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Abstract 

Enteropathogenic and enterohaemorrhagic E. coli are widely prevalent as the causative 

agents of diarrhoeal disease globally. Pathogenesis is mediated by injection of effector 

proteins by a Type III Secretion System (T3SS) into the cytosol of host cells. Recently 

bioinformatics and secretome analysis has been used to expand the repertoire of effectors to 

include several novel T3SS secreted bacterial proteins. The largest family among these is the 

NleG family, with nine members in enterohaemorrhagic E. coli O157:H7 strain EDL933 alone. 

While there is significant sequence diversity between family members, conserved catalytic 

residues in the C terminus show structural homology to E3 ubiquitin ligases. Ubiquitination is 

the covalent attachment of ubiquitin to target proteins to label them for degradation, 

signalling, trafficking and regulation of DNA transcription. Several viruses and bacteria encode 

ubiquitin modulating enzymes to manipulate the host cell during infection. Currently there 

are no known targets for NleG. This study identifies host interacting partners for the NleG 

family through yeast two hybrid screening. An interaction between NleG and DDX60, a DNA 

helicase implicated in the innate immune response, and a distinct interaction with a key cell 

cycle regulator, CDC20, are investigated further.  
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1.1 Escherichia coli 

Escherichia coli (E. coli) is a commensal of the gastrointestinal tract in humans and animals, 

making up 0.1% of the gut flora (1). In addition, there are several pathogenic strains that can 

cause extra-intestinal or intestinal disease.  

Extra-intestinal E. coli infections include urinary tract infections (UTIs), bacteraemia, sepsis, 

meningitis and respiratory infection. In the United States it is estimated to cost $1.6 billion 

per year to treat UTIs, of which 90% are caused by uropathogenic E. coli (UPEC) (2). Infections 

are often recurrent and usually manifest as urethritis and cystitis with the potential to develop 

pyelonephritis and sepsis. Bacteraemia can develop from gastrointestinal or urinary tract 

infection, intravenous lines or occasionally opportunistic respiratory tract infections in 

immunocompromised patients. In addition, meningitis-associated E. coli (MNEC) can cause 

severe meningitis and septicaemia in neonates, most commonly caused by vertical 

transmission from mother to infant. Neonatal sepsis is one of the leading causes of infant 

mortality in the developed world and one study found that 40.2% of cases were caused by E. 

coli (3).  

Diarrhoeal disease affects 1.7 billion people per year and is the second highest cause of infant 

mortality, killing 760,000 children under five per year (WHO). Infection of the gastrointestinal 

tract by pathogenic E. coli is a significant factor, a recent systematic review found that 

enteropathogenic E.coli contributed to 79,000 of these deaths and enterotoxigenic E.coli to 

42,000 (4). Transmission is usually by the faecal oral route, therefore contaminated water and 

unsanitary living conditions in the developing world are major sources of infection. 

Promisingly, the promotion of breast feeding in affected areas appears to be reducing the 
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number of infant fatalities. Breast feeding limits the exposure of infants to contaminated 

water and contributes to the development of their immune systems (5). In the developed 

world, intestinal E. coli infections usually come from contaminated food. The majority of 

infections are non-lethal, however, young children, the elderly and immunocompromised 

individuals are at a higher risk of requiring hospitalisation.  

1.1.1 Pathotypes of intestinal E. coli 

Pathogenic E. coli can be grouped into six main pathotypes: enterotoxigenic E. coli (ETEC), 

enteroinvasive E. coli (EIEC), diffuse adherent E. coli (DAEC), enteroaggregative E. coli (EAEC), 

shiga toxin producing E. coli (STEC) and enteropathogenic E. coli (EPEC) (Figure 1). Two recent 

studies share insights into the distribution of these pathotypes in the developing world, where 

paediatric diarrheal disease is highest. The Global Enteric Multicentre Study (GEMS) was 

carried out at seven sites with >80% child mortality rates in sub-Saharan Africa and Asia to 

establish the prevalence of diarrheal pathogens and outcomes of infection in developing 

countries (6). A separate study carried out in Lima, Peru, analysed the distribution of 

pathotypes in 8000 cases of children with diarrheal disease caused by E. coli (7). These studies 

indicate a change in prevalence of the different pathotypes over time and a difference 

between continents. In sub-Saharan Africa and Asia, ETEC was the most prevalent pathotype 

followed by EPEC. While in Peru, 9.9% of E. coli intestinal disease was caused by EAEC, 8.5% 

by EPEC and 6.9% by ETEC. 

1.1.1.1 Enterotoxigenic E. coli 

ETEC strains feature heat stable (ST) and heat labile (LT) enterotoxins encoded by the plasmid 

pENT (8).  ST increases fluid and salt secretion by mucosal cells by activating the guanylate 
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cyclase C (GC-C) receptor (9). The LT toxin resembles the cholera toxin and is comprised of a 

toxic A subunit and a cell binding B pentamer which interacts with GM1 ganglioside receptors 

(10). The A subunit crosses the eukaryotic cell membrane and activates Adenylate Cyclase to 

increase intracellular AMP levels (11, 12). 

GEMS found that ETEC expressing ST was significantly associated with moderate-severe 

diarrheal disease and infant mortality at all seven sites studied. It was the most prevalent E. 

coli pathotype in this study. As well as being strongly associated with paediatric diarrheal 

disease, ETEC is also commonly known to cause travellers’ diarrhoea. 

 

 

Figure 1. An illustration of the mobile genetic elements that distinguish E.coli pathotypes; 

from Ahmed et al (13). LEE: locus of enterocyte effacement; PAI: pathogenicity island; pEAF: 

enteropathogenic E. coli adhesion-factor plasmid; pENT: enterotoxin-encoding plasmids; Stx: 

Shiga-toxin prophage (13). “Black hole” refers to the deletion of chromosomal DNA encoding, 

among other things, a Lysine Decarboxylase, which enhances pathogenesis (14). 
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1.1.1.2 Enteroinvasive E. coli 

EIEC is differentiated from other intestinal virulent strains by its ability to invade gut epithelial 

cells which causes significant destruction to the epithelium layer. It has historically been 

difficult to distinguish from Shigella as it causes Shigella-like dysentery and high temperatures 

(15). Both EIEC and Shigella possess a virulence invasion plasmid, pINV, which confers the 

ability to invade epithelial cells (16). 

1.1.1.3 Diffuse adherent E. coli  

DAEC is a lesser characterised intestinal pathogenic E. coli pathotype that causes diarrhoea, 

and is distinguished by its unusual diffuse adhesion pattern on epithelial cells, while other 

pathotypes demonstrate clustered, localised adherence (17). It has been shown that Sat, a 

toxin commonly found in UPEC, is also highly prevalent in DAEC (18). Further research and an 

improvement in diagnostic testing are needed to determine the impact and pathogenesis of 

DAEC. 

1.1.1.4 Enteroaggregative E. coli 

EAEC is characterised by its ability to form aggregates of bacteria in the ileum or colon by 

aggregative adherence fimbria (AAF) (19). In addition, three endotoxins have been described 

in EAEC, plasmid encoded toxin (Pet), enteroaggregative heat stable toxin 1 (EAST1), which is 

homologous to ETEC ST, and ShET1 which can also be found in UPEC and Shigella. Pet and 

EAST1 are only found in a subset of strains while ShET1 is chromosomally encoded (20). GEMS 

found an association of EAEC with moderate-severe as opposed to mild diarrhoea among 

children; however it was low in incidence. Conversely the Peruvian study found EAEC to be 
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the most prevalent of all pathotypes, making up 9.9% of cases (7), indicating that there is a 

geographical divide in the distribution of paediatric diarrheal pathogens. 

1.1.1.5 Shiga toxin producing E. coli 

STEC form a group of Shiga-like toxin producing E. coli, a toxin which disrupts intracellular 

ribosomes to inhibit protein synthesis and stimulate a strong inflammatory response. They 

are also known as verotoxigenic E. coli (VTEC). STEC causes a minority of E. coli infections 

globally but have a higher rate of hospitalisation and mortality than other groups. Patients 

with STEC can develop haemolytic uraemic syndrome (HUS), a severe disease characterised 

by bloody diarrhoea, anaemia, low platelet numbers and acute renal failure in 59% of patients 

(21). A STEC subgroup, enterohaemorrhagic E. coli (EHEC), is distinguished by its ability to 

form attaching and effacing lesions and is responsible for the majority of HUS cases (22). One 

of the most recent and widely reported outbreaks of E. coli infection was in Germany in 2011, 

in this case an EAEC strain acquired a Shiga-like toxin and caused a disease with a high 

incidence of HUS and fatality rate of 1% (23). This may represent a newly emerging pathotype.  

1.1.1.6 Enteropathogenic E. coli 

EPEC is the second most prevalent E. coli pathotype found in South America, sub-Saharan 

Africa and Asia, indicating it has consistent, significant impact in developing countries (6, 7). 

Typical EPEC (tEPEC) have an E. coli Adherence Factor plasmid (EAF) while atypical EPEC 

(aEPEC) do not (24). GEMS found a significant association of tEPEC with moderate-severe 

diarrhoea and death in infants <11 months old, aEPEC was low in incidence and not 

significantly associated with moderate-severe levels of diarrhoea. Similarly to EHEC, EPEC can 

also create attaching and effacing lesions but does not, however, possess a Shiga-like toxin. 
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1.1.1.7 Attaching and Effacing Pathogens 

EHEC, EPEC, rabbit EPEC (REPEC), pig EPEC (PEPEC) and the mouse pathogen, Citrobacter 

rodentium, form a group of pathogens distinguished by their ability to form attaching and 

effacing (A/E) lesions on gut mucosal epithelium (25). Due to their similar infection strategies, 

C.rodentium is frequently used as the mouse model organism for in vivo investigations (26).  

Initial contact between bacterial bundle-forming pili and epithelial cells is followed by the 

localised destruction of brush border microvilli to create an effaced cell surface. Stimulation 

of actin polymerisation and cytoskeleton rearrangement in the host cell at the site of contact 

causes the formation of a raised pedestal beneath the bacterium (Figure 4 A, B)(27). The tight 

attachment to the host cell plasma membrane, disruption of micro-villi and formation of 

pedestal-like structures under the bacteria are characteristics of the A/E lesion. This 

mechanism is conferred by the presence of a chromosomally encoded Locus of Enterocyte 

Effacement (LEE) (Figure 2), which encodes genes for a Type Three Secretion System (T3SS), 

chaperones, the adhesin intimin and effector proteins.  

 

Figure 2. The Locus of Enterocyte Effacement; from Garmendia et al (28). The Locus of 

Enterocyte Effacement (LEE) confers pathogenesis to the Attaching and Effacing Pathogens 

(A/E pathogens). Found integrated into the chromosome of these strains, the LEE encodes a 

Type III Secretion System (T3SS) and its requisite chaperones together with several effector 

proteins that are substrates of the T3SS. Also found on the LEE are Tir and Intimin, which are 

translocated upon host cell contact and mediate the intimate attachment characteristic of 

the A/E pathogens. The T3SS can additionally secrete several non-LEE encoded effectors. 
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1.2 Bacterial Secretion Systems 

Gram negative bacteria employ sophisticated secretion systems to transport ions and 

proteins across two hydrophobic barriers, the inner and outer membranes (Figure 3). The Sec 

and Tat transporters traverse the inner membrane and support translocation by the Type II 

the Type V Secretion Systems across the outer membrane. The Type I, III, IV and VI Secretion 

Systems can transport molecules across both membranes (29). 

 

Figure 3. Bacterial Secretion Systems; from Fronzes et al (30). Gram negative pathogens have 

developed a range of secretion systems to transport substrates across the cell wall. The wall 

comprises of an inner membrane (IM), periplasmic space and outer membrane (OM). The 

SecYEG translocon facilitates complete Type II and Type V secretion, while the remaining 

systems traverse both membranes. Shown as examples are the, N.meningitidis NaIP (T5SS), 

the Gsp pathway (T2SS), A.tumefaciens VirB/D system (T4SS), S.enterica Typhimurium T3SS, 

E.coli Haemolysin transporter (T1SS). Not shown are the T6SS and T7SS. 
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1.2.1 The SecYEG System 

The Sec secretion pathway mediates the translocation of substrates across the inner 

membrane and homologues can be found in the Endoplasmic Reticulum (ER) (31). The 

channel is comprised of a SecYEG complex, normally found in oligomers although 

independently functional (32). SecY forms a cylindrical channel, stabilised by SecE and SecG 

(33). In the centre of the channel lies a hydrophilic pocket with a plug that maintains a closed 

resting conformation, until activation by ATP driven conformational change, at which point 

the plug moves outwards and closer to SecE (33, 34). Not only does SecYEG facilitate transport 

across the membrane, it can also open laterally allowing the insertion of proteins directly into 

the IM (35).  Type II and Type V Secretion Systems can continue the transport steps required 

to translocate their substrates from the periplasmic space across the OM. 

1.2.2 Type I Secretion System 

In Uropathogenic E. coli (UPEC), the Type I Secretion System (T1SS) is responsible for the 

secretion of the pore-forming toxin HlyA (36, 37). Other examples of T1SS can be found in 

Vibrio cholerae (38) and Bordetalla pertussis. The T1SS has been shown to transport a range 

of protein sizes, from 10kDa to 900kDa (39). 

The T1SS shares structural homology with multidrug efflux pumps and comprises of three 

components. An ATP binding cassette (ABC) transporter (a HlyB dimer) makes up the Inner 

Membrane Component (IMC) which recognizes Glycine rich repeats in the C terminal of 

substrates and transports them across the inner membrane. ATP hydrolysis by the ABC 

transporter provides the energy required for full transport across the double-membrane. In 

the periplasm the Membrane Fusion Protein (MFP), HlyD, acts as an adaptor and forms a 



29 
 

channel through which the substrate, and energy, is passed (40). The final component is an 

Outer Membrane Protein, which in the case of the Hemolysin secretion system is a TolC 

trimer, this creates a β-barrel channel for the final transition of the substrate across the outer 

membrane (41). An α-helical barrel interacts with the MFP and the channel is believed to 

open by a twisting of the α-helices (40, 42). 

1.2.3 Type II Secretion System 

The Type II Secretion System (T2SS) is a two-step system. In enterotoxigenic E. coli it is 

comprised of general secretion pathway (Gsp) proteins and responsible for the export of the 

heat labile enterotoxin (43). 

The Sec or Tat secretion systems mediate the transport of unfolded or folded proteins 

respectively, across the inner membrane, recognised as substrates by an N terminal signal 

sequence (44, 45). The T2SS then transports folded substrate through the periplasmic space 

and outer membrane. In ETEC, an inner membrane platform of several components (GspC, 

GspF, GspL and GspM) connects with a cytoplasmic ATPase, GspE, which energises the 

transport (46). GspC links the inner membrane platform with an outer membrane platform, 

or secretin, comprised of 12 subunits of GspD which forms a channel in the outer membrane 

(47). A pseudopilus of GspG subunits acts as a piston, propelling substrate through the 

periplasmic part of the system (48). 

1.2.4 Type III Secretion System 

An essential component of A/E pathogenesis is the T3SS encoded by the LEE. It is made of two 

core domains: a basal body and a needle (Figure 4C). The basal body is made up of an outer 

ring (EscC), an inner ring (EscV) and a core rod (EscJ), resembling flagella in structure. The 
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needle, polymerised EscF, has an additional filament tip comprised of another LEE 

component, E. coli secreted protein A (EspA), which is essential for mucosal attachment. 

There appears to be a hierarchy of secretion through the T3SS, beginning with EscC, EscF and 

EspA followed by EspB and EspD then other effector proteins (28). EspB and EspD form a 

translocation pore in the epithelial cell surface allowing bacterial effector proteins to be 

injected into the host cell in a continuous channel to establish pathogenesis (49). Secretion 

may be controlled by gateway proteins such as SepL and SepD, chaperones such as CesT, and 

CesD and the essential T3SS motor ATPase, EscN, all of which are encoded by the LEE (50, 51). 

The T3SS and proteins intimin and Tir (translocated intimin receptor) are essential to create 

the characteristic intimate attachment of A/E pathogens to gut epithelial cells. The adhesin 

intimin is displayed on the cell surface of the pathogen, anchored in the E. coli outer 

membrane with an exposed C terminal domain. It is essential for virulence and can determine 

tissue tropism (52). Another LEE protein, Tir, is translocated into the host cell by the T3SS. It 

becomes inserted into the eukaryotic plasma membrane in a hairpin shape with the middle 

intimin binding domain now exposed on the surface of the host cell (51). Binding between 

intimin on the bacterial surface and Tir on the epithelial cell surface creates a strong 

attachment between the pathogen and host cell.   
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Figure 4. Attaching and effacing lesions. In (A) pedestals are arrowed in a scanning electron 

micrograph of enterocytes while (B) shows intestinal A/E lesions by transmission electron 

micrograph from (27) also with a pedestal indicated with an arrow. (C) Also shown is a 

schematic representation of the Type III Secretion System from (53) which is essential for 

pathogenesis. In the centre of the basal body a complex of EscR, EscS, EscT, EscU, and EscV 

forms an essential core export apparatus (54). An EscF needle of ~23nm and an EspA 

multimeric filament of ~600nm form the translocation channel. EspD and EspB form a 

translocon pore upon contact with the host cell membrane. Secretion is powered by the 

ATPase, EscN. 
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1.2.5 Type IV Secretion System 

The Type IV Secretion System (T4SS) is a highly flexible injectisome that can transport DNA, 

proteins and nucleo-proteins into both eukaryotic host cells and into neighbouring bacteria. 

The ability of the T4SS to transport mobile genetic elements contributes to the development 

of drug resistance, as plasmids encoding drug resistant genes can be injected directly into 

neighbouring bacteria or taken up from the environment (55-57). Conversely, the T4SS can 

also be used to kill competing neighbouring bacteria by injecting effector proteins (58). Some 

T4SS, such as the Dot/Icm system in Legionella pneumophila, have a similar function to the 

T3SS and inject effector proteins into the host cell during infection to facilitate survival (59). 

T4SS tend to recognize hydrophobic or positively charged regions in the C terminus of 

substrates, and chaperones are also believed to play a role in substrate recognition (60, 61). 

Essential to translocation are the Type 4 Coupling Proteins (T4CPs). The T4CPs facilitate the 

interaction of the substrate with the inner membrane complex and are additionally believed 

to provide the energy required for the transport by ATP hydrolysis (62). In L.pneumophila, 

DotL acts as the T4CP (63). DotC, DotD, DotF, DotG and DotH form the core complex of the 

L.pneumophila Dot/Icm T4SS (64). DotF and DotG form dimers at the inner membrane and 

form a stalk that interacts with the outer membrane complex of DotC, DotD and DotH (64). 

DotC and DotD are lipoproteins that mediate the insertion of a DotH pore into the outer 

membrane to complete the channel. DotG transduces the energy generated by ATP hydrolysis 

through the secretion system, required to drive conformational change and secretion (65).  
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1.2.6 Type V Secretion System 

The T5SS is used to transport proteins involved in pathogenesis and biofilm formation. In 

Diffuse Adherent E.coli (DAEC), AIDA-1 is a T5SS system and adhesin that mediates bacterial 

aggregation and biofilm formation and is responsible for the pattern of adherence to 

epithelial cells that characterises this pathotype (66, 67). Another example of a T5SS is Intimin, 

which mediates the close attachment of the A/E pathogens to the host cell (52).  

