuxO, 4 out of 5 peaks, located upstream of the quorum-regulatory RNAs 

and were co-bound with σ54. Three LuxO peaks were also co-bound with AphA. The fifth 

peak was co-bound with σ70.  
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Figure 4.4 – DNA-binding motif of HapR compared to CRP and AphA motifs. Potential alignments between motifs indicated by grey boxes. HapR motif as 
determined in figure 4.3. CRP motif taken from Manneh-Roussell et al., 2018. AphA motif taken from Haycocks et al., 2019. 
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Figure 4.5 – Analysis of HapR ChIP-seq peak data. Loci of peak centres within 200 bp of one another were considered to be ‘overlapping peaks’. a) 
Comparison of pairs of data sets are presented individually against a control analysis. Control analyses were done by generating random peak loci values 
across the N16961 genome (via the RAND() function in Microsoft Excel) and determining the number of overlaps occurring by chance. b) Overlapping peaks 
presented a Venn diagram.  ChIP data for CRP, sigma 70 and AphA obtained from other studies referenced in the text.  
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Figure 4.6 – Analysis of LuxO ChIP-seq peak data. Loci of peak centres within 200 bp of one another were considered to be ‘overlapping peaks’. a) 
Comparison of pairs of data sets are presented individually against a control analysis. Control analyses were done by generating random peak loci values 
across the N16961 genome (via the RAND() function in Microsoft Excel) and determining the number of overlaps occurring by chance. b) Overlapping peaks 
presented a Venn diagram.  ChIP data for CRP, sigma 70, sigma 54 and AphA obtained from other studies referenced in the text.  
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 Chromosome I Chromosome II 

 

 

Adjacent Genes 

 
 
 

VC0102<(VC0103) VCA0218<>VCA0219 

VC0485<>VC0486 VCA0224<>VCA0225 

VC1851 VCA0662<>VCA0663 

leuO VCA0691 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2 – Chromosomal loci potentially co-bound by CRP and HapR. ChIP-seq peak centres for 
HapR (this study) and CRP (Manneh-Rousell et al., 2018)92 were determined and their relative 
positions on the V. cholerae N16961 reference genome were compared. Overlaps between CRP and 
HapR binding loci were defined as peak centres within 200 bp of one another. Results in the table 
show the nearest genes adjacent to these loci. ‘<>’ indicates loci positioned between two divergent 
genes. Peaks positioned within the ORF of a gene are indicated by brackets. 
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4.4 Discussion 

In this chapter, we aimed to identify novel DNA-binding targets of HapR and LuxO in V. 

cholerae. In the case of HapR, our ChIP-seq data identified 32 peaks, 25 of which were 

within promoter regions. This expands our list of potential targets to more than 45 

transcription units. In these instances, further studies are required to determine if HapR 

regulates the transcription of one or both genes. In transcriptome analysis, HapR was found 

to influence the expression of 100 transcription units (Nielsen et al., 2006). Only 21 of the 

genes identified by this analysis are also identified by our ChIP-seq data, 9 of which are part 

of a single operon, VC1394-VC1403. It is likely that many of these genes are indirectly 

regulated by HapR and so not observed by ChIP-seq. Some, targets previously shown to be 

directly regulated by HapR (i.e., at the level of transcription) such as qstR (Scrudato and 

Blokesch, 2013), vpsR (Lin et al., 2007), dns (Scrudato and Blokesch, 2013), tcpA and tcpP 

(Gao et al., 2020) were not identified by our ChIP-seq. This may be due to low levels of HapR 

binding in our conditions. For example, the well-known HapR target, hapA (Jobling and 

Holmes, 1997), was not recovered, but we did observe a peak in the promoter in one ChIP-

seq replicate only. We also identified peaks in the promoters of known HapR targets. For 

instance, HapR regulates transcription for the hapR promoter and a peak was identified at 

this locus (Lin et al., 2005). Other targets of interest include the genes encoding the 

haemolysin, hlyA and haemolysin secretion protein, hlyB, as well as six genes involved in 

motility and chemotaxis (Yamamoto et al., 1990). A previous study reported 16 chemotaxis-

related genes that appeared to be regulated (either directly or indirectly) by HapR (Nielsen 

et al., 2006). 
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Targets found closer to the chromosomal origin of replication are more enriched in the data, 

this can be observed in figure 4.1a. At the point of formaldehyde crosslinking, the cells in 

our experiment would have been at different stages of genome replication, resulting in a 

higher copy number of sequences closer to the origin of replication. This may have raised 

the cut-off threshold for peaks that we have used and peaks closer to the ter region of the 

chromosome may be missed in our analysis as a result. It is also possible that HapR does not 

bind certain sites under the conditions used in our ChIP-seq experiment and therefore were 

not found in this study. 

 

In the case of LuxO five peaks were identified in our study. Four of these are at the quorum-

regulatory RNA (qrr) 1-4 loci, known to interact with LuxO. The fifth peak is between two 

divergent genes encoding the cold-shock like protein, CspD and the ATP-dependent Clp 

protease adapter protein, ClpS. The functions of these proteins have been characterised in 

E. coli. CspD is a protein induced by stationary phase growth as part of the SOS response to 

carbon starvation (Yamanaka and Inouye, 1997). ClpS is part of the N-end rule pathway in 

bacteria, which governs the degradation of proteins (Erbse et al., 2006).Given that LuxO 

phosphorylation is controlled by environmental signals other than cell density, cspD is the 

more likely target of regulation by LuxO. This may indicate a previously undescribed 

mechanism by which the SOS response and quorum-sensing are linked. It is noteworthy that 

four out of the five LuxO peaks overlapped with sigma 54 (RpoN) ChIP-seq targets (Dong and 

Mekalanos, 2012). Unsurprisingly, these peaks all corresponded to the qrrs. Three of these 

four LuxO peaks also overlapped with AphA targets. This is unsurprising as AphA is known to 

directly control expression of qrrs 2, 3 and 4 in Vibrio harveyi (which were identified by their 

homology with qrrs 2-4 in V. cholerae) (Tu and Bassler, 2007; van Kessel et al., 2013a). The 
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fifth LuxO peak, located between the two divergent genes mentioned earlier, did not 

overlap with either σ54 or AphA but did overlap with a peak from a σ70 ChIP-seq (Manneh-

Roussel et al., 2018). It is possible that LuxO may have an extra regulatory role than has 

hitherto been described in the literature, involving some interaction with σ70.  

 

Previous ChIP-seq studies on the HapR homolog in V. harveyi, LuxR, identified a similar DNA 

target motif to that identified for HapR in our analysis (van Kessel et al., 2013b). Both motifs 

are a 22 bp palindrome containing the sequences ‘TGA’ and ‘TCA’ separated by 8 bp (see 

figure 4.7). As noted earlier, the motif for HapR resembles the consensus CRP binding site 

that is also palindromic and contains the sequences ‘TGTGA’ and ‘TCACA’ separated by 6 bp 

(Manneh-Roussel et al., 2018). Hence, it is possible to align the consensus binding motifs for 

HapR and CRP so that many of the preferred bases match (figure 4.4). This is particularly 

striking given the significant coincidence of CRP and HapR binding peaks derived from ChIP-

seq experiments. We hypothesise that CRP and HapR might co-regulate genes, in either a 

cooperative or competitive manner, and that this may sometimes involve co-recognition of 

the same binding sequence. It should be noted however, that the experimental conditions 

under which ChIP-seq data was obtained may have varied between different studies. 