The T5SS is an auto-transporter, where a polypeptide can transport itself across the outer 

membrane. As for the T2SS, the T5SS is reliant on the Sec pathway for its transport through 

the inner membrane and into the periplasm (44) through recognition of an N terminal signal 

sequence. In the case of AIDA-1, the N terminal signal sequence is then cleaved off in the 

periplasm. Facilitated by the outer membrane protein assembly factor BamA, the translocator 

domain of the polypeptide then inserts into the outer membrane as a β-barrel pore (68). The 

remainder of the poly peptide, the ‘passenger’ domain, is then secreted through the pore into 

the extracellular space. The folding of the passenger domain at the outer membrane drives 

the conformational change required for secretion, in the case of T5SS no ATP hydrolysis is 

required (69). The passenger domain can be cleaved by its own peptidase domain and 

liberated from the translocon, as in the case of AIDA-1 (68), or it can remain attached to the 

outer membrane. 

1.2.7 Type VI Secretion System 

The T6SS is a bacteriophage-like injectisome (70) that secretes effector proteins into host cells 

during infection or into neighbouring bacteria with which the pathogen is competing (71). 

‘Like’ bacteria are not killed as they possess immunity proteins to the toxins (72, 73). In Avian 
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EPEC, the T6SS has been shown to be necessary for epithelial cell attachment and invasion, 

potentially due to its role in Type I Fimbria expression (74).  

Similar to the tail of bacteriophages, the T6SS comprises of an inner tube surrounded by a 

sheath and an anchoring inner membrane complex. The anchoring complex is made up of TssJ 

in the outer membrane, TssM in the inner membrane, and the periplasmic domain of TssM 

interacts with TssJ, and TssL in the inner membrane, which stabilises the complex. Stacked 

hexamers of Hcp form the inner tube, while TssB and TssC can spontaneously assemble into 

the outer sheath in the cytoplasm or in vitro (75) upon detection of the Hcp hexamer. 

Secretion is mediated by contraction of the sheath which propels the inner tube outwards. A 

spike at the end of the tube, putatively VgrG, punctures cell membranes to facilitate the 

delivery of toxins (76). After contraction, the T6SS disassembles and the components are 

recycled and reassembled (77).  

1.2.8 Type VII Secretion System 

The T7SS has been less well characterised but can be found in the Mycobacterium tuberculosis 

and Staphylococcus aureus and has been shown to be essential for their pathogenesis (78, 

79). The Tuberculosis vaccine strain, M.bovis BCG, does not possess a T7SS and inserting one 

increases its virulence (80). EssA, EssB, EssC and EssD are known to form a membrane complex 

but their exact organisation is not well defined. EssC features three ATPase domains which 

are believed to supply the energy required for transport (78).  

1.2.9 Outer Membrane Vesicles 

Outer Membrane Vesicles are secreted by a wide variety of pathogenic and non-pathogenic 

Gram negative bacteria and play a role in bacteria-bacteria and bacteria-host communication. 
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The vesicles bud and detach from the cell envelope, and are comprised of the outer 

membrane and periplasm (81). They are distinct from vesicles produced during bacterial cell 

lysis and have been established to be a functioning secretion pathway. Proteomic analysis of 

Helicobacter pylori OMVs found that the T4SS was selectively excluded from OMVs while the 

virulence factor HtrA was enriched (82). Secreted EPEC HtrA is responsible for E-cadherin 

cleavage, thereby disrupting tight junctions in the epithelial layer (83).  Additionally, UPEC 

cytotoxic necrotizing factor 1 (CNF1) has been shown to be secreted via OMVs (84). OMVs are 

evidently important pathogenic factors, but are increasingly also being considered as 

potentially selective drug and vaccine delivery systems (85, 86). 

1.3 A/E Pathogen Subversion of the Host Immune Response 

The human host mounts a strong immunological response to invading pathogens. In reaction, 

pathogens use a plethora of virulence factors to subvert the host response and ensure 

successful infection and transmission. Often, examination of the function of these effector 

proteins can inform us about the important host cell responses that are being targeted.  

In addition to mediating the formation of A/E lesions, the T3SS injects several LEE and non-

LEE encoded (Nle) bacterial effector proteins to promote survival and pathogenesis. Seven 

core LEE effectors are conserved across A/E pathogens and include Tir, Map (mitochondrial-

associated protein), EspB, EspF, EspG, EspH and EspZ (27). However, there is significant 

variation between strains and pathotypes in non-LEE encoded effector proteins. T3SS 

secreted proteins have a range of functions from preservation of the host cell to inhibition of 

phagocytosis and modulation of the immune response (87). 
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1.3.1 The NFκB pathway 

Detection of PAMPs (pathogen associated molecular patterns) by PRRs (pathogen recognition 

receptors) can trigger the host immune response to infection. NFκB modulation is one of the 

best characterised host-pathogen interactions during EPEC or EHEC infection. Detection of 

LPS by TLR4 (toll like receptor 4) triggers a signalling cascade that results in the 

phosphorylation and degradation of the inhibitory kinase IκBα. This releases NFκB to migrate 

to the nucleus and activate expression of proinflammatory cytokines (88).  

Due to the significant stimulation of the immune response this pathway can induce, EPEC and 

EHEC have developed multiple strategies to inhibit it (Figure 5). NleC is an effector protein 

and metalloprotease that cleaves the NFκB subunit p65 while NleH1 blocks the migration of 

subunit RPS3 to the nucleus (89, 90).   

As part of the amplification of the immune response, extracellular cytokines such as TNFα and 

IL-Iβ can activate the NFκB pathway also. Tir blocks NFκB activation in response to TNFα by 

inducing the proteasomal degradation of the TNFα associated factor, TRAF2 (91), while 

downstream, NleB prevents the essential interaction between GAPDH and TRAF2 (92).  

1.3.2 The Type I Interferon Response 

In addition to activation of NFκB, LPS detection by TLR4 can trigger a Type I interferon 

response (93). This comprises of activation of IFNα and IFNβ which are pro apoptotic, anti-

proliferative, induce antibody production and over 400 interferon stimulated genes (ISGs) 

(94). ISGs mediate the regulation of innate and adaptive immune responses, including 

recognition of bacterial ligands, inflammasome activation, antibody response, intestinal 

homeostasis and play roles in inflammatory and autoimmune diseases (95). The type I 
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interferon response is believed to play a significant role in septic shock (93). In addition to the 

type I interferon response, the responsible mitochondrial scaffolding complex activates NFκB 

and thus inflammatory cytokines, such as IL-8, as well as apoptosis and NLRP3 inflammasome 

activation. 

 

 

Figure 5. EPEC and EHEC inhibit the host immune response by a range of mechanisms; from 

Wong et al (27). Several non-LEE effector proteins have evolved to inhibit the NFκB pathway 

and act at every stage from activation and receptor clustering (NleB), to IkBα activation (NleE) 

to the interaction of the p65 subunit with inflammatory genes in the nucleus (NleC). Effectors 

target additional pathways such as MYD88 mediated activation of AP-1 (NleD) and cell 

turnover (NleH, Map).  
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IFNα and IFNβ can also be activated by extracellular detection of foreign RNA by TLR3 and 

TLR7 and intracellular RNA and DNA detection by the RIG-I like helicases (RLHs) RIG-I, MDA5, 

LGP2 and DDX60 (96, 97) and additional nucleic acid detectors such as STING and the AIM2 

inflammasome (98-100).  

RLHs are characterised for their role in recognising viral RNA or DNA in the cytosol and 

stimulating a protective type I interferon response. However, in recent years several groups 

have found evidence of bacterial RNA and DNA in the cytosol of infected cells that can activate 

RLHs. For example, EHEC has been shown to generate unique RNA:DNA hybrids that can be 

found in the host cytosol (101). In the case of intracellular organisms such as Listeria 

monocytogenes, it has been shown that phagosomal degradation generates nucleic acid as 

PAMPs but also that bacterial nucleic acids are actively secreted during infection (102). 

Legionella pneumophila activation of RLHs depends on its Type IV Secretion System and it is 

suggested that bacterial RNA can leak through the secretion system into the cytosol (103). 

Given the evolution of secretion systems from bacteriophages, it is possible that they can 

allow DNA or RNA transfer, the T4SS in particular has been well characterised for its role in 

DNA transfer in Neisseria gonorrhoea (104). And the T7SS in M. tuberculosis has been shown 

to be required for a Type I Interferon response (105). EPEC is known to inhibit a Type I 

Interferon response to RNA, however the precise mechanism by which it achieves this is 

unknown (106). It is highly likely that a T3SS effector protein could be responsible for the 

inhibition of this important immune signalling pathway. 

1.3.3 Cell Turnover 

The gut epithelium forms the first physical line of defence against enteric infection, the tight 

junctions between epithelial cells ensure that bacteria cannot penetrate this barrier and 
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disseminate. Gut epithelial cells undergo a constant cycle of renewal from the intestinal 

crypts, migrating to the top of the villi as they mature, before undergoing apoptosis and 

shedding off (107). Cell turnover is another mechanism that is targeted by A/E pathogens to 

promote their survival, whether by manipulation of the cell cycle or cell death pathways. Cif 

causes cell cycle arrest through interaction with the ubiquitin like protein NEDD8 to inhibit 

key Cullin-Ring ubiquitin ligases (108) while the NleH homologues interact with BAX inhibitor 

1 to block intrinsic caspase 9 mediated apoptotic pathways (109). Occasionally the activity of 

effectors can have a negative side effect, such as the pro-apoptotic activity of the 

mitochondrial targeting effector EspF (110, 111). As a result, some effectors may have evolved 

purely to ameliorate the effects of others. 

1.4 Ubiquitination and the Host Response 

The covalent attachment of ubiquitin and ubiquitin-like polypeptides to proteins is a key 

mechanism which regulates many eukaryotic cellular processes. These post translational 

modifications are increasingly defined as targets of secreted pathogen effector proteins due 

to their essential roles in the host. In the past decade, several ubiquitin modulating enzymes 

have been characterised in pathogenic bacteria and viruses with roles in host cell entry, 

growth and survival.  

1.4.1 The ubiquitination pathway 

Ubiquitination requires a sequential enzymatic cascade involving three enzymes: an E1, E2 

and E3, and can be reversed by deubiquitinating enzymes (DUBs) (Figure 6). Enzyme E1 

activates ubiquitin to form an E1-ubiquitin thioester intermediate in an ATP dependent 

manner. Ubiquitin from E1 is trans-thiolated to a catalytic cysteine residue of the ubiquitin 
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conjugating enzyme, E2. E3 ubiquitin ligases determine target specificity and can be 

categorized into two types within eukaryotes. In the case of HECT (homologous with E6-

associated protein C-terminus) E3 ligases, ubiquitin is transferred first to the E3 enzyme and 

then to the target protein (112, 113). RING (Really Interesting New Gene) finger ubiquitin 

ligases form a complex with ubiquitin bound E2 enzymes and the target protein, catalysing 

transfer of ubiquitin from E2 to the target (114). Remarkably, pathogens have evolved E3 and 

DUB enzymes that can function within this purely eukaryotic pathway in order to aid 

pathogenesis. The structures of some bacterial effectors have been shown to resemble 

ubiquitin modifying enzymes and have been further demonstrated to manipulate the 

ubiquitin conjugation pathway in their hosts. While some bacterial E3s were identified due to 

their structural homology with RING or HECT E3s, there are, in addition, unique functional 

structures such as those of the Novel E3 Ligases (NELs). 

The ubiquitin conjugation cascade is used to drive a variety of outcomes in cells depending 

on the type of ubiquitination occurring. Poly-ubiquitin chains can be constructed along one 

of seven lysine residues on ubiquitin, K6, K11, K27, K29, K33, K48 and K63 or on the N terminal 

Methionine (115). K48 poly-ubiquitination labels proteins for degradation by the proteasome, 

the best characterised outcome of ubiquitination (116). K63 ubiquitination is non-degradative 

and plays key roles in the transduction of immune signalling such as NFκB and Type I 

Interferon activation and T cell receptor pathways (117). K29 ubiquitination has been shown 

to complement the activity of K63 chains in ER stress responses (118). The alternative 

ubiquitin chains, K6, K11 and K27 are less well characterised but have been linked to 

proteasomal degradation, DNA transcription and repair and control of the cell cycle (119). A 

novel form of poly-ubiquitination forms ‘straight’ ubiquitin chains through binding of an 
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amino terminal methionine residue to a carboxyl terminal glycine residue on the next 

ubiquitin moiety and has been implicated in immune responses and the repression of 

inflammation (120). The attachment of single ubiquitin proteins, mono-ubiquitination, has a 

role in cell surface receptor endocytosis and lysosomal degradation (121). Therefore 

manipulation of ubiquitination by pathogens is a cunning strategy to control the host cell 

response to infection. 

1.4.2 Ubiquitination in immune signalling 

Ubiquitination plays a key role in the detection and immune response to pathogenic bacteria. 

This has been particularly well demonstrated in the activation of the NFκB pathway. Pathogen 

Associated Molecular Patterns (PAMPs) activate immune sensors such as Toll Like Receptors 

(TLRs) and other pattern recognition receptors. In addition, detection of the cytokine TNFα 

by its receptor amplifies the immune response. Upon receptor activation and clustering, 

TRAF2 recruits the E3 ligase cIAP which generates K63, K48 and K11 linked ubiquitin chains. 

The E3 ligase LUBAC subsequently forms linear Met linked ubiquitin chains enabling the 

recruitment of IKK kinases and NEMO (122). This leads to the phosphorylation of IκBα, a 

prerequisite to its ubiquitination. IκBα is labelled with K48 linked ubiquitin chains, triggering 

its proteasomal degradation, this liberates the p65 subunit of NFκB to progress to the nucleus 

and transcriptionally activate immune response genes (123). 

Furthermore, intracellular bacteria in the cytosol become labelled en masse with ubiquitin 

which leads to their targeting to the auto-phagosome and destruction (124, 125). 
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Figure 6. The ubiquitination pathway. A. Ubiquitination is an enzymatic cascade involving 

sequential activity of enzymes E1, E2 and E3 powered by ATP. RING E3 ligases bring together 

a ubiquitin conjugated E2 enzyme and target protein to catalyse ubiquitination while HECT E3 

ligases first receive ubiquitin from the E2 enzyme and then ubiquitinate a substrate in a 

separate step. Target protein fate is determined by the type of ubiquitin chain conjugated. 

Proteasomal degradation of a ubiquitinated protein releases ubiquitin for recycling into the 

pathway. B. Ubiquitination labels a protein for degradation, signalling, trafficking, cell cycle 

control and transcription regulation among other functions. The ubiquitin moiety can be 

conjugated singly (mono-ubiquitination), at several sites on the target protein (multi-

ubiquitination) and most commonly is found attached in chains (poly-ubiquitination). 

Ubiquitin chains can take several different conformations based on their linkage type and in 

some instances the type of chain can change during construction (heterogeneous chains) 
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1.4.3 Ubiquitin modulating enzymes in pathogens 

In the past decade, several ubiquitin modulating enzymes have been characterised in 

pathogenic bacteria and viruses with roles in host cell entry, growth and survival. Some 

examples are outlined below and summarised in Table 1. 

1.4.3.1 Novel E3 Ligases 

During intracellular infection of gut epithelial cells, Shigella flexneri sequentially injects 

effector proteins through a Type III Secretion System to manipulate the host cell and confer 

pathogenesis. Structural and functional studies of a group of these effectors, the IpaH family, 

have identified a new class of E3 ubiquitin ligases, Novel E3 Ligases (NELs), which have no 

structural homology to eukaryotic E3 ligases. Members of this family are also found in Yersinia 

pestis (YopM) and Salmonella enterica (SspH1) (126, 127).  

Immune sensors such as TNFR, TLRs and NLRs (Nod-like receptors) trigger NFκB activation and 

thus an immune response when stimulated during infection. Protein Kinase C (PKC) responds 

to the intracellular secondary messenger diacylglycerol (DAG), initiating NFκB activation via 

TRAF2 (128). TRAF2 is an essential component of this pathway that is targeted for 

proteasomal degradation by IpaH0772 mediated ubiquitination during infection by Shigella 

flexneri in order to inhibit NFκB activation (129).  

Further downstream, IpaH9.8 has been demonstrated to inhibit NFκB activation by interfering 

with its regulatory cascade. This effector catalyses the poly-ubiquitination and degradation of 

NEMO by conjugating K27 linked ubiquitin chains. During NFκB activation, the IKK complex, 

of which NEMO is a subunit, recruits several factors in order to mediate the degradation of 

IκBα, permitting NFκB activation. ABIN-1 acts as a cofactor to A20, a de-ubiquitinating enzyme 
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which prevents ubiquitination of NEMO (130). Interestingly ABIN-1 also acts as a co factor for 

IpaH9.8, enhancing the ubiquitination and degradation of NEMO in its presence. Without the 

essential component NEMO, the IKK complex cannot activate NFκB (131). IpaH9.8 can in 

addition bind to and ubiquitinate the splicing factor U2AF35, resulting in a reduction in the 

expression of inflammatory cytokines IL8, RANTES and IL-1β demonstrating the capacity for 

diversity of targets by IpaH family members (132, 133)..  

IpaH1.4 and IpaH1.2 have furthermore recently been shown to degrade a host ubiquitin ligase 

complex, LUBAC, normally responsible for creating linear ubiquitin chains during activation of 

immune signalling complexes. The proteasomal degradation of the LUBAC component HOIP 

by IpaH1.4 and IpaH1.2 therefore inhibits downstream signalling and immune activation 

(122).  

The Type I Interferon response is activated in a similar manner to the NFκB pathway and has 

been shown to be growth restrictive during Shigella infection. After formation of a large 

signalling complex, the kinase TBK1 activates the transcription factor IRF3 by 

phosphorylation; IRF3 then migrates from the cytosol to the nucleus where it activates over 

400 interferon stimulated genes (ISGs). IpaH4.5 interacts with TBK1 and labels it with K48 

linked ubiquitin chains, targeting it for proteasomal degradation. This inhibits IRF3 activation 

and thus the Interferon response (134).  

1.4.3.2 Deubiquitinating effector proteins 

An alternative approach to manipulate the host, carried out by Herpes Simplex Virus, involves 

the large capsid protein, VP1-2, which protects itself from proteasomal degradation with an 

active ubiquitin specific protease (USP) domain (135).  
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The Chlamydia family secrete three T3SS deubiquitinating enzymes (DUBs). C.pneumoniae 

ChlaOTU has been shown to deconstruct poly ubiquitin chains and to reduce the labelling of 

intracellular chlamydiae with ubiquitin, protecting the bacteria from being targeted to the 

auto-phagosome (136).   

The more prevalent species, responsible for sexually transmitted infections and blindness, 

C.trachomatis, instead secretes two DUBS, ChlaDUB1 and ChlaDUB2 with both 

deubiquitinating and deneddylating activity (137). ChlaDUB1 has been demonstrated to 

inhibit the degradation of IκBα and thus prevent NFκB activation during infection (138). The 

deubiquitinating activity is believed to be applied to reducing the ubiquitination of IκBα so 

that it does not undergo proteasomal degradation. 

1.4.3.3 Alternative methods of targeting ubiquitination 

Prior to the discovery of effector proteins that mimic eukaryotic E3 ligases and DUBs, several 

effectors had already been identified that interfered with the host ubiquitination pathway by 

alternative means. In 2003, Marches et al discovered a new effector in EPEC responsible for 

an observable cell cycle arrest and cytopathic effect, named Cif (cycle inhibiting factor) (139). 

This effector was subsequently shown to inhibit the formation of a large ubiquitin ligase 

complex (SCF) by deamidation, which prevented the cell cycle from progressing (108). The 

Shigella flexneri effector OspG interacts with up to 10 different human E2 enzymes, which 

enhance its kinase activity and inhibition of the NFκB pathway (140, 141). 
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Table 1. Bacterial effector proteins that manipulate host ubiquitination 

Bacteria Effector Target Enzymatic 
Activity 

Comment Ref. 

Burkholderia 
pseudomallei 

CHBP SCF Complex Deamidase Cif Homolog (139, 142, 
143) 

Burkholderia 
pseudomallei 

TssM TRAF3, 
TRAF6, IkBa 

DUB Inhibits NFkB and Type I Interferon activation (144) 

Chlamydia trachomatis ChlaDUB1 IkBa DUB, DeNED Inhibits NFkB activation (137, 138) 

Chlamydia trachomatis ChlaDUB2 Unknown DUB, DeNED Inhibits labelling of intracellular bacteria with 
ubiquitin 

(137) 

Chlamydia pneumoniae ChlaOTU Polyub, 
NDP52 

DUB  (136) 

E. coli (EHEC) NleL Unknown E3 ubiquitin ligase HECT, K6, K11 chains, modulates pedestal 
formation 

(145, 146) 

E. coli (EPEC) Cif SCF Complex Deamidase Arrests cell cycle (108, 139, 
147, 148) 

E. coli (EPEC) NleE TAB2 TAB3 Methyltransferase Inhibits NFkB activation (149, 150) 

Legionella pneumophila LegAU13 
/AnkB 

SCF, Skp1, 
ParvB, K48 ub  

F box mimicry Induces cell death, generates amino acids (151-153) 

Legionella pneumophila LegU1 SCF, BAT3 F box mimicry Ubiquitinate chaperone for ER stress (152) 

Legionella pneumophila LicA SCF  E3 ubiquitin ligase  (151, 152) 

Legionella pneumophila LubX Clk1, SidH E3 ubiquitin ligase RING/U-Box, proliferation, effector turnover (154, 155) 

Legionella pneumophila SidC LCV E3 ubiquitin ligase Polyubiquitination to cause phagosomal 
membrane remodeling 

(156, 157) 

Listeria monocytogenes InlA E-Cadherin Adhesin Induced ubiquitination has role in endocytosis (158) 

Listeria monocytogenes InlB c-Met Adhesin Induced ubiquitination has role in endocytosis (159) 

Listeria monocytogenes LLO  Toxin Host mediated ubiquitination and 
degradation of LLO is beneficial 

(160) 

Pseudomonas syringae AvrPtoB Fen, BAK1, 
CERK1, FLS2 

E3 ubiquitin ligase RING/U-Box (161, 162) 
(163, 164) 

Rhizobium spp. NopM Unknown E3 ubiquitin ligase NEL, induces cell death (165) 

Salmonella enterica SopE  GEF Host ubiquitination causes degradation to 
modulate activity 

(166) 

Salmonella enterica SopB  IP Phosphatase Monoubiquitination by the host retains it at 
the SCV 

(167) 

Salmonella enterica SopA Unknown E3 ubiquitin ligase HECT, stimulates PMN transepithelial 
migration, homolog NleL 

(168, 169) 

Salmonella enterica SlrP Thioredoxin, 
ERdj3 

E3 ubiquitin ligase NEL, induces cell death (170) 

Salmonella enterica SspH1 Pkn1 E3 ubiquitin ligase NEL (171) 

Salmonella enterica SspH2 NOD1, SGT1 E3 ubiquitin ligase NEL, increases inflammation (172) 

Salmonella enterica SseL Unknown DUB Reduces ubiquitin aggregates, autophagy, 
increases bacterial replication 

(173) 

Salmonella enterica AvrA IkBa, B-
catenin 

DUB Anti-inflammatory when over expressed (174, 175) 

Shigella spp. IpaH9.8 NEMO, p65 E3 ubiquitin ligase NEL, Anti-inflammatory (126, 131, 
176) 

Shigella spp. IpaH4.5 p65 E3 ubiquitin ligase NEL, Anti-inflammatory (126, 176, 
177)  

Shigella flexneri OspI Ubc13 Deamidase Inhibits TRAF6 activation by deamidating the 
E2 Ubc13 

(178, 179) 

Shigella flexneri OspG Host E2s Kinase Kinase activity enhanced by E2 interaction (140, 141) 

Shigella spp. IpaH0772 TRAF2 E3 ubiquitin ligase Inhibits inflammation (129) 

Shigella spp. IpaH3 Unknown E3 ubiquitin ligase NEL (126, 176) 

Shigella spp. IpaH1.4 Unknown E3 ubiquitin ligase NEL (126, 176) 

Shigella spp. IpaH7.8 Glomulin E3 ubiquitin ligase Triggers inflammasome and cell death (180) 

Yersinia spp. YopJ TRAF2, 
TRAF6, IkBa 

DUB Inhibits NFkB activation (181) 
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1.4.3.4 Targeting of the ubiquitin pathway 

From these examples, and those listed in Table 1, it is clear that manipulation of the host 

ubiquitination pathway can be effectively used to confer pathogenesis and ensure bacterial 

growth, survival and dissemination. 

Excitingly, a large family of E3 ubiquitin ligases has been discovered in pathogenic strains of 

E.coli (182). The NleG family is found widespread among A/E pathogens however their specific 

function remains elusive. Their high prevalence in pathogenic strains is a promising indicator 

that they have a role in disease. Family members may use their putative ubiquitin ligase 

activity to manipulate the host cell during infection.  
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1.5 NleG 

The T3SS effector protein NleG has been classified as the largest family of non-LEE encoded 

effectors, with over 20 homologues in pathogenic E. coli, Salmonella and C. rodentium (182). 

1.5.1 Discovery of NleG  

NleG was initially described in EPEC E2348/69 as NleI in 2006 but has since been renamed 

(183). The EPEC nleG gene is located on a prophage associated island along with nleBCD. This 

first study demonstrated that EPEC NleG was injected into HeLa cells by the T3SS and 

translocation was dependent on the LEE encoded chaperone CesT. Immunofluorescence 

showed NleG had cytoplasmic and membranous localisation. The authors suggested that 

there were four homologous genes in EHEC.  

A bioinformatics study by Tobe et al, also published in 2006, named the NleG family as the 

largest family of effector proteins in EHEC O157:H7 strain Sakai (182). Fourteen homologues 

were identified, five of which are predicted pseudogenes due to the presence of premature 

stop codons. It is clear that NleG genes underwent many duplication events to expand into a 

divergent family in EHEC. Several of the novel NleG proteins identified were shown to be 

translocated by the T3SS through CyaA or β-lactamase fusion assays and by 

immunofluorescence. The study additionally noted that there are three family members in C. 

rodentium (Figure 7). The homologues to EPEC NleG described by Li et al were its closest 

relatives, EHEC NleG 2.1, NleG 2.2, NleG 2.3 and NleG 2.4, although NleG 2.1 and NleG 2.4 are 

predicted pseudogenes. A phylogenetic tree shown in Figure 7 illustrates that the 

homologues can be grouped into three clusters. The largest group comprises of EPEC NleG, 

EHEC NleG 2.1, NleG 2.2, NleG 2.3, NleG 2.4, NleG 5.1, NleG 5.2  and C. rodentium NleG 1. The 
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next most significant group is made up of EHEC NleG 7, NleG 8.1, NleG 8.2, NleG 9 and C. 

rodentium NleG 7 and NleG 8 while a smaller group of EHEC homologues includes the 

pseudogenes NleG 3 and NleG 6.3 and non-pseudogenes NleG 6.1 and NleG 6.2. 

1.5.2 Structure of NleG  

Family members have significant variation in length (ranging from 111 to 223 amino acids) 

and in sequence. However several residues of the C terminus are strongly conserved, as 

illustrated in Figure 8A. While this sequence has no homology to proteins of known function, 

Wu et al solved the structure of this conserved C terminus in EHEC NleG 2.3 by NMR and 

discovered structural homology to RING (really interesting new gene) E3 ubiquitin ligases 

(184).  
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Figure 7. A phylogenetic tree, created in Clustal Omega, of the NleG family members from 

EHEC strain Sakai (NleG 2.1- NleG 9, in blue), C. rodentium strain ICC168 (CR NleG 1, CR NleG 

7 and CR NleG 8, in red) and EPEC strain E2348/69 (NleG, in green), including pseudogenes 

denoted by (‘). The largest cluster is comprised of EPEC NleG together with EHEC NleG 2.1’, 

NleG 2.2, NleG 2.3 and NleG 2.4’ with a minimum of 56% identity in amino acid sequence. An 

additional cluster of EHEC NleG 8.1, NleG 8.2 together with C.rodentium NleG 8 have a 

minimum of 58% identity.  
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The NleG 2.3 RING domain is comprised of a three stranded β sheet (β2, β3 and β4) and one 

α helix (α3) as illustrated in Figure 8B. RING E3 enzymes are ubiquitin ligases with a zinc 

chelating domain that is important to maintain protein fold. However a subset feature a U-

box motif that can maintain a non-covalently bound structure and does not require metal 

binding (185), Wu et al determined that NleG is a RING/U-box E3 (184). 

1.5.3 NleG is a ubiquitin ligase 

This predicted enzymatic activity was tested and verified by in vitro auto-ubiquitination assays 

using purified, full length EHEC Sakai NleG 2.3, NleG 5.1 and NleG 9 and the C terminal domain 

only of NleG 2.3 and NleG 5.1. The N terminal domain of NleG 5.1 was used as a negative 

control and did not support auto-ubiquitination. The conservation of the C terminal sequence 

among family members, and the auto-ubiquitination activity of all family members tested, 

suggests E3 ubiquitin ligase activity is conserved across the family.  

The authors additionally dissected the interaction between NleG 2.3 and an E2, UBE2D2, 

which was required to supply primed ubiquitin chains to NleG 2.3 in the auto-ubiquitination 

assay. Single point mutations I121K, L152K and P160K in the RING/U-box motif of NleG 2.3 

were found to abolish interaction with UBE2D2 by steric hindrance and thus auto-

ubiquitination activity.  
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Figure 8. A. Shown is an alignment of all NleG family members in EHEC strain Sakai (NleG 2.1- 

NleG 9), C. rodentium (CR) strain ICC168 (NleG 1, NleG 7 and NleG 8) and EPEC strain E2348/69 

(NleG), created using Clustal Omega. Hydrophobic residues are in red, acidic in blue, basic in 

magenta and others in green. NleG homologues share a highly conserved C terminal domain 

while the N terminal varies significantly in length and composition. The RING/U-box motif is 

marked with a black box. The C terminal domain of NleG 2.3 used to determine structure is 

highlighted by a blue box. Conserved residues I121, L152 and P160 determined to be essential 

for interaction with UBE2D2 are denoted by red stars. B. The structure of the conserved C 

terminal domain in NleG 2.3 as determined by NMR. The RING/U-box motif is highlighted in 

cyan and the remainder of the conserved domain in green. C. RING finger 38 (in red) is 

superimposed onto the NleG 2.3 C terminal domain to illustrate the similarities in structure. 

Both images B and C are taken from (184). 
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Chapter 2. Aims 
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The large NleG family shows significant diversity in sequence, and thus, potentially, 

mechanism of action during infection. However, no family member has yet been linked to a 

functional pathway. To explore the NleG family: 

Aim 1. 

Identifying host binding partners would give further insight into the divergent or convergent 

roles of NleG homologues during EPEC, EHEC and C.rodentium infection. The NleG family will 

be screened by yeast-two-hybrid system to identify interacting eukaryotic partners that may 

be targeted for ubiquitination.  

Aim 2. 

Based on the results of yeast-two-hybrid screening, the molecular action of NleG family 

members will be dissected further to elucidate their function during infection 
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Chapter 3. Materials and Methods 
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3.1 Bacterial Stains and Plasmids 

3.1.1 Constructs used in this study 

Plasmids used in this study are detailed in the Appendix; Table 9. pVenus-CDC20 and pVenus-

Lysless CDC20 were kind gifts from Professor Jonathan Pines, Institute of Cancer Research 

London (186). The plasmid pEF-BOS DDX60 was a generous gift from Dr Miyashita, Hokkaido 

University (97) and used as a substrate to create DDX60 constructs. The construct 

pYES2:nleG8.1 ΔABBA was kindly created by Dr Cedric Berger, Imperial College London. 

3.1.2 DNA Manipulation 

Genes of interest were amplified from genomic DNA of EPEC O127:H6 strain E2348/69, EHEC 

O157:H7 strain TUV93-0 (a shiga toxin deleted derivative of strain EDL933) and Citrobacter 

rodentium ICC180 by KOD Long PCR using appropriate primers described in Appendix; Table 

8. Restriction digest was carried out on PCR products and vectors using enzymes described in 

Table 8 from New England Biolabs according to the manufacturer’s instructions. Products 

were ligated with T4 DNA Ligase into vectors pRK5-HA and pRK5-myc for transfection of 

eukaryotic cells, pSA10 for expression in EPEC O127:H6 E2348/E69 (E69), pGBKT7, pGADT7 or 

pYES2 for expression in yeast. Constructs were transformed into E. coli Top10 and DNA was 

harvested from overnight cultures using a Plasmid Miniprep Kit (Peqlab) with the 

manufacturer’s instructions and sent for sequencing (GATC). For site directed 

mutagenesis(NleG P161K, NleG 8-1 P178K and CDC20 ΔABBA) pGBKT7:nleG, pGBKT7:nleG8-

1, pYES2:nleG8-1, pGADT7:cdc20 underwent inverse PCR using KOD polymerase with the 

primers described in S1. After T4 ligation followed by overnight treatment with DpnI at 16˚C, 
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E. coli Top10 cells were transformed and either PCR fragments or plasmid was purified for 

sequencing (GATC) using a QIAQuick Gel Extraction Kit or Plasmid Miniprep Kit (Qiagen). 

3.1.3 Transformation of bacteria for DNA and protein production 

100ml E. coli Top10 and BL21* cultures of an OD600 of 0.5 were made chemically competent 

by first chilling on ice for 15min. The pellet was isolated by centrifugation at 4°C and 

resuspended in 20ml ice cold Buffer 1 (100mM Rubidium Chloride, 50mM Manganese 

Chloride, 30mM Potassium Acetate, 10mM Calcium Chloride, 15% w/v Glycerol, pH 5.8) and 

incubated on ice for 10min. The pellet was, again, isolated by centrifugation and decanting of 

the supernatant and resuspended in 2ml Buffer 2 (10mM MOPS (3-Morpholinopropane-1-

sulfonic acid), 10mM Rubidium Chloride, 75mM Calcium Chloride, 15% w/v Glycerol, pH 6.5). 

Samples were aliquoted into pre-chilled Eppdendorfs, frozen in dry ice and stored at -80˚C 

until required. 

In order to transform competent Top10 and BL21*, 50µl competent cells and 150µg of DNA 

were incubated together on ice for 30min. The samples then underwent heat shock for 45sec 

in a 42˚C water bath, followed by 2min on ice. The cells recovered in 250µl S.O.C. media 

(ThermoFisher) at 37˚C, with shaking, before being plated on agar plates with the appropriate 

selective antibiotic. The following morning, colonies were isolated and subjected to PCR with 

OneTaq Polymerase (NEB) as per the manufacturer’s instructions. The amplified fragments 

were isolated by running on 1.5% agarose gel containing a 1:10,000 dilution of the DNA stain, 

SYBR Safe (ThermoFisher) in TAE (40mM Tris-acetate, 1mM EDTA) buffer and excising with a 

QIAQuick Gel Extraction Kit (Qiagen)and sent for sequencing (GATC) to check for successful 

insertion. Alternatively, a 5ml culture of LB with the appropriate antibiotic was inoculated 
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with a single colony and the plasmid isolated the following morning using a Plasmid Miniprep 

Kit (Qiagen) and sent for sequencing. 

3.1.4 Transformation of EPEC 

A list of strains used in this study can be found in the Appendix; Table 10. EPEC E2348/69 

strains were made electro-competent by inoculating 100 mL of LB with 1 mL of overnight 

culture and incubating at 37˚C until the culture reached an OD600 of 0.6. Cultures were 

incubated on ice for 30 mins before bacterial pellets were isolated by centrifugation at 

4000rpm for 10mins. Bacterial pellets were washed twice in 25ml of cold, sterile 15% Glycerol 

and for a third wash, with 2.5ml 15% glycerol. The bacterial pellet was again isolated by 

centrifugation and resuspended in glycerol, frozen in liquid nitrogen and stored at -80˚C. 

In order to transform EPEC strains with pSA10 constructs, 100µg of plasmid and 50 µL of 

electro-competent host cells were combined in pre-chilled Eppendorf tubes and incubated on 

ice for 30 minutes. Cells were then electroporated in a Bio Rad Gene Pulser at 2.5kV, 200 Ω, 

25 µF and resuspended in 800µl LB to recover for one hour at 37˚C with shaking. The culture 

was then spread on Kan LB agar plates and incubated overnight. Successful transformants 

were screened for insertion by PCR. 
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3.2 Yeast protocols 

3.2.1 Transformation of yeast 

Saccharomyces cerevisiae strains AH109 and BY471 were transformed with pGBKT7 and 

pGADT7 constructs for use in yeast-two-hybrid, or pYES2 for growth assay, by lithium acetate 

method. A 10 ml overnight culture of yeast in YPD media (20g/L peptone, 10 g/L yeast extract 

(Bacto)) was diluted into 50ml YPD and incubated at 30°C, shaking for 4 hours. Cells were 

harvested by centrifugation, washed once with sterile water and the pellet resuspended in 

100mM LiAc. 50μl competent AH109 was incubated with a transformation mix of 5μg plasmid 

DNA, 50% w/v PEG, 100mM LiAc and 50μg herring sperm DNA at 30°C for 30 min followed by 

42°C for 20min. Samples were centrifuged and the pellet resuspended in 200μl sterile water 

for plating on appropriate media. 

3.2.2 Yeast-two-hybrid screen 

S.cerevisiae AH109 was transformed with pGBKT7 expressing full length NleG or NleGNT by 

lithium acetate method. A 50ml overnight culture in –Trp SD was incubated shaking at 220rpm 

at 30°C until OD600 reached 0.8. Cells were pelleted and resuspended to a density of 1 x 108 

cells pre ml before being combined with a normalised Hela S3 Mate & Plate library (Clontech). 

45ml of 2 x YPDA was added and the culture slowly shaken at 30rpm for 24h. The culture was 

pelleted and resuspended in 10ml 0.5 x YPDA for plating in 200μl aliquots on 150mm QDO SD 

plates. Clones were picked and restreaked for 3 weeks after plating. PCR products using 

pGADT7 primers were sent for sequencing by GATC 
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3.2.3 Direct-two-hybrid 

For direct-two-hybrid assays, 2.5μg each of pGBKT7 and pGADT7 constructs were 

cotransformed into S. cerevisiae AH109 by LiAc method described above and plated on double 

drop out (DDO) media (6.7g/l yeast nitrogen base (BD Biosciences), 20g/L agar, 2% glucose) 

which contained all necessary components with the exception of leucine and tryptophan. 

After three days of incubation at 30°C, colonies were picked, resuspended in sterile water and 

dropped onto DDO and quadruple drop out media (QDO) lacking leucine, tryptophan, adenine 

and histidine. 

3.2.4 Growth Assays 

Saccharomyces cerevisiae BY4741 expressing pYES2 constructs were grown for 24h in SD 

minimal media without Uracil (SD -Ura) for 24h at 30˚C with shaking. 100µl was spun in a 

micro-centrifuge at 14000rpm for 10min. The supernatant was discarded. The pellet was 

washed twice with 1ml sterile water and the supernatant discarded. Serial dilutions in sterile 

water were performed before 10µl was dropped on SD -Ura agar dishes containing 2% glucose 

or galactose and incubated at 30˚C for 3 days. 