 

The DNA binding consensus for the low cell density master regulator, AphA, resembles that 

of both CRP and HapR. This is significant because a previous study has shown that AphA and 

CRP co-regulate genes and this is sometimes via recognition of the same sequence 

(Haycocks et al., 2019). Gene regulation by AphA at low cell density leads to the 

downregulation of natural competence, increase in biofilm formation and the upregulation 

of virulence factors (Rutherford et al., 2011). This is antithetical to the role played by HapR, 
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which is a direct repressor of AphA (Kovacikova and Skorupski, 2002). Given the opposing 

functions of these two genes, we hypothesised that some genes would be competitively co-

regulated by HapR and AphA. We therefore compared our ChIP-seq data for HapR to that of 

AphA as determined by a previous study (Haycocks et al., 2019). Interestingly, only one 

instance of overlapping peaks was observed. The peaks were located upstream of the gene 

VC0102, which encodes a hypothetical protein of 46 amino acids and unknown function. 

Because the ChIP-seq of AphA did not identify HapR in its list of targets, it is possible that 

other HapR/AphA co-regulated genes are missed by one or both datasets. Further 

investigation into the role of AphA at HapR-regulated promoters is beyond the scope of this 

project, however, the relationship between HapR and CRP is explored in later chapters. 
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Figure 4.7 – DNA-binding motif of HapR compared to LuxR. HapR motif as determined in figure 4.3. LuxR motif taken from van Kessel et al., 2013b. 
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Chapter 5 
Measuring the impact of HapR at target 

promoters 
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5.1 Introduction 

Analysis of our ChIP-seq data identified 32 loci of the V. cholerae genome to which HapR 

binds. Binding by HapR at these loci may regulate the transcription of over 40 genes. A 

selection of HapR targets with functions of interest such as chemotaxis, cell wall metabolism 

and virulence were the subject of further analysis as described below. Targets of unknown 

function were excluded. We also analysed the promoter region of the chb operon (PVC0620), 

which regulates chiotbiose utilisation (Meibom et al., 2004). While a peak was not observed 

at this locus in our ChIP-seq data, chb was identified in another study as being directly 

repressed by HapR (Klancher et al., 2020a).  

 

To analyse promoters of interest, we used in vitro transcription and β-galactosidase assays. 

In vitro transcription allows us to identify if HapR acts directly upon promoters to regulate 

transcription. β-galactosidase assays indicate if HapR controls transcription at promoters, in 

vivo, potentially indirectly or in combination with other factors.  

 

5.2   β-galactosidase assays 

To determine the effect of HapR binding on transcription in vivo, we cloned 25 of the HapR-

targeted promoter regions upstream of a lacZ reporter in the plasmid pRW50-T. V. cholerae 

E7946 cells containing the resulting plasmids were transformed with pAMNF (with or 

without HapR) as in our ChIP-seq assays (Chapter 4). The pAMNF has been used in previous 

studies for the ectopic expression of V. cholerae transcription factors in β-galactosidase 

assays (Haycocks et al., 2019). Promoter activity, in the presence and absence of plasmid 

encoded HapR, was the determined by β-galactosidase assay. Cells were grown to mid-log 

phase (O.D.650 of approximately between 0.8 and 1.1) before lysis. The results of β-
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galactosidase activity of lysates are shown in figure 5.1. All promoters tested were either 

inactive or not affected by ectopic HapR. We reasoned that this may be due to HapR 

expression from the E7946 chromosome masking the impact of ectopic HapR. Hence, to 

minimise chromosomal HapR expression, we repeated the experiment after growing the 

cells to a lower density before lysis (O.D.650 of approximately between 0.2 and 0.4). The 

results (Figure 5.2) show only two promoters, PVC1403 and PVCA0219, are activated in the 

presence of HapR.  

 

To ensure no native expression of HapR, we deleted the hapR gene of V. cholerae E7946. 

Our pRW50-T promoter fusions were transfered to this strain, and the wild type parent, by 

conjugation. Because HapR is expressed at high cell density, cells were lysed after growth 

overnight, rather than being sub-cultured to a specific O.D.650. The results of this 

comparison, presented in figure 5.3, show that transcription often differed between the 

wild-type and ΔhapR strains. Five promoters showed an increase in activity upon deletion of 

hapR. Activity from two promoters, PV1375 and PVC1403, decreased in the absence of hapR.  
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Figure 5.1 – Transcription from HapR-target promoters with and without ectopically expressed HapR in V. cholerae E7946. β-galactosidase assay of 

promoter-lacZ fusions in plasmid pRW50-T compared with a no-insert control (n=3). Strains were transformed with a plasmid ectopically expressing HapR 

(pAMNF-HapR, shown in green) or with a control plasmid (pAMNF, shown in blue). 
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Figure 5.2– Transcription from HapR-target promoters with and without ectopically expressed HapR in V. cholerae E7946 (grown to low cell density). β-

galactosidase assay of promoter-lacZ fusions in plasmid pRW50-T compared with a no-insert control (n=3). Strains were transformed with a plasmid 

ectopically expressing HapR (pAMNF-HapR, shown in green) or with a control plasmid (pAMNF, shown in blue) 
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Figure 5.3 – Transcription from HapR-target promoters in WT and ΔhapR V. cholerae E7946. β-galactosidase assay of promoter-lacZ fusions in plasmid 

pRW50-T compared with a no-insert control (n=3). 
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5.3 In vitro transcription 

Our in vivo experiments, while informative, do not confirm direct regulation by HapR at 

promoters. For example, HapR may act indirectly via the regulation of other genes. Other 

repressors or activators factors may also confound results in vivo.  

 

To determine if effects of HapR on transcription in vivo could be explained by direct 

interaction between HapR and RNAP, we used an in vitro transcription assay. Promoters of 

interest were cloned in a plasmid, pSR, that contains a λoop transcription terminator 

downstream of the cloned promoter. Transcripts terminating at λoop can be compared to 

those from a separate σ70-dependent promoter, at the plasmid replication origin, that drives 

production of the RNA-I transcript. Experiments were done without HapR or with HapR at 

concentrations ranging from 0.25 µM to 5 µM. For seven target promoters, no transcripts 

were observed (figure 5.4). Presumably, an undefined activator is needed at these 

promoters. For six promoters, transcripts observed were unaffected by HapR (figure 5.5). 

We detected 12 HapR repressed promoters (figure 5.6). For each gel, the red arrow shows 

the predicted transcript size. The RNA-I band serves as an internal control and is also 

indicated. The results are summarised alongside our results in vivo in table 5.1. In one case 

(PVC1375) repression of one transcript coincided with increased production of an alternative 

transcript.
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Figure 5.4 – HapR-target promoters with no observed transcription in vitro. Promoters of interest 
cloned upstream of a λoop transcription terminator and a separate σ70-dependent transcript (RNA-I). 
Plasmid DNA was mixed with RNA polymerase, α-UTPs, σ70 and purified HapR-6xHis of varying 
concentration. Reactions were run alongside GA ladders (left) for size reference. Red arrows indicate 
the expected size of transcripts (based on RNA-seq data from Papenfort et al. (2015)). N.B. Some GA 
ladders appear mutltiple times where samples were run on same gel.
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Figure 5.5 – HapR-target promoters with transcripts unaffected by HapR in vitro. Promoters of 
interest cloned upstream of a λoop transcription terminator and a separate σ70-dependent transcript 
(RNA-I). Plasmid DNA was mixed with RNA polymerase, α-UTPs, σ70 and purified HapR-6xHis of 
varying concentration. Reactions were run alongside GA ladders (left) for size reference. Red arrows 
indicate the expected size of transcripts (based on RNA-seq data from Papenfort et al. (2015)). 
Purple arrows indicate other transcripts observed. N.B. Some GA ladders appear multiple times where 
samples were run on same gel.  
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Figure 5.6 – HapR-target promoters repressed by HapR in vitro. Promoters of interest cloned 
upstream of a λoop transcription terminator and a separate σ70-dependent transcript (RNA-I). 
Plasmid DNA was mixed with RNA polymerase, α-UTPs, σ70 and purified HapR-6xHis of varying 
concentration. Reactions were run alongside GA ladders (left) for size reference. Red arrows indicate 
the expected size of transcripts (based on RNA-seq data from Papenfort et al. (2015)). Purple arrows 
indicate other transcripts observed. N.B. Some GA ladders appear multiple times where samples were 
run on same gel. 
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Table 5.1 – Summary of in vitro and in vivo transcription from HapR target promoters. Predicted 
transcript sizes are based on data from Papenfort et al. (2015). In vitro, promoters were 
characterised as inactive (I), repressed by HapR (R), activated by HapR (A) or not affected by HapR 
(N). Inactive promoters showed no transcript both in the presence and absence of HapR. Promoters 
at which a reduction or increase in at least one transcript was observed were classified as repressed 
or activated respectively. Promoters at which no change in transcription was observed in the 
presence of HapR were classified as not affected. In vivo, promoters were characterised as inactive 
(I), repressed by HapR (R), activated by HapR (A) or not affected by HapR (N) in the conditions of our 
experiment. Inactive promoters gave less than twice the no insert control activity both in the 
presence and absence of HapR. Promoters activated or repressed by HapR showed at least a 2-fold 
decrease or increase in activity respectively, following HapR deletion, after no insert activity values 
had been subtracted from the overall activity. All other promoters were classified as not affected. 
* Refer to original image, **Out of visible GA ladder range.  
 

Promoter 
Predicted transcript 

size(s) (nt) 

Observed transcript 

size(s) (nt) 

Effect of HapR 

in vitro 

Effect of HapR 

in vivo 

PmurQ 116 None I R 
PrfaD 119 119* N N 
PVC0241 516 300+** N N 
PVC0433 211/232/269 211/232/269 R I 
PVC0502 297 290/297 R (transcript at 

290 nt only) N 

PhapR 169 156/165/169 R (transcript at 
156 nt only) N 

PVC0585 137 125/137/140 N R 
PVC0620 311 311 N I 
PmutH 117 117* N I 
PVC0688 128/146 None I N 
PVC1298 123 123* R N 
PVC1375 362/401 300+** R/A A 
PVC1376 150 140/150/154 R N 
PVC1403 Undetermined 160/175/300+** R (transcript at 

300+ nt only) A 

PVC1405 108/263/299 None** I N 
PVC1436 165 165* R I 
PVC2352 177 128/164/173/177 R R 
PleuO 215 215/300-320* R N 
PVCA0218 514 None** I I 
PVCA0219 524 139*/524** R R 
PVCA0662 372/450 None I I 
PVCA0663 161 152/161/164 R R 
PVCA0906 154/172/205 None I N 
PVCA0960 211/367 211* N N 
PVCA0961 Undetermined None I I 
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5.4 Discussion 

Frequently, ectopic expression of HapR in vivo did not alter transcription from promoters of 

interest. Most likely, this is because native HapR expression confounds our results. 

Consistent with this, deletion of chromosomal hapR did impact transcription from many 

HapR target promoters. Specifically, transcription was increased from five promoters and 

decreased from two promoters when hapR was deleted. In conjunction with these 

experiments, we also assessed transcription from these promoters in vitro. The genes for 

which we observed HapR-mediated regulation and the possible reasons for such regulation 

are discussed in the sections below. ChIP-seq data at some of these gene loci is presented in 

figure 5.7. 

 

5.4.1 HapR auto-regulation 

Given that HapR a known auto-repressor, we expected to observe an increase in gene 

expression from PhapR in our ΔhapR strain (Lin et al., 2005). In vivo, deletion of hapR resulted 

in no change in activity. While this is not what was expected, we note that there was a high 

degree of error in our data for this promoter in the ΔhapR strain, which may be the result of 

an outlier. In vitro, we observe three transcripts one of which is repressed by HapR (figure 

5.6). It is possible that assessing transcription in vitro using RpoS (a known activator of 

HapR) instead of RpoD would yield a different result (Nielsen et al., 2006). Additionally, we 

note that the divergent promoter, PVC0585, shows repression by HapR both in vitro and in 

vivo. VC0585 encodes a hypoxanthine phosphoribosyl transferase, important in the GMP 

synthesis pathway (Heidelberg et al., 2000).  
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Figure 5.7  – ChIP-seq peaks at HapR target loci in V. cholerae E7946. Peaks adjacent to genes a) 
VC1375/VC1376, b) VC1403/VC1405, c) VC1436, d) VC2352 and e) VCA0218/VCA0219 (from two 
replicates and a negative control). Genes represented by blue bars. Read depths for each trace are 
displayed on the right. V. cholerae N16961 was used as reference genome for ChIP-seq analysis.  
 

d) 

e) 
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5.4.2 Haemolysin 

VCA0219 (hlyA), encodes a haemolysin which lyses mammalian red blood cells and is 

involved in the pathogenicity of 7PET V. cholerae (Ichinose et al., 1987). Divergent VCA0218 

(hlyB) encodes HlyB, which governs the secretion of HlyA indirectly through the sensing of 

external factors such as nutrients (Jeffery and Koshland, 1993). Previous studies have shown 

that expression of HlyA and its activator, HlyU, are repressed by HapR (Gao et al., 2018). Our 

in vitro and in vivo data show that HapR represses transcription from the VCA0219 

promoter. We conclude, therefore, that HapR represses transcription of hlyA. We observe 

no effect of HapR on transcription from the VCA0218 promoter, however, no transcript was 

observed in vitro either with or without HapR. Activation by another transcription factor 

may be required. We note that no peaks were observed in our ChIP-seq data near the gene 

encoding hlyU (VC0678).  

 

5.4.3 Methyl-accepting chemotaxis proteins 

Three of the HapR target promoters assessed in this chapter control the expression of 

methyl-accepting chemotaxis proteins (MCPs). These MCPs are encoded by the genes 

VC1298, VC1403 and VCA0663. Our in vitro data shows HapR represses transcription from 

the VC1298 promoter but no HapR-mediated effect was observed in vivo. Interestingly, in 

the case of the VC1403 promoter, our in vitro data contradicts our findings in vivo. In vivo, 

deletion of hapR decreases promoter activity. By contrast, our in vitro data suggests there 

are three promoters in the PVC1403 fragment, one of which is repressed by HapR. It is possible 

that the ‘HapR-sensitive’ transcript is in some way detrimental to gene expression, perhaps 

at the level of translation; as the most strongly expressed transcript, it may be that the 

translational machinery is diverted from the other two transcripts. VCA0663 encodes 
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another MCP, although not one hitherto identified as part of the HapR regulon. Our in vitro 

and in vivo data show transcription from the VCA0663 promoter is repressed by HapR. 