For growth curve analysis, the overnight culture was similarly washed and diluted to an OD600 

of 0.1 in triplicate. 200µl samples were loaded into a Corning clear 96 well microplate in a 

FLUOStar Omega Multi-Mode Microplate Reader (BMG LABTECH) and incubated at 30˚C. 

OD600 measurements were taken after 5min of shaking at 200rpm at 30min intervals for 48h.  
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3.3 Mammalian Cell Culture 

3.3.1 Mammalian cell Culture 

HeLa ATCC (human cervical epithelial) and HEK293T (human embryonic kidney) cells were 

cultured in 0.1% glucose DMEM (Sigma), 10% Fetal Calf Serum (Gibco), 1mM L-glutamine 

(Gibco) in a humidified atmosphere of 5% CO2 at 37°C. GeneJuice Transfection Reagent 

(Novagen) was used for transient transfection with pRK5 vectors as per the manufacturer’s 

instructions. 24 well plates with coverslips were seeded 24h prior and transfected when 40% 

confluent with 0.5μg DNA per well. 6 well dishes dishes were also transfected when 40% 

confluent with 5μg DNA per dish. Where proteasomal inhibition was required, MG132 (Sigma) 

was added to a final concentration of 20µM for the last 6 hours of incubation. Lactate 

Dehydrogenase Assays were carried out in triplicate according to the manufacturer’s 

instructions (Promega). Protein quantification was determined by BCA assay (Thermo 

Scientific). 

3.3.2 Nuclear Fractionation 

For the separation of HeLa ATTC cells into cytoplasmic and nuclear fractions, one 6 well dish 

per condition was transfected as described above and incubated in a humidified atmosphere 

of 5% CO2 at 37°C for 24 hours. 300µl Buffer A (10mM HEPES pH7.9, 5mM MgCl2, 0.25M 

Sucrose, 0.1% NP40, 1 cOmplete™ EDTA-free Protease Inhibitor Cocktail tablet (Sigma-

Aldrich) filter sterilised) was added to each dish and incubated on ice for 10min, before 

harvesting by scraping. A whole cell lysate sample was taken at this point. The sample was 

spun in a micro-centrifuge at 4˚C for 10min at 8,000rpm and the supernatant harvested as 

the cytoplasmic fraction. The pellet was washed three times in 500µl Buffer A with 2min 
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centrifugation at 13,000rpm. 100µl Buffer B (25mM HEPES pH7.9, 0.1mM EDTA, 1.5mM 

MgCl2, 700mM NaCl, 20% Glycerol) was added and incubated for 5mins with vortexing to lyse 

the nuclear fraction. 5x Laemmli Buffer was added to the samples, followed by boiling. 

Fractions were analysed by Western Blotting. 

3.3.3 Infection 

For infection of HeLa and HEK293T cells, overnight cultures EPEC E2348/69 expressing HA 

tagged NleG or empty pSA10 plasmid were diluted 1:500 in Ampicillin (100ng/μl) DMEM for 

3 hours prior to infection. 30 min before infection 1mM IPTG was added to induce 

recombinant protein expression. 0.5ml per well of this culture was applied to 24 well plates 

with coverslips which had been seeded 24 hours previous and washed with three PBS washes 

before infection. Plates were then centrifuged for 3 minutes at 3655 x g in a Thermo Scientific 

Heraeus Megafuge and incubated in a humidified atmosphere of 5% CO2 at 37°C. 1 h post 

infection cells were washed and fresh media containing 100μg/ml gentamicin was applied 

followed by incubation overnight at 37°C for qRT-PCR.  

3.3.4 Quantitative Real Time PCR 

RNA extracted using the Qiagen RNeasy mini kit were treated with DNase at 37°C for 10min 

followed by 15min at 72°C to inactivate the DNase. Reverse transcription was carried out 

using Moloney Murine Leukemia Virus Reverse Transcriptase, as per the manufacturers 

instructions (M1705, Promega) with the addition of RNasin Plus Ribonuclease Inhibitor 

(N2611, Promega) at 2U/μl. GAPDH and ifnβ were amplified by qRT-PCR using the 7300 Real 

Time PCR System (Applied Biosystems) with 50 cycles of : 50°C for 2 min, 95°C for 15 s, 60°C 

for 30 s, 72°C for 30 s followed by a final 10min step at 72°C. Changes in gene expression were 
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measured relative to uninfected controls, using GAPDH normalisation and using the ΔΔCT 

method where the difference between expression of the gene of interest and GAPDH is 

compared as a fold difference from the control. The ΔΔCT values were log transformed and 

analysed using GraphPad Prism software, using one-way ANOVA and Bonferroni’s multiple 

comparison tests. A P value of less than 0.05 was considered statistically significant.  

3.3.5 Immunofluorescent staining 

After transfection or infection coverslips were washed with phosphate-buffered saline (PBS) 

three times, fixed in 4% paraformaldehyde (PFA) for 20 min and then washed a further three 

times with PBS before staining. Coverslips were blocked for 20 min with PBS containing 0.5% 

BSA, 50mM NH4Cl at pH7.4. 0.05% Saponin was used as a permeabilising agent in the blocking 

buffer. Primary antibody was diluted appropriately in blocking solution and applied for 1 h. 

This was followed by three PBS washes before incubation with secondary antibody for 1 h. 

Coverslips were washed a further three times in PBS and mounted on slides using ProLong 

Gold anti-fade reagent (Invitrogen). Primary antibodies used included Mouse anti-HA TRITC 

(1:100, Sigma) and anti-Myc FITC (1:100, Sigma); mouse monoclonal anti-polyubiquitinated 

conjugates FK2 (1:100, Enzo Life Sciences), rabbit polyclonal anti-O127 (1:500), mouse 

monoclonal anti-HA (1:1000, clone HA.11, Covance). Secondary antibodies were diluted 1:200 

and included anti-rabbit IgG conjugated to fluorophores Cy3 or Cy2 (Invitrogen), anti-mouse 

IgG conjugated to fluorophores Cy3 or Cy2 (Invitrogen). Actin was stained using Alexa Fluor 

647 phalloidin (1:100, Invitrogen) DNA stain DAPI (1:200, Invitrogen). 
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3.3.6 Western Blot 

Samples were run on 8, 10 and 12% SDS PAGE gels and standard wet western blotting 

procedure applied. Protein was transferred to a PVDF membrane at 100 volts for 90 min. The 

membrane was then incubated in appropriate blocking solution for 1h at room temperature 

(3% BSA or 5% milk in TBST). Primary antibodies were used at a dilution of 1:1000 in 3% BSA 

Tris Buffered Saline (20mM Tris, 150mM NaCl, pH7.6, Sigma) 0.1% Tween20 unless otherwise 

stated and included rabbit anti-IRF3-P (Cell Signalling), mouse monoclonal anti α-tubulin 

(Sigma, 1:1000 in 3% BSA-TBST), mouse anti-GST (Abcam), mouse monoclonal anti-

polyubiquitinated conjugates FK2 (Enzo Life Sciences), rabbit polyclonal anti-O127 (VLA), 

rabbit polyclonal anti-c-Myc (Abcam), mouse monoclonal anti-HA (clone HA.11, Covance), 

rabbit polyclonal anti-Histone H3 (Cell Signalling Technologies). Blots were incubated with 

anti-mouse and anti-rabbit secondary antibodies conjugated to horse radish peroxidase (HRP) 

for 1h (1:10000, Jackson), or conjugate antibody Anti-6xHis Tag HRP (Sigma), followed by ECL 

detection for 2m (RPN2108, Amersham). Blots were imaged using a Fuji LAS-3000 Imager. 
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3.4 Biochemical Assays 

3.4.1 Protein Purification – Histidine tagged 

To induce protein expression by E.coli BL21* pET28a NleG, 10ml of overnight culture in LB 

Kan was diluted in 1L of LB Kan and incubated at 37˚C for 2h. The inducer Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to a final concentration of 0.5mM and the culture 

incubated for a further 4h at 37˚C. The bacterial pellet was isolated by centrifugation and 

resuspended in 20ml Binding Buffer (20mM Tris, 500mM NaCl, 10mM Imidazole pH 7.9). The 

sample was incubated at 4˚C on a rotator for 30min and lysed by sonication on ice. 

4ml of Novagen Ni-NTA His Bind Resin in a Qiagen 5ml polypropylene column was equilibrated 

by washing with 6ml of water followed by 10ml Charge Buffer (0.2M Nickel, 20mM Tris, 

500mM NaCl) and 6ml Binding Buffer. The bacterial lysate was then applied to the column, 

followed by 12ml Wash Buffer (20mM Tris, 500mM NaCl, 20mM Imidazole pH 7.9) and eluted 

in 6 x 1ml fractions of Elution Buffer (20mM Tris, 500mM NaCl, 250mM Imidazole pH 7.9). The 

purified protein was dialyzed overnight in a Slide-A-Lyzer (ThermoFischer) in a 1000 fold 

volume of 20mM Tris, 500mM NaCl, pH 7.9. 

Protein concentration was determined by running a fraction of each elution sample on a 

12.5% SDS PAGE gel alongside standardised Bovine Serum Albumin dilutions of known 

concentration, and staining with Coomassie Brilliant Blue (Bio-Rad). Purified protein was 

concentrated to the desired concentration using an Amicon Ultra Centrifuge filter.  
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3.4.2 Protein Purification – GST tagged 

To induce protein expression by E.coli BL21* pGEX-GST CDC20, 10ml of overnight culture in 

LB Amp was diluted in 1L of LB Amp and incubated at 37˚C for 2h. The inducer Isopropyl β-D-

1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5mM and the culture 

incubated for a further 4h at 37˚C. The bacterial pellet was isolated by centrifugation and 

resuspended in 20ml Lysis Buffer (50 mM Tris (pH7.5), 50 mM NaCl, 5 mM MgCl2, 1mg/ml Egg 

White Lysozyme (Sigma-Aldrich), 1 cOmplete™, EDTA-free Protease Inhibitor Cocktail 

tablet(Sigma-Aldrich), 2500U Benzonase Nuclease (Sigma-Aldrich)). The sample was 

incubated at 4˚C on a rotator for 30min and lysed by sonication on ice. 

625µl Glutathione Sepharose beads were equilibrated with 2.5ml of Lysis Buffer and the 

supernatant aspirated after 5min. The lysed bacterial sample was added and incubated with 

the beads for 1h, rotating at 4˚C. The supernatant was removed and the beads were washed 

for 5 mins with Lysis Buffer three times. Protein concentration was determined by running a 

fraction of the GST bound beads on a 12.5% SDS PAGE gel alongside standardised Bovine 

Serum Albumin dilutions of known concentration, and staining with Coomassie Brilliant Blue 

(Bio-Rad). The beads were resuspended to the desired concentration in Lysis Buffer. 

3.4.3 Ubiquigent E2 Scan Kit 

To screen for human E2 enzymes that may support NleG auto-ubiquitination activity, a 

Ubiquigent E2 Scan Kit was used (187). The E3 ligase, NleG, was purified as described above 

and a human E3, CHIP, was provided in the kit as a positive control. The kit comprised of a 

microplate preloaded with duplicate samples of 0.05nM per well of each of 34 E2 conjugating 

enzymes. 40µl of a master mix of 1µM E3 ligase, 0.3µM UBE1-His tagged, 0.1 µM E2 UBE2D3-
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untagged, 100µM Ubiquitin, 50mM HEPES (pH7.5), 5mM MgCl2 and 5mM DTT (all reagents 

provided by Ubiquigent) was added per well and the reaction activated by the addition of 5µl 

8mM ATP per well and incubated at 30˚C for 1 hour. The reaction was quenched by the 

addition of 5xLaemmli Buffer and analysed by SDS PAGE and Western Blotting to detect 

conjugated ubiquitin chains. 

3.4.4 In vitro ubiquitination assay 

For in vitro auto-ubiquitination and substrate ubiquitination assays the reaction mix 

comprised of 1µM E3 ligase, 1µM Substrate loaded on GST beads, 0.3µM UBE1-His tagged, 

0.1 µM E2 UBE2D3-untagged, 100µM Ubiquitin, 50mM HEPES (pH7.5), 5mM MgCl2, 5mM DTT 

(all reagents sourced from Ubiquigent). The ubiquitination reaction was activated by the 

addition of ATP to a final concentration of 0.8mM and incubated at 30˚C for 1 hour. The 

reaction was quenched by the addition of 5xLaemmli Buffer and analysed by SDS PAGE and 

Western Blotting. 
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Chapter 4. Results: The NleG Family 
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4.1 Introduction 

Relatively little is understood about the function of NleG during infection. In order to begin 

the investigation of this family’s function, yeast-two-hybrid screening was used to identify 

putative interacting partners, which has previously been successfully used to identify effector 

protein targets in the host cell (188). The subcellular localisation of NleG family members was 

also analysed by immunofluorescent staining and brightfield microscopy. 

As the E3 ubiquitin ligase domain resides in the C terminal half of the protein, it was proposed 

that the highly variable N terminal domain may be responsible for conferring substrate 

specificity. As a result both N terminal and full length NleG constructs were used in the yeast-

two-hybrid system. The percentage amino acid identity of the full length proteins can be 

viewed in Table 2 and the selected N terminal domains in Table 3. 

In yeast-two-hybrid screening, a bait protein (in this case NleG) is expressed fused to a Gal4 

binding domain (189). The yeast expressing this construct are then mated with a separate 

yeast culture expressing a library of prey proteins (human proteins) fused to the Gal4 

activation domain. If a bait and prey interact, the progeny yeast will have a fully formed Gal4 

transcription factor which activates genes for Adenine (ADE2) and Histidine (HIS3) 

biosynthesis. Thus colonies expressing an interacting partner can be selected by growing on 

selective media lacking the essential components Adenine and Histidine. The responsible prey 

is identified by PCR and sequencing. 
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Table 2. Percentage Amino Acid Identity in Full Length NleG. Values were obtained using Clustal Omega (190) and sequences of NleG from EHEC 

O157:H7 strain EDL933, C. rodentium ICC168 (CR) and EPEC E2348/69. 
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Table 3. Percentage Amino Acid Identity in N Terminal NleG. Values were obtained using Clustal Omega (190) and sequences of NleGs selected 

for yeast-two-hybrid screening from EHEC O157:H7 strain EDL933, C. rodentium ICC168 (CR) and EPEC E2348/69. JPred4 was used to predict the 

secondary structure, to identify loop regions and define the N Terminal domain across species (191). An alignment of the N terminal domains 

from Clustal Omega is shown below. Small and hydrophobic residues (AVFPMILW) are denoted in red, acidic residues (DE) in blue, basic residues 

(RK) in magenta, and the remaining residues in green (STYHCNGQ)
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4.2 Results 

4.2.1 Yeast-two-hybrid screening of the NleG family 

To identify putative interacting partners, representative NleG family members were selected 

from EHEC O157:H7 strain EDL933, C. rodentium ICC168 and EPEC E2348/69 for yeast-two-

hybrid screening (Table 1). By this method a wide range of human proteins can be screened 

for strong interactions with a protein of interest in a eukaryotic system.  

Full length or the N terminal domain of NleG family members were cloned into vector 

pGBKT7. Expressed in yeast strain Saccharomyces cerevisiae AH109, this plasmid confers the 

ability to synthesise tryptophan and can be selected for by –Trp SD media. AH109 NleG full 

length or N terminal domain were mated with a commercially available library of human prey 

proteins expressed on plasmid pGADT7 from Clontech. This plasmid encodes LEU2 for leucine 

biosynthesis. Yeast expressing both pGBKT7 NleG and pGADT7 prey grow on double drop out 

media (DDO) that lacks tryptophan and leucine.  

In addition, pGBKT7 expresses NleG fused to a Gal4 binding domain (BD), while pGADT7 

generates prey proteins fused to a Gal4 activation domain (AD). Positive interaction between 

pGBKT7 bait and pGADT7 prey results in formation of the Gal4 transcription activator which 

activates expression of genes for histidine and adenine biosynthesis. This allows positive 

interactions to grow on quadruple drop out media (QDO) lacking tryptophan, leucine, 

histidine and adenine. An additional readout is activation of the MEL1 reporter which causes 

yeast colonies to express α-galactosidase and grow blue on media containing X-α-Gal. 
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pGADT7 prey constructs were extracted from clones growing on QDO X-α-Gal and sent for 

sequencing by GATC for target identification. 

4.2.1.1 Auto-activation Test 

Before mating, AH109 expressing pGBKT7 NleG constructs were tested on triple drop out 

(TDO) SD media lacking tryptophan, histidine and adenine to ensure that they were not auto-

activating histidine or adenine biosynthesis (Figure 9). NleG 5.2 NT (N terminus) and NleG 6.1 

NT constructs grew on TDO indicating that they are auto-activating histidine and adenine 

biosynthesis and not suitable for yeast-two-hybrid screening.  

4.2.1.2 Toxicity 

To ensure that NleG constructs were suitable for yeast-two-hybrid screening and not 

cytotoxic, growth curves in –Trp SD were carried out for each (Figure 10). A slight decrease in 

the growth of AH109 expressing pGBKT7 NleG constructs compared to AH109 expressing the 

empty pGBKT7 plasmid was observed but there was no noticeable attenuation in growth that 

would indicate cytotoxicity of a level detrimental to the yeast-two-hybrid screen for any 

construct. 
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Figure 9. Auto-activation test. S. cerevisiae AH109 expressing empty pGBKT7 vector or 

pGBKT7 containing full length (FL) or N terminal (NT) NleGs were tested for auto-activation of 

reporters by dropping on selective TDO (-Trp, -Ade, -His) and incubating at 30˚ for 3 days. 

Single drop out (-Trp) was used as a control with all strains expressing pGBKT7 expected to 

show positive growth. Growth on TDO indicated that the expressed pGBKT7 construct 

conferred the ability to grow despite the lack of essential factors and is therefore unsuitable 

for yeast-two-hybrid screening. NleG 5.2 NT and NleG 6.1 NT were found to be auto-activating 

by this assay (* indicates growth after 4 days). Shown is a representative of two experiements. 
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Figure 10. Toxicity Test. S. cerevisiae strain AH109 expressing empty pGBKT7 vector or 

pGBKT7 containing full length or N terminal NleG of (A) EPEC, (B) EHEC and (C) Citrobacter 

rodentium were tested for toxicity by growth analysis. The OD600 of stains in SD -Trp was 

measured every 30 mins in a plate reader at 30˚C for 24 hours. The growth curves were 

compared to a strain expressing empty pGBKT7 plasmid as a control. No significant 

attenuation in growth was observed that might indicate toxicity due to NleG expression. 
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4.2.1.4 EPEC NleG yeast-two-hybrid screen 

Two yeast-two-hybrid screens were carried out for the solitary NleG in EPEC E2348/69. The 

first used the full length NleG pGBKT7 construct while the second used the N terminal domain 

only (NleGNT). Neither construct was auto-activating (Figure 9) and growth curves indicated 

no evidence of cytotoxicity (Figure 10) 

The full length NleG yeast-two-hybrid produced just one hit, IMMP2, expressed by four 

colonies which grew on QDO from the mated culture. The NleG NT domain yeast two hybrid 

produced seven colonies, two of which encoded DDX60 (Table 4). The other five hits included 

two non-coding mRNA sequences, SCML2, E2F3 (a common false positive), and an 

uncharacterised protein.  