 

5.4.4 Diguanylate cyclase 

Transcription from the intergenic region of divergent genes VC1375 and VC1376 was also 

assessed. We observed repression of transcription from PVC1376 by HapR in vitro but not in 

vivo. VC1376 (cdgM) encodes a diguanylate cyclase, which regulates c-di-GMP levels in V. 

cholerae in response to temperature (Townsley and Yildiz, 2015; Conner et al., 2017). It is 

also thought that CdgM increases c-di-GMP levels to promote biofilm formation in response 

to host bile (Koestler and Waters, 2014; Conner et al., 2017). HapR-mediated repression of 

biofilm formation via the downregulation of the vps genes, is well-characterised in V. 

cholerae (Hammer and Bassler, 2003; Yildiz et al., 2004). Previous studies have shown HapR 

also directly regulates expression of the diguanylate cyclase encoding gene, cdgA (VCA0074) 

to control biofilm formation (Waters et al., 2008). Our results indicate that HapR also 

controls cdgM.  

 

We observed an unusual result in our in vitro transcription assay of the VC1375 promoter; 

HapR represses one transcript and promotes another. The role of the protein encoded by 

VC1375 in V. cholerae is also not currently known, nor has it been categorised into a 

subfamily of proteins based on its predicted structure.  

 

5.4.5 Cytochrome c oxidase  

One of our candidate promoters in this study, PVC1436, is not intergenic. Instead, the 

promoter is located within the open reading frame of VC1437 (ccoI), and is directly 
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upstream of VC1436 (ccoS), both of which are part of the ccoGHIS gene cluster (Koch et al., 

2000; Heidelberg et al., 2000). This cluster is found downstream of the co-regulated cluster 

ccoNOQP, which forms a cbb3-type cytochrome c oxidase (Thöny-Meyer et al., 1994). Genes 

in the ccoGHIS cluster are expressed independently and not as a single operon (Koch et al., 

2000). Our in vitro data shows that HapR represses transcription of ccoS. Cytochrome c 

oxidase is critical for aerobic respiration and without CcoS the enzyme is inactive (Thöny-

Meyer et al., 1994; Koch et al., 2000). Our study finds no evidence that HapR regulates other 

genes in the ccoGHIS or ccoNOQP clusters. Regulation of CcoS expression by HapR may 

therefore provide a rapid off-switch which downregulates aerobic respiration in anaerobic 

conditions. 

 

5.4.6 Metabolism 

VC2352 encodes a nucleoside transporter, which is part of the NupC-family of proteins 

which take up extracellular DNA (Heidelberg et al., 2000). VC2352 expression induced by 

CRP is vital in the aquatic environment, where extracellular DNA is a major carbon source 

(Gumpenberger et al., 2016). We note that HapR and CRP have adjacent ChIP-seq peaks at 

the VC2352 promoter region (Manneh-Roussel et al., 2018). Our in vitro and in vivo data 

shows that HapR represses transcription from the VC2352 promoter. Exogenous DNA is 

degraded by the nuclease, Dns, and imported by nucleoside uptake proteins such as 

VC2352. It has been proposed that HapR downregulates this in favour of the uptake of 

larger fragments of DNA as part of natural competence (Gumpenberger et al., 2016; 

Blokesch and Schoolnik, 2008). Here we provide evidence which supports this hypothesis. 

We also note that transcription from this promoter is not dependent on CRP. Further 

investigation into the activity of CRP, HapR and another known inhibitor of the VC2352 
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promoter, CytR, would shed light on when and how V. cholerae controls the uptake of DNA 

in different environments (Tozzi et al., 2006; Gumpenberger et al., 2016).  

 

VC0433 is believed to encode an ornithine/arginine antiporter, which exports ornithine in 

exchange for arginine, producing ATP (Heidelberg et al., 2000; Verhoogt et al., 1992; R et al., 

1986). While VC0433 is not well characterised, it is known that deletion of the VC0433 gene 

in V. cholerae results in increased biofilm formation (Seper et al., 2014). Given that HapR is a 

repressor of biofilm formation, it is not clear why HapR represses transcription of VC0433 as 

our in vitro data suggests. It is possible that HapR activity is part of a negative feedback loop 

which helps to fine-tune biofilm production. 

 

5.4.7 HapR as a repressor of transcription 

In this chapter we have examined the role of HapR at several chromosomal loci. We note 

that we observed only one instance of HapR-mediated activation of transcription in vitro 

(from the promoter PVC1375), which was coupled with repression of another transcript. 

Homologues of HapR have been shown to directly activate genes. For example, LuxR 

activates transcription at the luxCDABE operon in Vibrio harveyi (Chaparian et al., 2016). A 

recent study showed that the HapR homologue, SmcR (in Vibrio vulnificus), can exist in a 

‘wide-dimer’ or ‘narrow-dimer’ conformation due to flexibility in its DNA-binding domain 

(Newman et al., 2021). Mutants stuck in the ‘wide-dimer’ conformation are only able to 

bind SmcR-repressed promoters. HapR lacks this flexibility and is only observed in the ‘wide-

dimer’ conformation (Newman et al., 2021). This may explain why HapR has a smaller 

regulon than its homologues in other Vibrio spp.; LuxR is thought to regulate over 600 genes 

in V. harveyi, whereas the HapR regulon is believed to consist of only 100 genes (van Kessel 
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et al., 2013a; Ball et al., 2017; Nielsen et al., 2006). This might also explain why we only 

observe transcription repression by HapR in vitro. 
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Chapter 6 
Co-regulation of the murQ promoter by HapR 

and CRP 
 



 131 

6.1 Introduction 

Bacterial cell walls are chains of alternating MurNAc and GlcNAc, with peptide crosslinks 

between them (Vollmer et al., 2008). Figure 6.1 outlines how cell wall components can be 

recycled by MurP and MurQ. MurQ catalyses the conversion of MurNAc 6P to GlcNAc 6P 

(Jaeger et al., 2005). MurP transports MurNAc into the cytoplasm. Transport into the 

cytoplasm is coupled with phosphorylation of MurNAc to MurNAc 6P (Dahl et al., 2004). 

GlcNAc 6P can be further converted to fructose 6 phosphate, which is used in glycolysis, or 

recycled into new cell wall constituents (Uehara et al., 2006).  

 

Crucially, MurP activity is regulated by binding of glucose-specific enzyme IIA (EIIAGlc). EIIAGlc 

is a critical component of the phosphotransferase system (PTS), the core sugar transport 

system in bacteria. Phosphorylated EIIAGlc stimulates adenylate cyclase to produce cAMP, 

resulting in the regulation of CRP-dependent genes (Deutscher et al., 2006). The transport 

of sugars (by MurP, for example) dephosphorylates EIIAGlc and therefore reduces cAMP 

production (Deutscher et al., 2006). In V. cholerae, unphosphorylated EIIAGlc downregulates 

chitin utilisation via repression of ChiS (Yamamoto and Ohnishi, 2017). This highlights the 

likely importance of HapR regulation at the murQ promoter; repression of MurQP 

expression by HapR downregulates dephosphorylation of EIIAGlc and thereby upregulates 

ChiS, which is important for chitin utilisation at high cell density. 
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Figure 6.1 – Cell wall turnover and utilisation by MurQ and MurP. Bacterial peptidoglycan chains formed of alternate GlcNAc and MurNAc. Peptide 
crosslinks formed between MurNAc amino sugars of different chains. MurNAc is transported across the inner membrane by MurP, which requires EIIAGlc. 
MurNAc is phosphorylated upon translocation into the cell. MurQ converts MurNAc 6P into GlcNAc 6P and D-lactate. GlcNAc 6P can be used in glycolysis or 
for reconstitution into new cell wall components. EIIAGlc also promotes cAMP production by adenylate cyclase. Adapted from Jaeger et al. (2008). OM = 
Outer membrane, IM = Inner membrane, ATP = Adenosine triphosphate, PPi = pyrophosphate. 
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In the previous chapter, we reported that many HapR target promoters were either inactive, 

or did not respond to HapR, in the conditions of our experiments. Both HapR ChIP-seq 

replicates showed binding at the murQ promoter (shown in figure 6.2), and we observe a 

decrease in activity between the wild-type and ΔhapR strains of V. cholerae E7946 

containing a PmurQ-lacZ fusion. However, the murQ promoter was inactive in the absence of 

HapR in vitro and we observed no effect of HapR on transcription in this experiment (figure 

5.4). Presumably, other transcription factors may be required to observe a HapR-dependent 

phenotype in vitro. In this chapter, we sought to determine how HapR regulates 

transcription from the murQ promoter. 

 

6.1.1 The murQ regulatory region 

Figure 6.2b shows the sequence of PmurQ, which we define as a section of the V. cholerae 

genome 300 bp upstream of the murQ open reading frame. The centre of the ChIP-seq peak 

is labelled, along with the predicted site of HapR binding, based on the results of our MEME 

analysis in chapter 4 (figure 4.4). We noticed, in chapter 4, that HapR and CRP ChIP-seq 

peaks often co-locate. No CRP ChIP-seq peak was observed at the murQ locus (Manneh-

Roussel et al., 2018). However, we did note a 9/10 match to a consensus sequence for CRP 

binding located within the predicted HapR binding site. This CRP site is located 41.5 bp 

upstream of the murQ TSS; a position consistent with PmurQ being a class II CRP activated 

promoter. We predicted that CRP activates and HapR represses transcription from the murQ 

promoter. 
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Figure 6.2 – The murQ promoter. a) ChIP-seq data at the murQ locus. Peaks from two replicates and 
a negative control and adjacent genes displayed. Read depths for each trace are displayed on the 
right. V. cholerae N16961 was used as reference genome. b) Sequence of PmurQ. Includes start codon 
of the murQ ORF and upstream intergenic region. Transcription start site (TSS), -10 and -35 promoter 
elements shown in purple, orange and blue respectively. Predicted HapR and CRP binding motifs are 
shown in green and yellow respectively. Binding site of HapR and CRP as determined by DNaseI 
footprinting shown by green and yellow lines respectively. Base located at the centre of HapR ChIP-
seq peak indicated by the blue arrow. Point mutations and truncations made in this study indicated 
by red text and red arrow. 
 

a) 

b) 
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6.2  CRP binds to the murQ promoter in vitro 

To determine if CRP bound the murQ promoter we used an electrophoretic mobility shift 

assay (EMSA).  Briefly, the murQ promoter sequence, shown in figure 6.2, was end-labelled 

with 32P and incubated with different concentrations of purified V. cholerae CRP protein. 

The resulting complexes were then separated by electrophoresis using a non-denaturing 

acrylamide gel. The results are shown in figure 6.3. In the absence of CRP we observed a 

single band, corresponding to the unbound promoter DNA. The electrophoretic mobility of 

the band changed upon addition of 0.5 µm CRP. When the concentration of CRP was 

increased to 1 µm, free promoter DNA was no longer observed. From this, we conclude that 

CRP binds to the murQ promoter.  
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Figure 6.3 – EMSA of CRP and PmurQ. P32-labelled promoter DNA fragments were mixed with CRP as 
required and herring sperm DNA as a non-specific inhibitor. Mixtures were run on a 5 % (w/v) 
polyacrylamide gel. 
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6.3  HapR and CRP co-regulate expression of murQ 

Recall that the putative CRP binding site identified, centred at -41.5, is consistent with Class 

II CRP-dependent activation (Busby and Ebright, 1997). To determine if CRP activated the 

murQ promoter we used an in vitro transcription assay. The results are presented in figure 

6.4. The DNA template used was the purified PmurQ-pSR plasmid construct described in the 

previous chapter. As expected, addition of CRP resulted in the production of a transcript 

approximately 120 nucleotides in length. The addition of HapR, in tandem with CRP, 

resulted in the loss of this transcript.  

 

Next, we sought to determine if transcription regulation by HapR and CRP could be 

observed in vivo. We tested the PmurQ-lacZ fusion described in the previous chapter in both 

wild-type and ΔhapR V. cholerae by β-galactosidase assay. To gain further insight, we also 

made Δcrp and ΔcrpΔhapR derivations of V. cholerae E7946 by allelic exchange. The results 

are shown in figure 6.5. Deletion of crp resulted in a decrease of LacZ activity, whereas 

deletion of hapR resulted in an increase in activity. The ΔcrpΔhapR strain showed no 

difference in activity when compared to the Δcrp strain. Taken together with our in vitro 

transcription data, we conclude that HapR represses CRP-activated transcription from the 

murQ promoter.  
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Figure 6.4 – The effect of CRP and HapR on transcription from PmurQ in vitro. PmurQ was cloned 
upstream of a λoop transcription terminator and a separate σ70-dependent transcript (RNA-I). 
Plasmid DNA was mixed with RNA polymerase, α-UTPs, σ70 and purified CRP/HapR of varying 
concentrations. Reactions run alongside GA ladders (left) for size reference. 
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Figure 6.5 – The effect of CRP and HapR on transcription from PmurQ in V. cholerae E7946. β-
galactosidase assay of WT, Δcrp, ΔhapR and ΔcrpΔhapR strains transformed with promoter-lacZ 
fusions in plasmid pRW50-T and no insert controls (n=3).  
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6.4  HapR and CRP bind co-operatively at the murQ promoter 

We next sought to determine the mechanism by which HapR repressed CRP-mediated 

transcription at the murQ promoter. Assuming correct prediction of binding sites for both 

transcription factors, we hypothesised that HapR would compete with CRP for promoter 

binding. To test this, we used DNaseI footprinting. 32P-labelled murQ promoter DNA was 

incubated with varying concentrations of HapR and/or CRP prior to DNaseI digestion. 

Digested DNA fragments were separated by electrophoresis on an 8 % polyacrylamide gel 

and the results are presented in figure 6.6. The pattern of DNaseI digestion in the absence 

of other factors is shown in lane 1. The addition of CRP (lanes 2-4) resulted in a region of 

protection that contained three hypersensitive bands, labelled by yellow arrows in the 

figure. These hypersensitive bands are likely caused by CRP bending the DNA, increasing 

accessibility of the double helix to DNAseI. Addition of HapR (lanes 5-8) resulted in a region 

of DNaseI protection approximately 28 nucleotides in length (outlined in green), but none of 

the hypersensitive bands observed in the presence of CRP were detected. Instead, we 

observed a change in the pattern of DNaseI hypersensitivity just upstream of the HapR 

protected DNA (outlined in purple). Our results indicate that HapR and CRP bind to the 

murQ promoter at regions centred at position -43 and -41.5 respectively. This is precisely 

consistent with our ChIP-seq analysis. The pattern of DNaseI digestion detected in the 

presence of both CRP and HapR is shown in lanes 9-12. The banding pattern resembled a 

mix of the individual HapR and CRP reactions. For instance, DNaseI addition resulted in 