DDX60 is a DNA helicase from the RIG-I like helicase family. It has not been well characterised 

but one study found it to play a role in innate immune responses to viruses (97). Given 

DDX60’s link to the immune response and the number of copies of IMMP2 in the full length 

yeast-two-hybrid screen, the interaction was retested with DDX60 and IMMP2 by direct-two-

hybrid. 

The hit plasmids were isolated from yeast and transformed into competent E. coli Top10 cells 

to allow plasmid purification in quantities suitable for direct-two-hybrid. Given IMMP2 was 

expressed in a pGADT7 plasmid out of frame and with flanking sequences, the full length 

sequence was subcloned into pGADT7 in frame and expressed in E. coli Top10. The DDX60 hit 

comprised the C terminus of DDX60 (CT), 240 residues of a 1712 amino acid protein, in frame 

in pGADT7 together with a non-coding sequence. The C terminus (CT) was subcloned into 

pGADT7 in addition to a full length DDX60 construct (FL). Given the lack of hits from the full 
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length NleG yeast-two-hybrid, it was hypothesised that the ubiquitin ligase domain may be 

causing degradation of the transcription factor. A point mutation, P161K, that was proposed 

by Wu et al to abolish catalytic activity and is discussed further in Chapter 5, was introduced 

by inverse PCR.  Empty pGADT7 plasmid and with inserts were transformed into yeast 

expressing empty pGBKT7, NleG, NleGNT, NleG P161K, homologue EHEC NleG 2.3 and plated 

on DDO and QDO.  

The direct two hybrid assay confirmed an interaction between DDX60 CT and NleGNT and in 

addition with full length NleG (Figure 11). However, growth with full length NleG was 

attenuated which contrasted with the point mutant, NleG P161K. This indicates that the 

ubiquitin ligase activity of EPEC NleG may inhibit the detection of interactions in the yeast-

two-hybrid system. DDX60 CT did not grow on QDO when co transformed with empty 

pGBKT7, demonstrating that it is not auto-activating of the reporter genes. DDX60 CT does 

not appear to interact with the closest related NleG, EHEC NleG 2.3. Co-transformants with 

full length DDX60 did not grow on QDO. NleG and NleGNT co-transformed with IMMP2 grew 

on DDO but not QDO, indicating that this hit was a false positive. 

Table 4. Results of a yeast-two-hybrid screen with EPEC NleG Full Length and NleGNT. pGADT7-

prey plasmids in positively growing colonies were isolated, amplified by PCR and sequenced 

by GATC. Protein function from Uniprot (192).  

Full Length NleG 

Protein  Hits Function 

IMMP2 4 Mitochondrial protease 

   

N Terminal NleG 

Protein  Hits Function 

DDX60 2 RIG-I signalling 

SCML2 1 Transcriptional repression 

E2F3 1 Transcription factor 

HCG33889 1 Unknown function 
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Figure 11. The results of a direct-two-hybrid screen carried out with EPEC E2348/69 NleG and 

NleGNT. Prey and bait plasmids were co-transformed in a direct-two-hybrid assay and dropped 

on selective media, QDO (-Trp, -Leu, -Ade, -His) and growth control media DDO (-Trp, -Leu). 

The assay confirmed an interaction between DDX60 Y2H (original hit plasmid) or DDX60 CT (C 

Terminus) with NleGNT as indicated by growth on selective media, QDO, after three days. For 

DDX60 CT, growth with full length NleG was attenuated (* indicates growth appears after five 

days) but this was restored by a point mutation P161K. No interaction was detected between 

DDX60 FL (full length) or IMMP2 with NleG. EHEC NleG 2.3NT did not interact with DDX60 or 

IMMP2. 

 

4.2.1.5 NleG 8.1 yeast-two-hybrid screen 

To identify potential interacting partners, a yeast-two-hybrid screen was conducted with 

EHEC TUV93-0 NleG 8.1NT. AH109 pGBKT7 NleG 8.1NT did not grown on TDO indicating that it 

is not auto-activating of the reporters (Figure 9). Growth curves showed that there was a 

slight attenuation in growth compared to AH109 pGBKT7 (Figure 10). 

A total of 13 clones that grew on QDO were sequenced. CDC20, a regulator of the cell cycle, 

was identified as a primary hit of interest as three other hits, APC5, ARGHAP11A and Cullin 

4A are also involved in cell cycle control and interact with CDC20 (Table 5). CDC20 is also 
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targeted by virulence mechanisms in certain viruses and Shigella. Mitochondrial proteins such 

as SDH, MT-ND1 and POG2, are known to appear as false positives in this yeast-two-hybrid 

system as their overexpression in yeast can overcome selective growth. An additional group 

of common false positives are transcription factors as they possess DNA binding domains 

which can act in place of an interaction with the bait-GAL4 BD fusion. 

To confirm the presence of an interaction between bait and prey, a direct-two-hybrid assay 

was used. The hit pGADT7 plasmids for CDC20 and Cullin4A (denoted Y2H), in addition to a 

subcloned pGADT7 CDC20 C terminal construct (CT), were crossed with pGBKT7 constructs 

expressing EHEC NleG 8.1, NleG 8.1NT, NleG 8.2NT and C.rodentium NleG 8 and NleG 8NT, as 

these family members have > 56% identity. This found a positive interaction between both 

CDC20 constructs and all NleG family members tested (Figure 12). However no interaction 

with Cullin 4A was detected. CDC20 constructs did not grow on QDO when combined with 

empty pGBKT7 plasmid, indicating it is unable to activate the promoter and achieve growth 

on selective media without a binding partner. 

Protein Hits Function 

CDC20 1 Cell cycle control 

APC5 1 Cell cycle control. Interacts with CDC20 

Cullin 4A 1 Ubiquitin ligase, cell cycle control, interacts CDC20 

TOX4 1 Cell cycle progression 

MAGEA3 1 Enhances TRIM28 E3 ligase activity on p53 

ARHGAP11A  1 Rho GTPase activating protein 

RAP46 1 Glucocortoid receptor associated protein 

UST6 1 Transmembrane cation transporter 

SVH-D 1 Cell survival and growth, p53 

SDH 2 Succinate dehydrogenase 

MT-ND1 1 NADH ubiquinone reductase, mitochondrial 

POLG2 1 Human Mitochondrial DNA Polymerase haloenzyme 

Table 5. Results of a yeast-two-hybrid screen with EHEC NleG 8.1NT. pGADT7-prey plasmids in 

positively growing colonies were isolated, amplified by PCR and sequenced by GATC. Protein 

function from Uniprot (192). 
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Figure 12. A direct-two-hybrid assay detected interaction between EHEC NleG 8.1, NleG 8.1NT, 

NleG 8.2NT and C. rodentium NleG 8 and NleG 8NT with CDC20 from the original yeast-two-

hybrid hit plasmid (Y2H) and the C terminal domain (CT) by growth on the selective media, 

QDO, containing X-α-Gal. No interaction with the yeast-two-hybrid plasmid containing Cullin 

4A (Y2H) was detected. 

 

4.2.1.6 NleG 7 yeast-two-hybrid screen 

Growth curves show that NleG 7 full length and N terminal domain do not significantly 

attenuate AH109 growth (Figure 10). A yeast-two-hybrid screen with NleG 7NT generated a 

large number of hits (Table 6). HAX1 and an uncharacterised protein, LOC401397, were the 

most prevalent in number and most likely genuine candidates for interacting partners. In 

addition, several immune modulating proteins were identified as hits of interest, such as 

PRKRIR which regulates RIG-I signalling, PRMT5 which regulates NFκB signalling, STAT5B, 

Calpain 1 and ACHYL1. These hits should be tested by direct-two-hybrid with EHEC NleG 7, 

NleG 7NT together with its closest homologue C.rodentium NleG 7.  
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Protein Hits Function 

HAX1 12 Clatherin endocytosis, cell survival, inhibits caspases 

LOC401397 11 Predicted transmembrane protein 

SQR 3 Mitochondrial succinate dehydrogenase 

PRKRIR 2 RIG-I regulation 

PRMT5 1 NFkB regulation by methylation 

Calpain 1 1 Cytoskeleton remodelling 

STAT5 1 JAK-STAT signalling 

CHM 1 Rab escort protein 1 

DNAJB1 1 Interacts with HSP70 

H3 1 Histone 3 

uPAR 1 Urokinase plasminogen receptor 

POP7 1 Cleaves RNA, nuclear/cytoplasmic, RNase complex 

UQCRC1 1 Cytochrome b, mitochondrial 

CKAP5 1 together with LOC401397 

ACHYL1 1 Inositol phospholipid signalling 

GALT 1 Galactose-1-phosphate uridyl transferase 

REC14 1 Functions with RNA Pol II transcription 

MAGOH 1 mRNA transport and splicing 

ZNF195 1 Zinc finger 195, nuclear 

DLD 1 Lipo-amide dehydrogenase, mitochondrial 

NAAA 1 Degrades fatty acids 

HSPE1 1 Mitochondrial heat shock protein 

PGM1 1 Phosphoglcomutase, glucose breakdown 

RMD5 2 Gluconeogenesis 

PLSCR4 1 Transmembrane, calcium transport 

NADK2 1 Mitochondrial 

IGF2 1 Insulin like growth factor 

EIF4A2 1 Eukaryotic initiation factor 

NPC2 1 Cholesterol transporter 

ATIC 1 Purine biosynthesis  

PON2 1 Paraoxonase 2, antioxidant, hydorlyzes lactones 

GFM2 1 Mitochondrial GTPase  

QRICH1 1 Unknown function, contains CARD  

FLJ30596 1 Hypothetical protein  

BRCA2 1 DNA repair 

Table 6. Results of a yeast-two-hybrid screen with EHEC NleG 7NT. pGADT7-prey plasmids in 

positively growing colonies were isolated, amplified by PCR and sequenced by GATC. Protein 

function from Uniprot (192). 
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4.2.1.7 NleG 2.3 yeast-two-hybrid screen 

AH109 NleG 2.3NT showed some reduction in growth in comparison to AH109 expressing 

empty plasmid. To reflect this, the mating step of the yeast-two-hybrid screen was extended 

from 24h to 26h. This yeast-two-hybrid screen generated 45 potential interacting partners 

(Table 7).  

The primary hits of interest were COMMD10, SUGT1 and Ubc13. 11% of colonies expressed 

COMMD10 which is from a family of proteins implicated in regulation of NFκB, a pathway that 

is commonly targeted by pathogens. Of the other hits of interest, Ubc13 is an E2 enzyme that 

supplies K63 ubiquitin chains to the ubiquitination pathway and SUGT1 appears to have a 

variety of roles in the host stress response. Several other hits involved in transcription 

regulation and mitochondrial proteins are likely to be false positives. COMMD10, SUGT1 and 

Ubc13 should be co-transformed with EHEC NleG 2.3 and its closest relatives, EPEC NleG and 

C.rodentium NleG1 for analysis by direct-two-hybrid. 
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Protein Hits Function 

COMMD10 5 NFκB regulation by methylation, IκB regulation 

UBC13 1 E2 enzyme, K63 ubiquitination in immune signalling 

SUGT1 2 Nod1, inflammasome, stress response, HSP90  

AKAP14 1 activation of IKKβ, IL6 production 

RAB33B 1 Protein transport, auto-phagosome formation 

RANBP2 1 E3 SUMO protein ligase, nuclear import/export 

UMP-CMP 1 Pyrimidine nucleotide biosynthesis  

ZDHHC6 1 Palmitoylates calnexin, protein folding 

NEF 8 RNA exonuclase, nucleolus 

HOMEZ 5 Transcription factor 

TRIM13 4 tRNA methylase 

MTOR 3 Serine/Threonine protein kinase, transcription 

GGH 4 Hydrolyze polyglutamate sidechains 

ZBTB33 1 Transcription regulation 

ATP1B3 1 ATPase, potassium ion transport 

MIP18 1 Iron-sulfer protein assembly, mitotic spindle 
associated 

DNAJB1 1 Chaperone HSP40 

Table 7. Results of a yeast-two-hybrid screen with EHEC NleG 2.3NT. pGADT7-prey plasmids in 

positively growing colonies were isolated, amplified by PCR and sequenced by GATC. Protein 

function from Uniprot (192). 
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4.2.2 Localisation of NleG family members  

4.2.2.1 Localisation of NleG family members during transfection 

The subcellular localisation of NleG family members may be indicative of function. To 

determine their localisation, EHEC NleG 2.3, NleG 5.1, NleG 7, NleG 8.1, NleG 8.2 and EPEC 

NleG were cloned with a HA or Myc tag into eukaryotic expression vector pRK5. Constructs 

were transformed into E. coli Top10 to allow high yield plasmid purification. Constructs were 

transfected into HeLa cells on coverslips for 24 h then stained with antibodies to Myc/HA, 

DAPI (DNA) and Phalloidin (Actin). 

EHEC NleG 5.1 and EPEC NleG showed predominantly diffuse staining through-out the cell 

(Figure 13). However NleG 2.3, NleG 8.1 and NleG 8.2 appeared to be retained preferentially 

in the nucleus. NleG 8.1 and NleG 8.2 are 61% identical and both have predominantly nuclear 

localisation. However, while NleG 8.1 had punctate staining, NleG 8.2 had diffuse nuclear 

localisation which may indicate a difference in roles for these two homologues. NleG 7 

demonstrated nucleolar and cytosolic localisation. 

4.2.2.2 Localisation of NleG during infection 

To determine whether localisation seen by transfection reflects what occurs during infection, 

EHEC NleG 8.1 and EPEC NleG were expressed on plasmid pSA10 with a C terminal HA tag. 

pSA10:nleG8.1 and pSA10:nleG were transformed into wildtype EPEC E2348/69. HeLa cells on 

coverslips were infected for 4h then stained with antibodies to the HA tag, DNA (DAPI) and 

actin (Phalloidin). 
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Figure 13. HeLa cells were transfected with pRK5 Myc tagged constructs expressing NleG 

family members and stained with fluorescent antibodies to actin (panel 1), Myc tag (panel 2), 

and DNA (panel 3). Scale bars represent 20μm. Shown is a representative of four experiments. 

 

Immunofluorescent microscopy showed that EHEC NleG 8.1 is translocated into host cells, 

albeit weakly, and has granulated, nuclear localisation during infection, similarly to what is 

seen during transfection (Figure 14). In addition, EPEC NleG has diffuse cytosolic localisation 

similar to transfected NleG, however it is more strikingly excluded from the nucleus. This 

suggests that it would be optimal to study their localisation and function by infection.  
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Figure 14. Wild type EPEC E2348/69 expressing pSA10:nleG 8.1, pSA10:nleG or empty plasmid 

pSA10 (control) were used to infect HeLa cells for 4h and stained for immunofluorescent 

microscopy with antibodies to actin (cyan), EPEC O127 (red), DNA (blue) and HA tag (green). 

NleG 8.1 showed faint nuclear staining while EPEC NleG showed diffuse cytosolic localisation, 

excluded from the nucleus, which is consistent with what was shown by ectopic expression 

by transfection. Shown is a representative of two experiments. 

 

4.2.2.3 NleG 8.1 and CR NleG 8 co-localise with ubiquitin 

To determine whether ubiquitination carried out by NleG family members might be 

detectable by immunofluorescence, HeLa cells on coverslips were transfected with pRK5 

constructs expressing EHEC NleG 8.1 and EPEC NleG. Coverslips were stained with antibodies 

to the HA tag, DNA (DAPI), and conjugated ubiquitin.  

In non-transfected cells, staining for conjugated ubiquitin shows diffuse, cell wide staining 

(Figure 15). It is therefore unsurprising that co-localisation could not be determined for EPEC 

NleG which has diffuse cytosolic staining. However the punctate, nuclear staining of NleG 8.1 

clearly demonstrated colocalisation with conjugated ubiquitin. This data shows that NleG 8.1 
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is significantly affecting ubiquitin conjugation in the cell which supports its proposed function 

as E3 ubiquitin ligases. 

 

Figure 15. HeLa cells were transfected with pRK5 HA tagged constructs expressing EHEC 

NleG8.1 or EPEC NleG and stained with fluorescent antibodies to the HA tag (green), 

conjugated ubiquitin (red) and DNA (DAPI). Scale bars represent 20μm. Shown is 

representative of three experiments.  
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4.3 Discussion 

It was hypothesised that the NleG family might have diversified to fulfil different roles during 

infection. This is supported by initial yeast-two-hybrid screens which have identified potential 

targets in RIG-I, NFκB, stress response, inflammasome and cell cycle control pathways with 

different repertoires of interacting partners for EPEC NleG, EHEC NleG 8.1, NleG 7 and NleG 

2.3. 

A yeast-two-hybrid screen identified an EPEC NleG target, DDX60, a DEAD-box helicase from 

a family of proteins that unwind RNA and DNA. DDX60 has, in addition, been implicated in the 

innate immune response as a RIG-I like helicase (78). The N terminal domain of EPEC NleG 

interacts with the C terminal domain (CT) of DDX60 while there is no interaction with its 

closest relative in EHEC TUV93-0, NleG 2.3, in the yeast-two-hybrid system, suggesting the 

presence of a mechanism of immune modulation unique to EPEC. This is unsurprising given 

the sequence diversity among family members and supports the idea that this family may 

have diverged to play a variety of roles during infection with A/E pathogens. 

A yeast-two-hybrid screen with full length EPEC NleG only yielded one false positive 

interaction, possibly due to the presence of the active ubiquitin ligase domain stimulating 

degradation of the transcription factor. It would appear ideal to carry out the remaining yeast-

two-hybrid screens with NleG N terminal domains, however NleG 5.1 and NleG 6.2 are auto-

activating. They could be expressed instead in an alternative low expressing vector such as 

pGBT9 or have a point mutation introduced to abolish ubiquitination activity of the full length 

protein (168) and have their ability to auto-activate retested. 



90 
 

EHEC NleG 8.1, NleG 8.2 and CR NleG 8 all interact with the host cell cycle modulator CDC20, 

indicating that some roles are conserved within the family and that binding to CDC20 is useful 

during infection. Promisingly, both CDC20 (186) and all three NleGs have nuclear localisation. 

However, NleG 8.1 and NleG 8.2 have different subcellular localisation suggesting that EHEC 

strain TUV93-0 is not encoding two NleGs to fulfil exactly the same role. Some viruses and the 

Shigella effector IpaB target CDC20 to promote cell survival during infection and several A/E 

bacterial effector proteins are known to act to inhibit apoptosis (177, 178). Cif causes cell 

cycle arrest through interaction with the ubiquitin like protein NEDD8 to inhibit Cullin-Ring 

ubiquitin ligases (95) and NleH homologues interact with BAX inhibitor 1 to block intrinsic 

caspase 9 mediated apoptotic pathways (96). This group of NleG 8.1, NleG 8.2 and CR NleG 8 

may have developed to protect the host cell from death by a novel mechanism.  

In the NleG 7NT yeast-two-hybrid screen, several immune modulating proteins were identified 

as hits of interest, such as PRKRIR which regulates RIG-I signalling (179), PRMT5 which 

regulates NFκB signalling (180), STAT5B, Calpain 1 and ACHYL1. As EHEC NleG 7 and C. 

rodentium NleG 7 are 72% identical, and overlap in binding partners has been shown for the 

NleG 8 group, both should be tested for interaction with these hits of interest by direct-two-

hybrid to characterise their role further. 

The primary hits of interest from a yeast-two-hybrid screen of NleG 2.3NT are COMMD10 and 

Ubc13. COMMD10 has been shown to co-immunoprecipitate with sub units of NFκB and to 

reduce TNFα induced activation of NFκB (181). NFκB activation leads to induction of 

proinflammatory cytokines and is thus a major target of effectors proteins in A/E pathogens. 