HapR-mediated protection but also the emergence of CRP-dependent hypersensitive bands 

1 and 2. Hence, HapR does not prevent CRP binding at the murQ promoter.  
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Figure 6.6 – DNaseI footprinting of PmurQ. 32P-labelled promoter DNA fragments were incubated with or without HapR/CRP proteins before digesting with 
DNaseI. Samples were phenol/chloroform extracted and ethanol precipitated before running on 8 % (w/v) polyacrylamide gel alongside G/A/T/C sequencing 
ladders. Lane numbers 1-12 indicated. Footprinting gel image shown alongside promoter sequence. Transcription start site (based on Papenfort et al. 2015) 
indicated. -10 promoter element, CRP binding site and HapR binding site (based on known consensus sequences) are highlighted in orange, yellow and 
green respectively. Yellow arrows indicate hyper-sensitive bands observed upon addition of CRP. Section of DNA protected from DNaseI activity by HapR 
outlined by green box on gel image. Region of an unknown HapR-mediated effect outlined by a purple box.  
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Our DNaseI footprints cannot differentitate between a mixed population of PmurQ fragments 

bound to either HapR or CRP and PmurQ fragments bound to both factors simultaneously. 

Both scenarios could generate a similar overall pattern of DNaseI digestion. Hence, we used 

EMSAs to further assess HapR and CRP interaction at the murQ promoter. We incubated 

murQ promoter DNA with HapR and CRP either separately or in tandem before running 

complexes on a non-denaturing gel. Our results, presented in figure 6.7, show that CRP 

binds to the murQ promoter at concentrations of 0.025 µM or higher. However, incubation 

of HapR up to 0.75 µM with the murQ promoter fragment resulted in smearing, rather than 

a clear shift as expected. Interestingly, when we tested the same concentrations of HapR in 

tandem with 0.2 µM CRP, both proteins bound to the DNA. These results suggest that CRP 

and HapR bind co-operatively at the murQ promoter. By contrast, when we tested a DNA 

fragment containing the hapR promoter, HapR alone bound to the DNA at concentrations of 

0.25 µM or higher and this binding was not altered by CRP. 
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Figure 6.7 – EMSAs of promoters bound by HapR and CRP. P32-labelled promoter DNA fragments were mixed with proteins and herring sperm DNA as a 
non-specific inhibitor. Mixtures were run on a 5 % (w/v) polyacrylamide gel. 
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6.5  Mutation of the murQ promoter alters binding of HapR and CRP 

To further characterise the HapR and CRP binding sites at the murQ promoter we made 

mutations within the DNA sequence of PmurQ. The precise sequence changes are shown in 

figure 6.2, and a schematic is shown in figure 6.8. Mutant 1 was made by changing the T and 

A bases, within the conserved TGA and TCA motifs, shared by the HapR and CRP DNA 

binding consensus sequence. We predicted that this would inhibit binding by both HapR and 

CRP. We also mutated all six bases of the conserved TGA and TCA motifs (mutant 2) to 

ensure abolition of HapR and CRP binding. For mutant 3, the sequence of PmurQ was 

truncated. We reasoned that truncating the promoter in this way would ensure HapR and 

CRP binding was entirely dependent on the single locus we had identified. We also 

predicted this would minimise the effects of any other transcription factors which might 

confound our results in vivo. 32P-labelled promoter fragments were incubated with HapR 

and CRP, both separately and in tandem, before running on a non-denaturing gel. Figure 6.9 

shows a comparison of the WT and mutant 3 promoters. We observe co-operative binding 

of HapR and CRP in both cases. Figure 6.10 shows wild-type PmurQ, mutant 1 and mutant 2. 

Neither mutant 1 and mutant 2 were bound by HapR or CRP.  
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Figure 6.8 – Schematic diagrams wild-type and mutant PmurQ used in this study. Mutations are displayed in red. Transcription start site (TSS), -10 and -35 
promoter elements and HapR/CRP binding motif highlighted in purple, orange, blue and green respectively.
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Figure 6.9 – Effect of truncating PmurQ on binding by HapR and CRP. P32-labelled promoter DNA 
fragments were mixed with proteins and herring sperm DNA as a non-specific inhibitor. Mixtures 
were run on a 5 % (w/v) polyacrylamide gel. CRP and HapR final concentrations were 0.1 µM and 1 
µM respectively. 
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Figure 6.10 – Effect of mutating identified CRP/HapR binding site of PmurQ. P32-labelled promoter 
DNA fragments were mixed with proteins and herring sperm DNA as a non-specific inhibitor. 
Mixtures were run on a 5 % (w/v) polyacrylamide gel. CRP and HapR final concentrations were 0.1 
µM and 0.5 µM respectively.
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6.6  Mutation of the murQ promoter alters HapR and CRP-mediated expression 

To compare the effects of CRP and HapR on transcription from our wild-type and mutant 

promoters in vivo, we used β-galactosidase assays. Briefly, PmurQ (either wild-type, mutant 1, 

mutant 2 or mutant 3) was cloned upstream of lacZ in pRW50-T. The resulting plasmids are 

used to transform V. cholerae E7946 wild-type, Δcrp, ΔhapR and ΔcrpΔhapR strains. The 

strains were also transformed with empty pRW50-T as a no-insert control. The results of the 

β-galactosidase assays are shown in figure 6.11. Activity from both the wild-type and 

mutant 3 murQ promoter increased in ΔhapR strains compared to wild-type E7946. The 

cause of the increase in transcription from mutant 3 is speculated upon in the discussion of 

this chapter. However, murQ mutants 1 and 2 show no difference between the wild-type 

and ΔhapR strains. No change in activity was observed between different promoter 

constructs in Δcrp and ΔcrpΔhapR strains. Hence, mutation of conserved bases for HapR and 

CRP binding abolishes transcription activation by CRP and repression by HapR. In addition, 

truncation of the murQ promoter did not alter transcription regulation by CRP and HapR. 

Overall, we conclude that HapR and CRP bind to a shared binding locus at the murQ 

promoter and that co-binding prevents activation by CRP. 
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Figure 6.11 – The effect of mutants of PmurQ on transcription regulation by HapR and CRP in V. cholerae E7946. β-galactosidase assay of WT, Δcrp, ΔhapR 
and ΔcrpΔhapR strains transformed with promoter-lacZ fusions in plasmid pRW50-T or no insert controls (n=3).  N.B.  ‘no insert’ and ‘WT’ data also used 
in figure 6.5.  
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6.7  Mutations in HapR and CRP affect binding to the murQ promoter 

We aimed to determine the mechanism of co-operative binding by HapR and CRP at the 

murQ promoter. We reasoned that HapR and CRP must bind different faces of the PmurQ 

DNA to avoid competing with each other. A DNA-bound structure of a HapR homologue in 

Staphylococcus aureus, QacR, has been resolved (Schumacher et al., 2002). We aligned this 

with an equivalent CRP-DNA structure (Parkinson et al., 1996). We used this to build a 

hypothetical model of a QacR-CRP-DNA complex, which is presented in figure 6.12. In our 

model, each monomer of QacR and CRP has a loop that protrudes towards the DNA 

(highlighted in figure 6.12) (Parkinson et al., 1996; Schumacher et al., 2002). In CRP, the loop 

is comprised of D54E55E56G57 residues that form AR3. In QacR, the loop comprises residues 

K108T109N110S111. In HapR, the analogous loop is comprises the sequence R123D124E125V126 (de 

Silva et al., 2007). We predicted that the arginine in the ‘HapR loop’ (R123) might interact 

with the negatively charged loop in CRP. Such an interaction might be critical for DNA 

binding co-operativity between CRP and HapR. To test this, we used site-directed 

mutagenesis to introduce non-synonymous mutations in the hapR and crp genes. In HapR, 

we replaced R123 with either an alanine (R123A, no charge) or a glutamic acid (R123E, 

negatively charged). In CRP, we replaced E55 with either an alanine (E55A, no charge) or 

arginine (E55R, positively charged). All mutant proteins were purified as described in 

materials and methods.  

 

 



 151 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 – Putative binding model of QacR/HapR and CRP at the murQ promoter. Crystal structure of HapR structural homologue, QacR (green) bound 
to DNA, resolved in S. aureus by Schumacher et al. (2002). Crystal structure of CRP dimer (yellow) bound to DNA (grey) resolved in E. coli by Parkinson et al. 
(1996). Motifs predicted to mediate interaction between proteins are highlighted in red and blue on HapR and CRP respectively. QacR-associated DNA 
aligned with DNA bound by CRP and hidden for the purposes of this model. Image generated in Pymol. 
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In an initial experiment, we checked binding of the individual CRP and HapR derivatives to 

PmurQ. Whilst HapR binds to PmurQ at sufficient concentrations, both HapR mutants are 

unable to bind. By contrast, mutations in CRP do not prevent binding to PmurQ (figure 6.13). 

Hence, we did not use the HapR derivatives in further experiments. Figure 6.14 shows 

EMSAs assessing the effect of CRP mutations on DNA binding co-operativity with HapR at 

PmurQ. Wild-type CRP binds co-operatively with HapR (lanes 5-8). However, we noticed that 

co-operative binding is altered for both CRP mutants; binding affinity at 2 µM CRP and 0.19 

µM HapR resulted in a smear instead of a distinct band (compare lanes 6, 14 and 22). 

Furthermore, when the concentration of HapR was increased further, we observed an 

increase in unbound PmurQ DNA for both CRP mutants. This was most pronounced in the 

E55R mutant (compare lanes 7-8, 15-16, and 23-24). 

 

To further assess how mutations in CRP affect its activity, and interactions with HapR, we 

used in vitro transcription. The results are shown in figure 6.15. As previously observed, 

wild-type CRP activates transcription from PmurQ and this transcript is repressed upon 

addition of HapR. Interestingly, both mutant derivatives of CRP activated transcription and 

this could not be repressed by HapR. Taken together, our results suggest that the CRP 

mutants are not deficient in transcription activation but are deficient in binding co-

operativity with HapR at the murQ promoter. 
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Figure 6.13 – The effect mutations in HapR and CRP on DNA binding PmurQ. a) Crystal structures of 
showing the loci of R123 (red) and E55 (blue) amino acid residues in HapR and CRP respectively. b+c) 
P32-labelled promoter DNA fragments were mixed with proteins and herring sperm DNA as a non-
specific inhibitor. Mixtures were run on a 5 % (w/v) polyacrylamide gel. Comparisons between wild-
type and mutant derivatives of b) HapR and c) CRP on binding to PmurQ. 
 

a) 

b) 

c) 
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Figure 6.14 – The effect mutations in HapR and CRP on DNA binding co-operativity at PmurQ. P32

-labelled promoter DNA fragments were mixed with 

proteins and herring sperm DNA as a non-specific inhibitor. Mixtures were run on a 5 % (w/v) polyacrylamide gel.  
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Figure 6.15 – The effect of CRP mutants on transcription and inhibition by HapR at PmurQ. PmurQ was cloned upstream of a λoop transcription terminator 

and a separate σ
70

-dependent transcript (RNA-I). Plasmid DNA was mixed with RNA polymerase, α-UTPs, σ
70

 and purified CRP/HapR of varying 

concentrations. Reactions run alongside GA ladders (left) for size reference. 
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6.8  Discussion  

6.8.1 HapR and CRP co-regulation of the murQ promoter 

In this chapter, we have assessed how HapR and CRP regulate transcription at the murQ 

promoter. CRP is essential for transcription activation, as indicated by both our in vitro 

transcription (figure 6.4) and our β-galactosidase assays (figure 6.5). Interestingly, β-

galactosidase activity from truncated PmurQ (mutant 3) was over 3.5-fold higher in the ΔhapR 

strain compared to wild-type E7946. This difference may be due to other transcription 

factors, that bind the full-length promoter and repress transcription. We could not identify 

any other regions of CRP binding in our DNase I footprinting experiments (figure 6.6), 

consistent with CRP binding a single site. We conclude that activation of transcription at the 

murQ promoter requires binding of a single CRP dimer.  

 

Regulation of MurQ expression by CRP has previously been reported in E. coli (Jaeger and 

Mayer, 2008).  The murQ promoter in E. coli is a class I CRP activated promoter, with a CRP 

binding site -71.5 upstream of the transcription start site. This an interesting contrast to the 

murQ promoter in V. cholerae, which we have shown is a class II CRP-dependent promoter. 

Differences in the mechanisms of activation between V. cholerae and E. coli might reflect 

the distinct environments and nutrient sources utilised by both species. 

 

We have shown that HapR and CRP bind to overlapping regions of the murQ promoter, 

which reflects similarities in their consensus DNA binding motifs. Our results show that 

HapR represses transcription from PmurQ. Surprisingly, we demonstrate that the affinity of 

HapR for the murQ promoter increases when CRP is bound. We conclude, therefore, that 

CRP and HapR bind co-operatively at this promoter.  
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In E. coli, transcription from the murQ promoter is regulated by another repressor, MurR, 

which binds to inverted repeats centred around -11 and -42 (Jaeger and Mayer, 2008). V. 

cholerae expresses MurR (VC0204), however MurR binding sites at the murQ promoter have 

not been determined (Heidelberg et al., 2000). Given that we have shown HapR binds at the 

-43 position, the co-regulation of murQ by MurR and HapR requires further investigation. 

Indeed, it is possible that transcription repression by MurR may have influenced results for 

the non-truncated murQ promoters in vivo (figure 6.11). 

 

HapR and CRP co-regulation of the murQ promoter in V. cholerae is likely important to 

prevent ChiS repression by CRP at high-cell density. Chitin is a polymer of GlcNAc which V. 

cholerae can utilise as a source of carbon (Meibom et al., 2004). Like MurNAc, GlcNAc is also 

imported into the cytoplasm for recycling (John Rogers et al., 1988). GlcNAc import is 

controlled by NagE, which, like MurP is upregulated by CRP in E.coli (Plumbridge and Kolb, 

1991). Our ChIP-seq data has not identified nagE in V. cholerae (VC0995) as a HapR target, 

however. We might conclude that CRP upregulates MurNAc and GlcNAc metabolism 

indiscriminately, but HapR (which is upregulated when V. cholerae is on chitin), might 

promote a preference for GlcNAc metabolism by downregulating MurQ and MurP. 

Alternatively, inhibition by HapR may prevent excessive removal of MurNAc from the cell 

wall which may be detrimental to bacterial morphology.  

 

6.8.2 The mechanism of CRP and HapR binding co-operativity 

We have identified the E55 residue in CRP as important for co-operative binding by HapR 

and CRP at the murQ promoter. The R123 residue in HapR is the most likely point of contact 

for CRP E55. However, mutation of R123 caused a loss of DNA binding by HapR. It is likely 
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that this is because R123 in one HapR monomer forms a salt bridge with E117 in the other 

(de Silva et al., 2007). Mutations in R123 are therefore potentially disruptive to the 

formation of the HapR dimer. To study the role of R123 in binding co-operativity with CRP 

further, a mutation which compensates for the loss of dimerization might be considered. 