COMMD10 may also affect NFκB’s interaction with promoters in the nucleus which, should it 

be targeted by NleG 2.3, would be consistent with the nuclear retention of NleG 2.3 seen by 
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immunofluorescence. Ubc13 (Ube2N) is an E2 enzyme and the only component of the 

ubiquitin conjugation pathway to appear in the yeast two hybrid screens. It supplies K63 

linked ubiquitin chains to E3 ubiquitin ligases for covalent attachment to target proteins. 

Ubc13 is a significant contributor to activating ubiquitination steps in immune signalling, with 

roles in NFκB and MAP kinase regulation (182, 183). It is an interesting interaction as Ubc13 

may either support immune activating, K63 ubiquitination carried out by NleG 2.3 or 

alternatively could be targeted for degradation due to its major role in immune signalling. 

Evidence in support of the latter model is that Ubc13 has been shown to be inhibited by the 

Shigella flexneri effector OspI for this reason (184). In addition, E2 enzymes were expected to 

bind the C terminal ligase domain that was absent from this screen based on what has been 

shown previously for NleG2.3 by Wu et al by NMR chemical shift perturbation experiments 

with the C terminal of NleG 2.3 and the E2 Ube2D2 (also known as UbcH5)(168). 

The yeast-two-hybrid screens and localisation experiments described here support the 

hypothesis that the NleG family have diverse roles during infection, with some functions 

putatively conserved between closely related family members. The interaction partners 

identified must be analysed further to determine whether they are bound to and 

ubiquitinated by NleG family members, and to elucidate the function of this interaction in 

pathogenesis. In the following two chapters the interactions between DDX60 and EPEC NleG 

and CDC20 and EHEC NleG 8.1 are studied in further detail. 

. 
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Chapter 5. Results: EPEC NleG 
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5.1 Introduction 

This Chapter sets out to interrogate the function of the interaction between EPEC NleG and 

human DDX60 identified by yeast-two-hybrid screening. This interaction was shown to be 

specific to EPEC NleG as no interaction was detected with its closest relative, EHEC NleG 2.3.  

EPEC NleG has diffuse cytoplasmic staining and has been demonstrated to be secreted by the 

EPEC T3SS and chaperoned by CesT (183). Its translocation into host cells during infection was 

illustrated by expressing a TEM-1 β lactamase-NleG fusion in EPEC and infecting HeLa cells 

containing a fluorescent β-lactamase substrate. The translocated TEM1-NleG triggered a blue 

fluorescent reaction in the cytosol (183, 193).  

DDX60 is a recently identified RIG-I like helicase (RLH) that activates type I interferon in 

response to intracellular ssRNA, dsRNA and dsDNA (97). In this primary study overexpression 

of DDX60 reduced replication of VSV and PV. This is consistent with a study by Schoggins et al 

which found transient transfection of DDX60 significantly attenuated HCV replication (194). 

Miyahshita et al went on to show that DDX60 overexpression enhanced production of the 

type I interferon, interferon β, in response to the synthetic dsRNA poly I:C, a ligand commonly 

transfected to activate RIG-I like helicases.  

On binding viral RNA or DNA, DDX60 interacts with and activates RIG-I or MDA5 to trigger a 

signalling cascade (Figure 16). The CARD domains of RIG-I or MDA5 can interact with the 

mitochondrial adaptor MAVS (also known as IPS-1 or Cardiff) and stimulate scaffold formation 

(195). The primary output of the pathway is IRF7 and IRF3 activation and nuclear translocation 

to upregulate transcription of IFNα and IFNβ respectively (196). These interferons are 

secreted and signal through a cell surface receptor to stimulate expression of a plethora of  
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Figure 16. A. DDX60 has been shown to bind ssRNA, dsRNA and DNA. It binds to RIG-I and 

MDA-5 to activate a Type I Interferon response, apoptosis and inflammasome activation. B. 

DDX60 is a DEAD box helicase with a functional helicase domain. This places it in the RIG-I like 

helicases (RLH) of the Superfamily II RNA Helicase family. The C terminal binding site 

determined by yeast-two-hybrid consists of residues 1508 to 1712, indicated by a red arrow. 

This domain will be used to further characterise the NleG DDX60 interaction. C. From 

Yoneyama 2008(197). The DDX60 relative RIG-I is maintained in a closed confirmation until 

dsRNA or 5’ tri-phosphorylated RNA interacts with the C terminal domain. This triggers a 

series of ubiquitin dependent conformational changes that result in the liberation of N 

terminal CARD domains. The CARD domains tetramerise and bind mitochondrial protein 

MAVS to trigger the type I interferon response. 
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interferon stimulated genes (ISGs)(194, 198). DDX60 is, itself, an ISG so its activation leads to 

its upregulation and an amplification of the response. 

Currently relatively little is known about the specific structure and activation of DDX60, 

however its close relative, RIG-I (DDX58), is comparatively well understood. dsRNA, and very 

specifically 5’ tri-phosphorylated dsRNA, binds to the C terminal domain (CTD) of RIG-I to 

trigger conformational change (199). This allows RIPLET mediated K63 ubiquitination of the 

CTD. RNA is then fed through and unwound by the helicase domain, which has an essential 

ATP binding site to drive activity. This causes further conformational change that liberates the 

N terminal CARD domains (Figure 16.C) (200). They are K63 ubiquitinated by TRIM25 which 

facilitates tetramerisation of RIG-I and scaffold formation with MAVS (197, 201). RIG-I can be 

additionally be regulated by degradative, K48 ubiquitination carried out by the E3 ligase, 

RNF125 (202). It is suggested that DDX60 has a similar modus operando, however, as it lacks 

the N terminal CARD domains, it is believed to bind the helicase or CTD of RIG-I or MDA5 to 

transduce a signal. Thus there are several ubiquitination steps that regulate RIG-I and 

potentially DDX60 which NleG may manipulate during infection.  

While the activation of the Type I Interferon pathway by intracellular RNA and DNA has been 

traditionally considered a viral immune response, increasing evidence points to the presence 

of bacterial RNA and DNA species in the host cell cytosol during infection. L.pneumophila DNA 

has been shown to activate the RIG-I pathway and induce a Type I Interferon response upon 

its detection by RNA polymerase III  (103, 203). RIG-I is also activated in response to mRNA of 

intracellular S.enterica  Serovar Typhimurium (204), and nucleic acids of L.monocytogenes  

during bacterial infection (98, 102). Recently EHEC DNA:RNA hybrids were discovered in the 

cytosol of infected cells and shown to activate the NLRP3 inflammasome (101). 
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It is suggested that these ligands are present as the result of intracellular bacterial cell death 

and/or due to translocation by bacterial secretion systems. Considering the similarities 

between certain bacterial secretion systems and bacteriophages, and known active DNA 

secretion by the T4SS, it is possible that EPEC secretion systems leak DNA or RNA into the host 

cell. The Type I Interferon response to infection with M.tuberculosis is dependent on ESX-1-

mediated secretion and contributes to pathogenesis (105), and B.abortis activation of the 

innate immune response in mice also requires a T4SS. 

In the following experiments, activation of RLHs in the presence and absence of NleG was 

tested. 
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5.2 Results 

5.2.1 NleG inhibits poly I:C induced cell death 

The EPEC NleG interacting partner, DDX60, activates the RIG-I pathway in response to dsRNA, 

ssRNA and dsDNA (97). The RIG-I pathway induces cell death, the NLRP3 inflammasome, NFκB 

activation and the Type I Interferon response. To test whether NleG could activate or inhibit 

this pathway, HeLa cells were transfected with NleG or GFP with or without cotransfection of 

the synthetic dsRNA, poly I:C. 24 hours post transfection, lactate dehydrogenase (LDH) 

release into the supernatant was measured as an indicator of cell death (Figure 17). 

Transfection of NleG or GFP alone induced minimal LDH release, however GFP:poly I:C 

cotransfection induced a high level of cell death in comparison to NleG:poly I:C 

cotransfection.  

 

Figure 17. HeLa cells were transfected with pRK5 constructs expressing NleG or GFP, with or 

without poly I:C (dsRNA) for 24h to induce apoptosis. Supernatant was analysed by LDH assay 

as a measure of cell death, and demonstrated that poly I:C induced cell death was inhibited 

in the presence of NleG. Shown is a representative of three experiments. (* = p value <0.05) 
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5.2.2 NleG inhibits poly I:C induced NFκB activation 

Induction of the DDX60/RIG-I pathway by dsRNA activates NFκB. During activation, kinase 

IκBα is degraded, releasing NFκB to migrate to the nucleus and activate pro-inflammatory 

cytokines. To determine whether NleG could inhibit NFκB activation in response to poly I:C, 

HeLa cells were transfected with NleG or GFP alone or in combination with poly I:C. In an 

additional condition, poly I:C was transfected alone (Mock). 8 hours post transfection, cells 

were harvested in 2x laemmli buffer for analysis. Western blotting with an antibody to IκBα 

showed degradation of IκBα in mock transfected cells and GFP:poly I:C cotransfected cells, 

however degradation was inhibited in NleG:poly I:C cotransfected cells. Tubulin was used as 

a loading control (Figure 18). 

 

Figure 18. HeLa cells were transfected with pRK5 constructs expressing NleG or GFP, with or 

without poly I:C for 8h. Western blot analysis shows degradation of IκBα in response to poly 

I:C in Mock (transfection reagent added) and GFP transfected cells but not in NleG transfected 

cells. UT indicates untreated where no transfection reagent was added. Shown is a 

representative of two experiments.  
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5.2.3 NleG inhibits the type I interferon response during infection 

The primary output of the DDX60/RIG-I pathway is the activation of transcription of type I 

interferons, IFNα and IFNβ. In order to test the effect of NleG on type I interferon activation, 

qRT-PCR of ifnβ was first optimised in HeLa, HEK293T and Swiss cells, with EPEC infection at 

a variety of time points (6h, 8h, 18h and 24h) (data not shown). 

Following this optimisation step, HEK293T cells were infected for 18 hours with wild type (WT) 

EPEC E2348/69, wild type overexpressing NleG through plasmid pSA10:nleG, the deletion 

mutant, ΔnleG, the complemented mutant ΔnleG pSA10:nleG and the T3SS mutant ΔescN. 

Cell samples were harvested in duplicate and analysed by qRT-PCR for ifnβ, using GAPDH to 

normalise. 

There was a statistically significant increase in ifnβ mRNA during infection with ΔnleG in 

comparison to ΔnleG pSA10:nleG, WT pSA10:nleG and ΔescN (Figure 19). The difference 

between WT and ΔnleG was not statistically significant, possibly due to the high level of 

deviance between samples. This data shows that NleG could inhibit ifnβ induction during 

infection. Infection with ΔescN did not induce ifnβ activation, possibly due to a lack of 

translocation of activating ligands, such as nucleic acids, through the T3SS. 
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Figure 19. HEK293T cells were infected overnight with EPEC E2348/69 strains, wild type (WT), 

WT pSA10:nleG, ΔnleG, ΔnleG pSA10:nleG and ΔescN and analysed by dRT-PCR for ifnβ. 

Shown is the composite of three experiments. One way ANOVA analysis of the 2-ΔΔCT values 

found statistical significance between ΔnleG and WT pSA10:nleG, ΔnleG pSA10:nleG and 

ΔescN (* = p < 0.05). 

 

5.2.4 NleG is a ubiquitin ligase 

Wu et al showed that NleG 2.3 was an E3 ubiquitin ligase by demonstrating a key 

characteristic of this enzyme. As part of the canonical ubiquitin cascade, E3 ubiquitin ligases 

auto-ubiquitinate. This often leads to self-degradation which keeps the E3 ubiquitin ligases at 

a low level in the cell and prevents excessive ubiquitination and degradation of proteins. In 

order to both ubiquitinate a substrate and to auto-ubiquitinate, the E3 ubiquitin ligase 

interacts with an E2 enzyme and transfers the active ubiquitin moiety to itself. There are 35 

known E2 enzymes in humans, and E3’s normally interact with a subset of them. Wu et al 
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showed that NleG 2.3 could auto-ubiquitinate by an in vitro assay in the presence of Ube2D1, 

Ube2D2, Ube2D3, Ube2D4, Ube2E2 and Ube2E3. A positive result is evidenced by a ‘smear’ 

of high molecular weight ubiquitin chains through SDS PAGE and western blotting. The 

ubiquitin chains may be free in solution or conjugated to NleG as shown in Figure 20. 

 

Figure 20. Auto-Ubiquitination Assay Description. A. A schematic of the ubiquitination 

pathway. In an in vitro auto-ubiquitination assay all components shown are provided, with 

the exception of a target protein and proteasome. An active E3 ubiquitin ligase will generate 

ubiquitin chains free in solution and conjugated to itself. Some E2 conjugating enzymes can 

also generate ubiquitin chains without interacting with an E3 ligase. These chains vary in 

length and are evident as a smear by western blotting with antibodies to ubiquitin. In B 

samples from an auto ubiquitination assay using the established E3 Ligase, CHIP, were 

subjected to western blot analysis with an antibody to conjugated ubiquitin. In Lane 2 ATP 

was omitted as a negative control. The presence of ubiquitin chains of various lengths (Ubn), 

and thus molecular weights, are indicated by the smear of ubiquitin positive staining, 

demonstrating the E3 ubiquitin ligase activity of CHIP. 

In order to verify whether the ubiquitin ligase activity was conserved in EPEC NleG and 

whether it this activity could be supported by human E2 enzymes, it was tested by in vitro 
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auto-ubiquitination assay against a panel of 34 E2 enzymes. Purified ubiquitin, human E1 

enzyme and ATP are provided in excess. This assay showed that not only can EPEC NleG 

ubiquitinates in the presence of the same E2s as for NleG 2.3, but additionally with Ube2E1, 

Ube2K, Ube2W, Ube2N, Ube2R1, Ube2R2. This provides evidence that upon translocation 

into the host cell during infection, NleG can function as an E3 ubiquitin ligase by using the 

host E2 enzymes.  

The combination of interacting E2s mean that NleG can source all seven lysine ubiquitin chain 

types. While specificity in target and chain type are often dictated by the E3 enzyme, the E2 

enzyme has also been known to contribute. Fascinatingly, in the presence of Ube2W, NleG 

also generates high molecular weight chains. Ube2W has so far only been demonstrated to 

be involved in mono-ubiquitination, so it is possible that NleG interacts with Ube2W 

differently than human E3 ligases. Ube2W is uniquely involved in the ubiquitination of N 

terminal -NH2 groups, as opposed to reactive Lysines (205). 

A duplicate of this assay was also used to demonstrate that the analogous EPEC NleG point 

mutation, P161K, abolished ubiquitin ligase activity. Wu et al proposed that a similar mutation 

in NleG 2.3 sterically hindered the interaction of NleG 2.3 with the E2 Ube2D2. This result 

suggests that this point mutation can, in fact, interfere with a whole range of NleG – E2 

interactions.  

The kit manufacturers assay with no E3 ligase was used as a reference to pinpoint ubiquitin 

blots that could be attributed to the action of an E2 in the absence of an E3. An example of 

this is seen in the Figure 21 for Ube2E1, which can independently generate small ubiquitin 

chains. 
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Figure 21. A Ubiquigent E2 Scan Kit was used to identify E2 enzymes that support ubiquitination by NleG. Purified components were incubated 

together for 60 mins at 30˚C in an in vitro auto ubiquitination assay. The samples analysed for the presence of high molecular weight ubiquitin 

chains (Ubn) by SDS PAGE and Western blotting with FK2 antibody, which recognizes conjugated ubiquitin.  The presence of Ubn smears indicated 

that several human E2 enzymes could support auto-ubiquitination by NleG. The point mutation abolished this activity, with some Ubn species 

observed for those E2s with additional independent ligase activity (see No E3 control).
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5.2.5 NleG P161K yeast-two-hybrid 

In Chapter 4 it was shown that yeast-two-hybrid screening using a full length version of NleG 

was sub-optimal, producing a very low number of putative interacting partners. It was 

hypothesised that this may be due to the presence of an active ubiquitin ligase domain, 

triggering auto-ubiquitination and degradation of the bait. Having identified the point 

mutation P161K as inactivating the ubiquitin ligase domain of EPEC NleG, yeast-two-hybrid 

screening was repeated with a full length NleG P161K construct. The resulting hits are shown 

in Table 8.  

This proved to be a more productive approach to yeast-two-hybrid screening, yielding 48 hits 

and 22 candidate interacting partners. The screen did not identify DDX60 as an interacting 

partner, despite interaction between NleG P161K and DDX60 being demonstrated in Chapter 

4, illustrating a limitation of this technique. New candidates worth exploring include the NFκB 

regulator COMMD10, which also appeared in the NleG 2.3NT yeast-two-hybrid screen. This 

could indicates that a conserved function exists between these two homologues, which share 

58% identity. CRIPT is a PDZ binding protein involved in microtubule reorganisation and 

scaffold formation (206). Interestingly, another EPEC effector, EspG1, has been shown to 

target microtubules during infection to disrupt tight junctions (207). Another protein involved 

in the Type I Interferon response, SEC16A, may be worthy of further investigation, particularly 

considering the previous experiments demonstrating the influence of NleG on innate immune 

signalling pathways. It has additional roles in ER export. For some hits, non-coding sequences 

were identified, including for the deubiquitinating USP53 and the methyltransferase 

component RioK1. 
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Protein  Hits Function 

CRIPT 9 Binds and controls PSD-95 and microtubules 

FAM49B 5 Unknown function 

ABCC4 4 Transmembrane transport and cilium assembly 

R3HDM1 2 Unknown function, poly(A) RNA binding 

COMMD10 1 Regulates NFκB transport to nucleus 

TSPAN13 1 Membrane transporter 

SEC16A 1 Golgi transport, essential for IRF3 activation 

SPATA5 1 Mitochondrial transformation 

XPR1 1 G protein coupled receptor, phosphate exporter 

BFAT1 1 RNA Polymerase 

USP53 8 3’UTR of a ubiquitin specific protease 

RIOK1 1 3’ UTR of kinase that interacts with PRMT5 

PWP1 1 Non-coding region of ribosome assembly factor 

COPS5 1 Cop9 singalosome subunit  

DNA2 1 Helicase in DNA replication 

PAPD5 1 poly-adenylates RNA, did not regrow 

ACP1 2 Non-coding region of a phosphatase 

SQLE 1 Sterol biosynthesis 

SCML2 1 Transcription factor  

hCG33889 1 Unknown function 

E2F3 3 Elongation growth factor 

EIF1 1 Translation initiation factor 

Table 8. Results of yeast-two-hybrid screen with EPEC NleG P161K. Protein function from 

Uniprot (192). 
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5.3 Discussion 

NleG has been shown here to inhibit dsRNA induced phenotypes, potentially through its 

interaction with DDX60. EPEC may use NleG to block activation of the Type I Interferon 

response by leaked bacterial RNA through modulation of DDX60. It remains to be shown 

whether NleG binds to and ubiquitinates DDX60, and, should that prove to be the case, what 

the outcome of that ubiquitination event might be. Potentially NleG conjugates K48 linked 

ubiquitin chains to DDX60, targeting it for proteasomal degradation and thereby reducing the 

chances of activation of the Type I Interferon response.  

An in vitro auto-ubiquitination assay has demonstrated that NleG’s auto-ubiquitination, and 

potentially substrate ubiquitination, can be supported by multiple human E2 enzymes. These 

E2s are capable of forming all lysine chain types and additionally mono-ubiquitination of N 

terminal methionines. Intriguingly the E2, Ube2W, supported the formation of long ubiquitin 

chains in the presence of NleG. It has previously been characterised as exclusively carrying 

out mono-ubiquitination events (205) but in this case it may be hijacked by EPEC NleG and 

directed into forming chains. Additionally, poly-ubiquitin chains may take the form of 

branched chains and change linkage type part way through. Considering the ability of EPEC 

NleG to interact with such a wide range of E2’s, this possibility must also be considered. 