For example, an E117R mutation might be used in tandem with R123E to restore the salt 

bridge that is disrupted in an R123E mutant. The loop region of CRP, which we predicted 

would mediate binding co-operativity with HapR at the murQ promoter, contains three 

negatively charged residues. Although this study has focused on mutating only one of these 

residues (E55), we acknowledge that D54 and E56 may also be critical for co-operativity.  
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Chapter 7 
Final Conclusions and Future Directions
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7.1 Conclusions 

This study sought to determine the role of HapR and LuxO in the regulation of genes in V. 

cholerae. The high prevalence of non-synonymous mutations in hapR and luxO amongst 

clinical isolates of V. cholerae suggests that changes in expression or activity of these factors 

are important in the emergence of pathogenic strains (Weill et al., 2017). Three of the six 

mutations in the promoters of hapR, observed in clinical isolates and reproduced in this 

study, abolished transcription. It is likely, therefore, that the clinical isolates in which the 

mutations were found did not express hapR. Furthermore, one of the luxO promoter 

mutants tested resulted in increased expression and would likely result in repression of 

HapR in vivo. Taken together, our studies suggest that HapR-deficient strains are more likely 

to be pathogenic. Indeed, 50% of naturally-derived V. cholerae analysed in another study 

were found to be quorum-sensing deficient (Wang et al., 2011b). It has been suggested that 

strains of V. cholerae with this phenotype have a selective advantage over other bacteria 

within certain environments such as in biofilms (Katzianer et al., 2015). Quorum-sensing 

deficiency might not always be advantageous to the bacterium, however. For example, 

expression of HapR was shown to increase the survival of V. cholerae within the intestines 

of fruit flies (Kamareddine et al., 2018).  

 

The fact that clinical isolates of 7PET V. cholerae are often HapR-deficient may explain why 

these strains do not persist in the environment (Mutreja et al., 2011). HapR controls the 

utilisation of chitin and induces natural competence, which are both key survival 

mechanisms within the aquatic environment (Meibom et al., 2005; Scrudato and Blokesch, 

2013). Hence, HapR-deficient strains are likely to have reduced survivability outside of the 
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host. We note that the gene encoding the sigma factor, RpoS, a positive regulator of HapR, 

is also highly variable amongst clinical isolates (Weill et al., 2017). 

Our ChIP-seq data has identified 32 DNA binding targets of HapR and 5 targets of LuxO. 

LuxO has previously only been described as a regulator of Qrr expression, however, we have 

identified another DNA-binding target between two divergent genes. These genes, ClpS and 

CspD are involved in protein degradation and carbon starvation respectively. Our data 

suggests that LuxO co-binds with σ70 at this locus, whereas σ54 co-binds with LuxO upstream 

of the four Qrrs (Dong and Mekalanos, 2012; Manneh-Roussel et al., 2018). Transcription 

co-regulation by bEBPs such as LuxO and σ54 is well-established (figure 1.9), further work is 

required to determine if LuxO also regulates the expression of σ70-dependent genes. 

 

We have identified 13 promoters which are directly repressed by HapR. The genes 

controlled by these promoters have roles in motility, respiration, chemotaxis and virulence. 

In addition, we have identified another promoter, murQ, which controls the expression of 

MurQ and MurP and is co-regulated by HapR and CRP. Transcription from the murQ 

promoter is activated by CRP in a class II-dependent manner and is repressed by HapR. We 

propose that HapR and CRP bind co-operatively at a single murQ promoter locus and that 

AR3 of CRP is important for this interaction. MurQ controls the metabolism of MurNAc, a 

key component of the cell wall. MurP imports MurNAc into the cytoplasm and 

dephosphorylates EIIAGlc. This likely explains the importance of repression by HapR at this 

locus. CRP promotes the metabolism of alternative carbon sources but indirectly represses 

chitin catabolism. To counter this, HapR represses MurQ and MurP expression, thereby 

increasing the pool of phosphorylated EIIAGlc and subsequently upregulating ChiS.  
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7.2 Future Directions 

We have established a model of co-operative binding by HapR and CRP at the murQ 

promoter, however, we have yet to fully characterise this interaction. Specifically, we have 

not yet confirmed if the negatively charged AR3 of CRP interacts with a positively charged 

amino acid residue in HapR. Mutation of R123 in HapR caused loss of DNA binding, which 

we speculated was due to the disruption of a salt bride crucial for HapR dimerisation (de 

Silva et al., 2007). A HapR E117R/R123E double mutant might preserve this salt bridge, 

whilst allowing us to investigate the interaction between R123 and residues within AR3. 

Other regulatory factors may control murQ expression besides HapR and CRP.  

 

In our in vivo transcription assays we observed that truncation of the murQ intergenic 

region resulted in an increase in transcription, which was not observed in vitro. It may be 

that another repressor regulates this promoter by binding upstream of the HapR/CRP site 

we have identified. In E. coli, the murR gene is divergent from murQ and expresses a 

repressor of MurQP expression (Jaeger and Mayer, 2008). murR is also present in V. 

cholerae, and the interaction between HapR, CRP and MurR at the murQ promoter should 

therefore be characterised (Heidelberg et al., 2000). 

 

In addition to the murQP, we have identified up to 13 other genes that may be co-regulated 

by HapR and CRP (summarised in table 4.2). Some of these genes may be regulated by HapR 

and CRP in a similar manner to murQ and future experiments should aim to determine this. 

Potentially co-regulated targets include the haemolysin and haemolysin export proteins, 

HlyA and HlyB. HapR has previously been shown to repress haemolysin expression (Gao et 
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al., 2018). Future experiments should compare the haemolytic activity of wild-type V. 

cholerae with that of ΔhapR, Δcrp and ΔhapRΔcrp strains.   

 

We have not investigated the role of HapR at all the loci identified by our ChIP-seq analysis, 

many of which are upstream of genes of unknown function. Of the HapR-targeted genes for 

which a function is either known or inferred from their homology with genes in other 

bacteria, several have roles in motility and chemotaxis (Heidelberg et al., 2000). Further 

studies should therefore include deleting the genes regulated by HapR and assessing the 

motility of the resulting strains. 

 

As previously discussed, HapR and LuxO displayed a high incidence of SNPs across clinical 

isolates of 7PET V. cholerae, the phenotypic effects of which are currently unknown. Further 

experiments should introduce the observed point mutations within the hapR and luxO 

genes and assess what effect, if any, this has on the growth, competence, motility, and 

pathogenesis of V. cholerae. Considering the observations made on hapR promoter mutants 

in chapter 3, we expect that some of the clinically observed SNPs render HapR inactive. 
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Supplementary figure 1 – Linear tracks of HapR and LuxO ChIP-seq data presented in figure 4.1. Reads across both chromosomes of V. cholerae N16961 
were sorted into 10 bp bins using the ‘multibamsummary’ tool on usegalaxy.org. For each dataset, the read depths were normalised so that the highest 
signal was equal to 1.  

Chr I 

Chr II 
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Supplementary figure 2 – Original in vitro transcription gel images used in this study. 
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Supplementary figure 3 – Original images of DNAseI footprinting gel used in this study. See 
relevant chapter for further details. 
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