Establishing that the point mutation P161K abolishes the ubiquitin ligase domain led to a 

productive yeast-two-hybrid screen. While using the N terminal domain has yielded several 

interacting partners, it would be worth in future screening for interactions with the full length 

inactive protein, which may hold more interacting sites. It is possible that the point mutation 
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could abolish the auto-activating activity of NleG 5.2 and NleG 6.1, which has so far prevented 

their investigation in the yeast-two-hybrid system. 

Initial attempts to co-immunoprecipitate HA tagged NleG with Myc tagged DDX60 during 

infection and transfection have been unsuccessful. Both proteins expressed poorly and it may 

be that the size of DDX60, (198 kDa), is an influencing factor, causing difficulty in maintaining 

it bound to the 21 kDa NleG. NleG may ubiquitinate DDX60 after binding to modulate its 

activity by trafficking, signalling or proteasomal degradation. Should this be the case, binding 

assays such as co-immunoprecipitation could be improved upon by the addition of the 

proteasomal inhibitor MG132 or by using a catalytically inactive NleG P161K to confirm the 

interaction.  

Bacterial RNA may act as an effective signal for microbial viability as it rapidly degrades after 

bacterial cell death, unlike genomic DNA and proteins such as LPS (208). It is believed that 

vitaPAMPs, which signal microbial life, lie behind the reduced immune response associated 

with heat killed bacterial vaccines as opposed to live attenuated vaccines (209). Tissue culture 

experiments with heat killed versus paraformaldehyde killed E. coli showed an increase in ifnβ 

and IL-1β mRNA by PFA killed bacteria potentially explained by the preservation of bacterial 

RNA (209). The authors of this study additionally noted an NLRP3 inflammasome response to 

E. coli RNA though did not determine its specific mechanism of activation. RLHs are candidate 

sensors as they can both detect RNA and activate the NLRP3 inflammasome. It has also has 

been shown that priming by LPS or dsRNA is required to upregulate the components of 

inflammasomes, which are ISGs, before it can be activated by bacterial or viral ligands (210). 

It is believed LPS carries out this role in bacterial infection, however if bacterial RNA is present 

in the cytosol, it too could cause priming leading to activation. 
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The RLHs distinguish viral RNA from eukaryotic RNA by differences in composition. The most 

specifically characterised interaction is between RIG-I CTD and 5’ tri-phosphorylated viral 

RNA. 40% of E. coli RNA is 5’ tri-phosphorylated, indicating its potential for acting as a ligand. 

3’ poly-adenylation of E. coli RNA is also a distinguishing feature from eukaryotic RNA (208).  

In conclusion, shown here is the first promising evidence for a function of an NleG during 

infection: inhibition of the Type I Interferon response. By inhibiting this innate signalling 

pathway, EPEC would become shielded from the host immune response and pathogenesis 

would be enhanced.  



109 
 

Chapter 6. Results: EHEC NleG 8.1 
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6.1 Introduction 

In Chapter 4 NleG 8.1 was shown to have nuclear localisation and to interact with a human 

cell cycle regulator, CDC20. Some bacterial effector proteins have been shown to interfere 

with the cell cycle during infection to maintain their environment. For example, the EPEC 

effector protein Cif inhibits the neddylation cascades that are required for the cell cycle to 

progress (108). In this section the possibility that NleG 8.1 interacts with CDC20 in order to 

affect the host cell cycle is investigated.  

The function of the cell cycle is to duplicate and divide DNA and organelles into two daughter 

cells with high fidelity. Cell cycle progression is divided into G1 phase, an early growth stage, 

S phase, when DNA is duplicated, G2 phase, a second period of growth where organelles can 

also be duplicated and M phase, the final step in cell division before the cycle begins again. 

After M phase, daughter cells can alternatively enter G0, a state of dormancy. M phase can 

be further broken down into prophase, metaphase, anaphase and telophase. 

The specific cellular processes that drive each step of the cell cycle are governed by 

phosphorylation mediated by Cyclin Dependent Kinases (CDKs), antagonised by CDK 

inhibitors (CKIs) (211). As indicated in their name, CDK substrates are determined by their 

association with cyclins. Cyclin levels are regulated at each stage of the cell cycle by 

ubiquitination and degradation (211). 

Two major cullin RING ubiquitin ligase (CRL) families dictate the levels of cell cycle regulators. 

The Skp1/Cullin/F-box containing (SCF) family and the Anaphase Promoting Complex (APC). 

Both are in fact large multimeric complexes which assemble to form functional ubiquitin 

ligases. In both cases the core components are conserved while the adaptor protein that 
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recognizes target substrates for ubiquitination and degradation varies. In the case of the SCF 

complex this is the F-box component while the APC only has two potential adaptors, CDC20 

or Cdh1 (Figure 22). 

SCF ligase complexes consistently include Rbx1, the RING finger component, Skp1, which 

recruits F-box proteins, and Cul1/Cdc53, the cullin subunit that acts as a scaffold and E2 

conjugating enzyme (212). F box proteins determine the SCF complex substrates for 

ubiquitination. In early S phase, the SCF complex recruits Fbw7 which recognizes Sic1 as a 

substrate. Sic1 is an inhibitor of S phase cyclins and its ubiquitination and degradation releases 

inhibition of these cyclins which are required to regulate DNA replication (213). The SCF 

complex simultaneously degrades its transcriptional activator Swi5 (214). In late S phase, Skp2 

replaces Fbw7 to target these cyclins and other proteins involved such as Orc1, Cdt1, p27Kip1, 

p21Waf1/Cip1 for degradation by the SCF complex (215-217). This prevents aberrant and 

erroneous DNA replication during the remainder of the cell cycle. The SCF complex is active 

throughout the cell cycle with various stage appropriate adaptors. 

Conversely the Anaphase Promoting Complex is only active at a very specific window during 

mitosis. During metaphase and anaphase, it associates with its adaptor CDC20 and triggers 

the degradation of proteins involved in spindle and kinetochore formation, enabling the cell 

to physically divide into two daughter cells (218). During telophase and in the early life of the 

resulting daughter cells, the APC instead associates with Cdh1 which leads it to degrade 

mitotic cyclins and CDC20 to return the cellular environment to a steady state (219, 220). The 

D-box (destruction box) and KEN box are two motif’s recognised by the APC when identifying 

substrates (221). 
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Figure 22. A. Throughout the cell cycle, the SCF and APC ubiquitin ligases mediate the 

degradation of stage specific substrates by recruiting various adaptor proteins. B. Unattached 

kinetochores activate the Spindle Assembly Checkpoint which inhibits the activation of the 

APC by acting as a non-degradative pseudo-substrate, by holding CDC20 in an inhibitory 

conformation and by ubiquitinating and degrading CDC20. 
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Formation of the Anaphase Promoting Complex (APC) is extremely tightly controlled by the 

Spindle Assembly Checkpoint (SAC) (222). The SAC is activated when a kinetochore is present 

that is not attached to a microtubule and principally comprises of Mad proteins 1-3 and Bub 

proteins R1-3 (Figure 22.B). Upon activation by an incomplete spindle, the Mitotic Checkpoint 

Complex (Mad2, BubR1, Bub3) can bind to CDC20 and hold it in an inhibitory conformation 

that alters its orientation and association with the APC (223). The MCC can furthermore 

trigger the ubiquitination and degradation of CDC20, so that CDC20 is rarely found in the cell 

outside of M phase (224). BubR1 is also believed to be able to act as a pseudo-substrate of 

the APC, it does not become ubiquitinated and degraded but can out compete the APC’s usual 

substrates (225). 

In order to investigate the role of the NleG 8.1 and CDC20 interaction, this chapter sets out 

to test whether NleG 8.1 ubiquitinates CDC20 and, if so, to what end. 
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6.2 Results 

6.2.1 NleG 8.1 is a ubiquitin ligase 

Similarly to EPEC NleG, EHEC NleG 8.1 and the point mutant P178K were tested for their ability 

to generate ubiquitin chains in a screen against 34 human E2 enzymes (Figure 23). This screen 

showed that NleG 8.1 did not interact with as wide a range of E2 enzymes as EPEC NleG, but 

interacted with a smaller subset that was similar to the profile shown for NleG 2.3. Ube2D1, 

Ube2D2, Ube2D3, Ube2D4, Ube2E1, Ube2E2 and Ube2E3 all supported auto-ubiquitination, 

suggesting that NleG 8.1 would function as an E3 ubiquitin ligase in a human host cell. The 

point mutation P178K abolished this ability. N terminal tagging of NleG 8.1 will be shown to 

inhibit the activity of NleG 8.1 which may explain why the ubiquitin smears appear weaker in 

this experiment, when compared to EPEC NleG. 

6.2.2 EHEC NleG 8.1 ubiquitinates CDC20  

In Chapter 4 the N terminal domains of NleG 8.1, NleG 8.2 and C.rodentium were shown to 

interact with the C terminus of CDC20 by direct-two-hybrid assay. This raised the question 

whether NleG 8.1 could ubiquitinate CDC20. NleG 8.1 was tested for its ability to ubiquitinate 

CDC20 by in vitro ubiquitination assay. In this case, a C-terminal His tagged NleG construct 

was used, together with GST tagged CDC20, purified Ube2D3, E1 enzyme, ATP and ubiquitin. 

The samples were subsequently analysed by SDS PAGE and Western blotting (Figure 24).  

Western blotting identified laddering of CDC20 in the presence of NleG 8.1, but not the 

inactive mutant NleG 8.1 P178K. The increase in molecular weight of CDC20 corresponds to 

the addition of 8.5kDa ubiquitin, suggesting that NleG 8.1 can interact with, and ubiquitinate 

CDC20.
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Figure 23. A Ubiquigent E2 Scan Kit was used to identify E2 enzymes that support ubiquitination by NleG 8.1. Purified components were incubated 

together for 60 mins at 30˚C in an in vitro auto ubiquitination assay. The samples analysed for the presence of high molecular weight ubiquitin 

chains (Ubn) by SDS PAGE and Western blotting with FK2 antibody, which recognizes conjugated ubiquitin.  The presence of Ubn smears indicated 

that several human E2 enzymes could support auto-ubiquitination by NleG 8.1. The point mutation abolished this activity, with some Ubn species 

observed for those E2s with additional independent ligase activity (see No E3 control)
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Figure 24. His tagged NleG 8.1 was incubated with GST tagged CDC20, purified ubiquitin, E1 

and ATP in an in vitro ubiquitination assay and analysed by SDS PAGE and Western Blotting. 

Antibodies to conjugated ubiquitin (Ubn), GST tag (CDC20) and His tag (NleG) were used. 

Shown is a representative of two experiments. A black arrow indicates GST-CDC20 and red 

arrows point to putative CDC20-ubiquitin conjugates in the presence of NleG 8.1, which are 

absent in the presence of the inactive mutant NleG 8.1 P178K. 
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6.2.3 NleG 8.1 localises to the nucleus 

In Chapter 4 it was also shown that NleG 8.1 demonstrated nuclear localisation during 

infection and transfection by immunofluorescence. CDC20 is also normally found in the 

nucleus. To verify that the two share a similar compartment in the cell, N terminal HA tagged 

NleG 8.1 was co-transfected with Myc tagged GFP, CDC20 or Lysless CDC20, a construct where 

all Lysines of CDC20 had been changed to Arginines by site directed mutagenesis (gift from 

Professor Jonathan Pines) and was sub cloned into the pRK5 Myc vector (224). As the CDC20 

mutant is Lysless, it cannot be poly-ubiquitinated and degraded by conventional pathways. 

Whole lysates (w) were split into cytosolic (c) and nuclear (n) fractions by chemical lysis. The 

presence of NleG 8.1, GFP, CDC20 and Lysless CDC20 per fraction was detected by Western 

Blotting. Histone H3 was used as a control nuclear protein and tubulin as a cytosolic control.  

Nuclear fractionation demonstrated that NleG 8.1 can indeed be found in the nucleus, 

together with CDC20 and Lysless CDC20 (Figure 25). When tested by NucPred(226) and NLS 

Mapper(227) for consensus sequences, no Nuclear Localisation Signal could be detected in 

the sequence of NleG 8.1 to explain this unusual localisation for an effector protein. 

Reinhardt's method for cytoplasmic/nuclear discrimination (228), based on the amino acid 

composition of the full protein in comparison to proteins of known localisation, predicted 

nuclear localisation for NleG 8.1, however it yielded the same prediction for EPEC NleG which 

was shown in Chapter 4 to be excluded from the nucleus. Comparison of NleG 8.1 and EPEC 

NleG may in future be useful to identifying the nuclear localising elements of NleG 8.1 (Figure 

25 B). The mechanism of transport of NleG 8.1 remains to be determined, however its ability 

to transport to the nucleus would clearly be key to facilitate its interaction with CDC20 during 

infection. 
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Figure 25. A. HeLa cells were co-transfected with pRK5 HA tagged NleG 8.1 and pRK5 Myc 

tagged GFP, CDC20 or Lysless CDC20 for 24 hours. Samples were split into whole cell lysates 

(W), Cytosolic fractions (C) and Nuclear Fractions (N) and analysed by Western blotting to 

determine sub-cellular localisation with HA and Myc antibodies and antibodies to the 

controls, Histone H3 and Tubulin. Shown is a representative of 3 experiments. NleG 8.1, 

CDC20 and CDC20 Lysless were shown to be sequestered to the nuclear fraction, while GFP 

demonstrated indiscriminate localisation and was found in all cell fractions. B. A comparative 

sequence alignment of EHEC NleG 8.1 (nuclear localisation) with EPEC NleG (excluded from 

the nucleus, Figure 13). Lysines are highlighted due to their prevalence in Nuclear Localisation 

Signals. The alignment indicates several sites in NleG 8.1 that differ from EPEC NleG. 

6.2.4 NleG 8.1 co-localises with ubiquitin and CDC20 

In Chapter 4 NleG 8.1 demonstrated interesting punctate, nuclear staining during 

transfection. In order to visualise whether NleG 8.1 and CDC20 co-localise, this experiment 

was repeated. HeLa cells on coverslips were co-transfected with pRK5 HA NleG 8.1 and 

pVenus–C1–CDC20, a construct provided by Professor Jonathan Pines with a YFP tag (224).  
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Immunofluorescent staining showed that the localisation of CDC20 shifted from diffuse 

nuclear to punctate nuclear in the presence of NleG 8.1 (Figure 26). This punctuate staining 

also co-localised with conjugated ubiquitin, demonstrating that three components necessary 

to mediate ubiquitination of CDC20 by NleG 8.1 could be found localised together during 

transfection. 

The transfection efficiency of CDC20 was quite low, with less than 10 transfected cells per 

coverslip. This may be due to the fact that during the cell cycle it is severely degraded by 

multiple ubiquitin ligases, until required at M phase, at which point CDC20 triggers the 

separation of the two cells. The low transfection and co-transfection efficiency did not lend 

this experiment to quantification. 

 

 

Figure 26. HeLa cells on coverslips were transfected with pRK5 HA NleG 8.1 (top row) or pRK5 

Myc CDC20 (second row) or co-transfected with both (bottom row). After 18 hours the 

coverslips were fixed and stained with immunofluorescent antibodies to HA tag (red), Myc 

tag (green), DAPI (blue) and FK2 conjugated ubiquitin (cyan). Shown is a representative of 3 

experiments. When cotransfected, NleG 8.1 and CDC20 were found to colocalise with each 

other and with ubiquitin, indicating requisite components for a ubiquitination reaction were 

present together in the nucleus. 
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6.2.5 NleG 8.1 induces proteasomal degradation of CDC20  

Showing that NleG 8.1 co-localised with and ubiquitinated CDC20 raised the question as to 

the function of ubiquitination in this interaction. Ubiquitination can lead to the formation of 

signalling scaffolds and trigger a plethora of other pathways, however, the most common 

outcome, which is mediated by 50% of ubiquitination events, is proteasomal degradation of 

the target protein.  

To investigate whether NleG 8.1 might trigger the proteasomal degradation of CDC20, HeLa 

cells were co-transfected with pRK5 NleG 8.1 2xHA tagged (C terminal) or the inactive mutant, 

NleG 8.1 P178K, together with pRK5 Myc CDC20 or pRK5 Myc Lysless CDC20, the form of 

CDC20 that cannot be ubiquitinated on its lysine residues. After 18 hours cells were treated 

for 6 hours with a proteasome inhibitor, 20µM MG132, then whole cell lysates were 

harvested and analysed by western blot. 

Immunostaining demonstrated a number of features of these proteins (Figure 27). Firstly, as 

NleG 8.1 is an active ubiquitin ligase, it mediates its own auto-ubiquitination and proteasomal 

degradation. In lanes where proteasome inhibitor was added, the amount of NleG 8.1 

increased. Harmoniously, the catalytically inactive point mutant NleG 8.1 P178K was present 

in higher quantities as it cannot auto-ubiquitinate (as shown previously in Figure 23) and 

therefore does not trigger its own degradation.  

CDC20 showed a similar profile, due to the aforementioned tight regulation of its turnover by 

multiple ubiquitin ligases, it was expressed in very small quantities. The Lysless CDC20 on the 

other hand, cannot be ubiquitinated, and therefore tends to be present in higher amounts. 
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In the presence of NleG 8.1 it can be seen that the amount of CDC20 present in the cell is 

reduced even further, to the point of being barely detectable. However, this was restored by 

the addition of proteasome inhibitor, MG132, demonstrating that NleG 8.1 triggers the 

proteasomal degradation of CDC20. 

The levels of CDC20 were unaffected by the presence of NleG 8.1 P178K, reflecting the need 

for an active ubiquitin ligase domain in NleG 8.1 to trigger proteasomal degradation. Levels 

of Lysless CDC20 were unaffected by either NleG 8.1 or the addition of proteasome inhibitor, 

which fits with its inability to be ubiquitinated due to its lack of Lysines, and therefore it was 

not sent to the proteasome for degradation in either situation. 

 

Figure 27. A. HeLa cells were transfected with CDC20 alone or together with NleG 8.1 and 

NleG 8.1 P178K. Whole cell lysates were harvested and analysed by SDS PAGE and Western 

blot using antibodies to Myc tag (CDC20) and α-tubulin. The relative density of CDC20 western 

blot bands as a ratio to the loading control (α-tubulin) was calculated for two experiments 

and standard deviation calculated (error bars). The quantity of CDC20 appeared reduced in 

the presence of NleG 8.1 but not the inactive mutant NleG 8.1 P178K. B. HeLa cells were singly 

or co-transfected with NleG 8.1, NleG 8.1 P178K, CDC20 and/or Lysless CDC20 for 18 hours. 

Cells were then washed and media added containing 20µM MG132 for a further 6 hours. 

Whole cell lysates were harvested and analysed by SDS PAGE and Western blot using 

antibodies to Myc tag, HA tag and α-tubulin, as a loading control. Shown is a representative 

of three experiments.  
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6.2.6 NleG 8.1 interacts with CDC20 through an ABBA motif 

Recently, Pines et al published the conserved sequence of a motif found in proteins that 

interact with CDC20 called the ABBA motif (229). Analysis of the sequence of NleG 8.1 

discovered the presence of an ABBA motif in the N terminus, providing a prime candidate for 

an interaction site for CDC20. The ABBA motif normally interacts with an ABBA binding pocket 

found within the WD40 propeller in the C terminus of CDC20. Unexpectedly, the C terminal 

fragment of CDC20 identified by yeast-two-hybrid screening was for a different part of the 

WD40 propeller to the established ABBA binding residues, suggesting that there may be 

multiple interacting residues besides those specifically identified in the ABBA binding pocket.  

To interrogate the ABBA motif as the potential interaction site on NleG 8.1, the site was 

mutated in pGBKT7 NleG 8.1NT and its interaction with CDC20 retested by direct-two-hybrid 

assay. The WD40 propeller which forms the C terminal domain of CDC20, and is comprised of 

7 blades, was further broken down into blades 1&2, 3&4, 4&5 and 6&7. The established ABBA 

binding residues in CDC20 lie between blades 2 and 3 as illustrated in Figure 28. 

The direct-two-hybrid identified an interaction between NleG 8.1NT and CDC20 WD40 blades 

1&2 which was abolished by the mutation of the ABBA motif in NleG 8.1NT (Figure 28.C) 

indicating that the canonical ABBA motif in NleG 8.1 interacts with the established ABBA 

interaction site in the WD40 propeller. Full length NleG 8.1 with the inactivating point 

mutation P178K also interacted with CDC20, while the non-mutated form did not, further 

supporting the hypothesis that an active ubiquitin ligase domain interferes with the yeast-

two-hybrid system, potentially by degrading both the prey and bait. 
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As shown previously, NleG interacted with another fragment of CDC20 identified in the yeast-

two-hybrid screen, comprising of WD40 blades 4-7, and this interaction was unaffected by 

mutation of the ABBA motif. A weaker interaction was detected between NleG 8.1 P178K and 

the WD40 blades 4&5 and 6&7, suggesting that this second interaction may have been 

disrupted and lie between blades 5&6. In the 3D structure of the WD40 propeller, this 

interaction point would be directly opposite the ABBA binding residues identified by Pines et 

al, suggesting that NleG 8.1 positions itself in the centre tip of the propeller and has contact 

points on both sides. As NleG 8.1NT did not interact with these other split WD40 fragments 

(WD40 4&5, WD40 6&7), it may be that there are additional residues within the C terminus 

of NleG 8.1 that increase the robustness of the NleG 8.1 CDC20 interaction. 

6.2.7 NleG 8.1 inhibits the yeast cell cycle, through CDC20 

CDC20 is an essential cell regulator that triggers the physical segregation of a cell into two 

daughter cells during mitosis. Due to its essential function, it remains highly conserved within 

eukaryotes. To test whether NleG 8.1 may affect the cell cycle through its ubiquitination of 

CDC20 in yeast, variants were expressed untagged in S.cerevisiae strain BY4741. 

NleG 8.1 was cloned into pYES2 and site directed mutagenesis was used to generate NleG 8.1 

ΔABBA and NleG 8.1 P178K. pYES2 is a yeast expression vector with a GAL1 promoter, under 

which the expression of the protein of interest is activated by galactose and inhibited in the 

presence of glucose. After growing the yeast strains expressing pYES2 constructs overnight in 

glucose SD, the cells were washed 5 times before diluting to an OD600 of 0.1 in glucose or 

galactose SD. The samples were incubated in triplicate in a 96 well plate, with shaking, at 30˚C. 

A micro plate reader measured absorbance every 30 mins. The same inoculum was used to 

spot strains in a dilution series on similarly selective SD agar, which was incubated for 3 days. 
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Figure 28. A. A schematic illustrating the location of the ABBA binding pocket in the WD40 

domain of the C terminus of CDC20. An image from Di Fiore et al shows the 3 dimensional 

structure of the WD40 propeller, with the ABBA binding pocket indicated by an orange star 

(229). B. A direct-two-hybrid assay was used to test for interaction between NleG 8.1 full 

length or N terminus (NT) and the C terminal WD40 domain of CDC20. The proposed binding 

site on NleG 8.1, the ABBA motif, was mutated. Co-transformed yeast were grown in SD 

overnight and spotted on to selective plates. Interactions between NleG 8.1NT, NleG 8.1NT 

ABBA, NleG 8.1 P178K and NleG 8.1 (full length) and fragments of the WD40 propeller were 

tested by Direct-Two-Hybrid: spotting co-transformants on selective media, QDO, and 

incubating for 3 days. C. The ABBA motif in the N terminal half of NleG 8.1 sequence is 

highlighted in bold. A second motif in bold almost resembles the consensus motif: 

Fx[ILV][FHY]x[DE]. “//” indicates the point where the N terminal domain used in the Y2H ends
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Figure 29.  Growth analysis of S.cerevisiae BY4741 expressing NleG 8.1, NleG 8.1 ΔABBA and NleG 8.1 P178K by OD600 measurements (top) and 

spotting of serial dilutions on selective media (bottom). Glucose inhibits expression of the protein of interest (growth control) while galactose 

induces expression. Shown is a representative of 3 experiments. Induction of NleG8.1 induced stark inhibition of yeast cell growth that was 

partially abolished by the mutation of the ABBA motif and completely abolished by inactivation of the ubiquitin ligase activity (NleG 8.1 P178K).
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Growth curve analysis revealed expression of NleG 8.1 starkly inhibited yeast growth when 

expression was stimulated by the presence of glucose (Figure 29). This inhibition was 

attenuated when the ubiquitin ligase domain was inactivated by the point mutation P178K; 

and when the ABBA motif was mutated. This demonstrates that NleG 8.1 can inhibit yeast cell 

growth by its interaction with, and ubiquitination of, CDC20. 

6.2.8 Cell cycle inhibition is conserved in the NleG 8 group 

As earlier described in Table 2, NleG 8.1 has two homologues within the NleG family with over 

60% sequence similarity: EHEC NleG 8.2 and C.rodentium NleG 8. These homologues can also 

interact with CDC20 in the direct-two-hybrid system. In order to test whether the ability to 

inhibit yeast cell growth was conserved in these family members, they were cloned into pYES2 

and expressed by S.cerevisiae BY4741 in the presence of galactose. Growth was measured 

over time using a plate reader and by spotting on SD plates with selective media. A more 

distant homologue, NleG 7, was also cloned into pYES2, expressed in S. cerevisiae BY4741 and 

growth measured by serial dilutions and spotting on a selective SD agar plates. 

The results of this experiment showed that EHEC NleG 8.2 and C.rodentium NleG 8 could also 

inhibit yeast cell growth, suggesting this function is conserved among homologues (Figure 

30). Yeast growth inhibition was not as severe in the case of C.rodentium NleG 8 as for EHEC 

NleG 8.1 and NleG 8.2. From serial dilutions it was evident that NleG 7 had no effect on cell 

growth, suggesting this was a feature unique to the NleG 8 group. 

 



127 
 

 

Figure 30.  Growth analysis of S.cerevisiae BY4741 expressing NleG 8.1, NleG 8.2, CR NleG 8 and NleG 7 by OD600 measurements (top) and 

spotting of serial dilutions on selective media (bottom). Glucose inhibits expression of the protein of interest while galactose induces expression. 

Shown is a representative of 3 experiments. Similarly to NleG 8.1, induction of NleG 8.2 inhibited yeast cell growth while Citrobacter rodentium 

NleG 8 caused partial inhibition. NleG 7 did not appear to have any effect on growth when spotted on selective agar (bottom).
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6.2.9 An N terminal HA tag inhibits NleG 8.1  

When testing expression of pYES2 NleG 8.1 in S.cerevisiae BY4741, it was observed that an N 

terminal HA tag appeared to inhibit the NleG 8.1 phenotype. Growth curve analysis alongside 

a C terminal tagged version, and an untagged version showed that it was only an N terminal 

tag that was inhibitory (Figure 31).  

Therefore, untagged pYES2 NleG constructs were used in the previous yeast experiments 

(Figures 29 and 30). A C terminal His tag was adopted for the in vitro ubiquitination assay 

(Figure 24) and a C terminal HA tag for transfection experiments with MG132 (Figure 27). 

 

 

Figure 31. Growth analysis by serial dilution of S.cerevisiae BY4741 expressing untagged, N 

terminal tagged and C terminal HA tagged NleG 8.1. Glucose inhibited protein expression 

while galactose induced expression. Shown is a representative of 3 experiments. Untagged 

and C terminal tagged NleG 8.1 behaved similarly, inhibiting yeast growth. But N terminal 

tagged NleG 8.1 did not, suggesting this tag could interfere with the function of NleG 8.1 and 

should be avoided.  
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6.3 Discussion 

In this chapter it has been demonstrated that EHEC NleG 8.1 resides in the nucleus of host 

cells where it binds to and ubiquitinates CDC20 resulting in cell cycle arrest. NleG 8.1 interacts 

with the WD40 propeller of CDC20 at two points, in the ABBA binding pocket and on the 

opposite face of the propeller, suggesting that NleG 8.1 sits at the apex of the propeller. As 

an N terminal tag appears to interfere with the C terminal ubiquitin ligase activity, structural 

studies would aid with the characterisation of this interaction. 

Considering the role of CDC20 during infection, it is most likely that its degradation results in 

an M phase arrest. FACS analysis of the DNA content of yeast or infected cells could be used 

to determine the distribution of cell cycle phase in a population. Due to the large number of 

NleG family members in EHEC, expressing NleG 8.1 in EPEC ΔnleG and infecting HeLa cells 

would be a simplified model to study this interaction during infection. Unfortunately, when 

attempted, EPEC ΔnleG failed to secrete EHEC NleG 8.1 for unknown reasons (data not 

shown). It may be that a cofactor is required for its secretion by EHEC that is not found in 

EPEC. Expression of tagged EPEC NleG in EPEC ΔnleG in the previous chapter did result in 

secretion.  

It will be interesting to determine the role of EHEC NleG 8.2, which interacts with CDC20 and 

also inhibits the cell cycle extremely effectively. However NleG 8.2 shows quite different 

diffuse nuclear staining in comparison to the punctate staining of NleG 8.1. CDC20’s close 

homologue, Cdh1, has similar interacting domains and also regulates the cell cycle during 

telophase. It may be that NleG 8.1 and NleG 8.2 can also bind to Cdh1, and they have diverged 

to have a preferential binding partner of CDC20 and Cdh1 to effectively arrest the cell cycle.  
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EHEC resides on the gut epithelium layer during infection and cell cycle arrest may facilitate 

its residence. As cells age and slough off the surface, they remove residing bacteria with them, 

by arresting the cell cycle, EHEC may maintain its environment and enhance its pathogenesis.  

NleG 8.1 would not be the first effector protein in A/E pathogens to target cell cycle control. 

Cycle inhibitory factor (Cif) in EPEC is a T3SS effector that causes cell cycle arrest (139). In the 

assembly stages of SCF, APCs counterpart, Cif deamidates a glutamine residue to a glutamate 

on a cullin conjugated ubiquitin-like modifier, Nedd8 (230). The recycling of cullin into the SCF 

complex is halted and the ubiquitination and degradation of its substrates ceases. As a result, 

cyclins that stabilise the cellular state accumulate and the cell stops progressing through the 

cell cycle (108). After a prolonged period of cell cycle arrest, cells undergo Bim mediated 

apoptosis. It is likely that could also occur in the case of EHEC pathogenesis, or apoptosis may 

be inhibited by other effector proteins. 

Intriguingly, at the genomic level it appears that the Cif encoding phage island was at one time 

present in the genome of EHEC. However it has since been excised, and this could be due to 

selection pressure and the redundancy of Cif in the presence of NleG 8.1 and NleG 8.2.  
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Chapter 7. Discussion 
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7.1 Technical Conclusions 

7.1.1 Aim 1: Identify host interacting partners to determine conserved and divergent 

functions in the NleG family 

The results of yeast-two-hybrid screening suggest the family have expanded an effective 

strategy to target a number of different processes in the host cell during infection. Interesting 

putative targets were identified in NFκB activation, the Type I Interferon response, cell cycle 

control and inflammasome activation to name but a few. The screens identified both a specific 

interaction to EPEC NleG and a conserved interaction among the NleG8s in EHEC and C. 

rodentium. The screen was refined to account for the challenges faced in identifying the 

targets of a ubiquitin ligase. Ubiquitination and degradation of the E3 ligase by auto-

ubiquitination and of the substrate by the E3 ligase most likely results in the loss of the GAL4 

transcription factor required to give positive growth in yeast upon interaction. A screen with 

full length EPEC NleG identified one putative target, that proved to be a false positive, and a 

screen with full length EHEC NleG 8.1 not described yielded zero colonies. This was supported 

by the results of direct-two-hybrids that showed weaker growth for yeast co-transformed 

with full length NleG and DDX60, as opposed to NleGNT or NleG P161K and DDX60. 

Subsequently a successful strategy was adopted using the N terminal domain of NleGs which 

lacked the C terminal ubiquitin ligase. Upon establishing that the point mutation P161K 

abolishes ubiquitin ligase activity in NleG, a Y2H screen was also carried out using this full 

length ligase dead version which produced several potential interacting partners. The yeast-

two-hybrid screening method has thus been optimised for the effective identification of 

candidate interacting partners of this family, and potentially of other ubiquitin ligases, in both 

eukaryotes and bacterial effector proteins. 
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One known limitation of Y2H screening is the challenge faced in the identification of true 

interacting proteins as opposed to false positives (231, 232). Prey proteins possessing DNA 

binding domains, such as transcription factors, can overcome the need for the prey to interact 

with the bait-Gal4 BD to activate the Gal4 promoter (233). Overexpression of mitochondrial 

proteins, such as IMMP2 in the NleG screen, can stimulate growth despite selective conditions 

in yeast. In fact, problematic mitochondrial mutations in lab strains of yeast are relatively 

common and are described as ‘petite yeast’ due to their unusually small colony size (234). 

There are additional auto-activators with unknown reasons behind their promiscuity, for 

example, Cop9 has proven to be a frequently occurring false positive in the Frankel lab (188). 

For these reasons, putative interacting partners were investigated further with direct-two-

hybrid assays, comparing their growth when cotransformed with empty vector compared to 

vector containing NleG. This enabled the distinction between IMMP2, as a false positive, and 

DDX60 as a selective interactor. Y2H screening is also reliant on stable interacting partners, 

enzyme-enzyme interactions are transient in nature and less likely to be identified by this 

method. The only putative interacting E2 enzyme picked up by these screens was Ube2N 

(Ubc13) for NleG 2.3NT. However, this E2 did not support NleG 2.3 activity in an in vitro auto-

ubiquitination assay by Wu et al (184) and E2s are expected to interact with the C terminal 

RING finger which was absent in this screen. This suggests either a false positive interaction 

or that Ube2N may, in fact, be a substrate targeted by NleG 2.3 due to its role in scaffolding 

of immune signalling complexes (179). 

While the auto-ubiquitination activity of NleG 2.3 and NleG 5.1 had been demonstrated by 

Wu et al, this had not been confirmed for any other NleGs. A Ubiquigent E2 Scan Kit effectively 

demonstrated not only auto-ubiquitination by EPEC NleG and EHEC NleG 8.1, but identified 
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their supporting human E2 enzymes from a panel of 34; and their respective inactivating point 

mutations. The E2s previously identified as interacting with NleG 2.3: Ube2D2, Ube2D1, 

Ube2D3, Ube2D4, Ube2E2 and Ube2E3, have proven to form a core collection of E2s that 

react across the NleG family, supporting both EHEC NleG 8.1 and EPEC NleG. Occasionally a 

selectively interacting E2 can inform on the type of ubiquitin linkage created by the E3 ligase, 

however in this case the NleG family interacts with a sufficient range of E2s to source all Lysine 

linkage types. Intriguingly EPEC NleG also interacts promiscuously with Ube2K, Ube2W, 

Ube2N, Ube2R1 and Ube2R2. Ube2W would confer the ability of NleG to additionally mono-

ubiquitinate N terminal methionine residues (205). In this assay, Ube2W supported the 

formation of poly-ubiquitin chains, a never before seen phenotype of this enzyme. This 

demonstrates how investigating bacterial pathogenic mechanisms can consequently lead to 

an improved understanding of host cell activities. It is interesting that Ube2N supported NleG 

auto-ubiquitination, considering that Ube2N also appeared in a yeast two hybrid screen with 

its closest homologue NleG 2.3. This raises the question whether in fact this E2 could be 

supporting the formation of K63 linked chains by NleGs under certain conditions (235). Overall 

these E2 screens supported the hypothesis that while there is conservation of ubiquitin ligase 

activity across the family, they remain significantly divergent in their repertoire of interacting 

E2 enzymes in addition to their interacting partners. 

This level of diversity was reflected in the variable intracellular localisation of family members. 

Immunofluorescent staining and brightfield microscopy revealed that the essential 

components for an interaction, EHEC NleG 8.1, CDC20 and ubiquitin could be visualised co-

localised together in the nucleus. This was the first evidence of the potential for a 

ubiquitinating event to take place. However, as the remaining NleGs show quite diffuse 
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staining it would be difficult to use this technique to determine whether they co-localise with 

their respective substrates and ubiquitin. Furthermore, all NleGs expressed poorly by 

transfection, most likely due to their own auto-ubiquitination and degradation as evidenced 

in Chapter 6 where inactivating the ubiquitin ligase domain by point mutation and/or the 

addition of proteasome inhibitor increased the quantity of NleG 8.1 present in cells.  

7.1.2 Aim 2: Dissect the molecular action of NleG family members and elucidate their 

function during infection 

7.1.2.1 EPEC NleG 

After identification of the EPEC NleG interacting partner, DDX60, analysis of the signalling 

cascade showed that EPEC NleG could inhibit dsRNA induced apoptosis and IκBα activation, 

as well as IFNβ activation during infection. These results drive the hypothesis that NleG 

interacts with and inhibits DDX60 during infection to reduce the immune response. Further 

dissection of this interaction is needed to provide definitive proof that this interaction and a 

ubiquitination event are responsible. It has previously been shown that K48 poly-

ubiquitination leads to degradation by the proteasome while K63 ubiquitination leads to 

scaffold formation to mediate mechanisms independent of proteasomal degradation. K63 

linked ubiquitination is known to play significant roles in the activation of the DDX60 relative, 

RIG-I, and could be supported by NleGs interaction with Ube2N. Therefore it would be 

interesting to determine what type of ubiquitination event takes place upon NleG’s 

interaction. 

Ideally siRNA could be used to knockdown elements of the DDX60 pathway proposed by 

Miyashita et al including DDX60, RIG-I and MAVS to determine whether DDX60 signals 
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through the steps suggested (236). Some recent studies have struggled to show a role for 

DDX60 in the response to viruses, it may be possible that DDX60 has a more restricted role 

and may even specifically recognise bacterial nucleic acids (237). Several dead-box helicases, 

such as DDX41, can recognise cytosolic DNA or RNA and activated type I interferon through 

the ER mediator STING as opposed to MAVS (238). It is therefore necessary to determine 

specifically how DDX60 activates Type I Interferon and whether it does so in response to EPEC 

infection. Given several DEAD-box helicases have been shown to have multiple roles in the 

cell it is feasible that DDX60 has alternative functions yet to be determined (239). For 

example, among other roles, DDX3, a relation of DDX60, acts at several separate points in the 

RIG-I pathway to stimulate IFNβ expression in response to viral infection and this activity does 

not require an active DNA helicase domain (240).  

The Type I Interferon response is a powerful antidote to infection, it’s knockdown in mice led 

to death by influenza virus (241). Low level activation of IFNβ by TLR3 detection of dsRNA of 

gut commensal bacteria has been shown to build the protective immune response (242) and 

increase resilience to pathogens. After initial transcriptional upregulation through IRF3, IFNβ 

and IFNα are secreted and their extracellular interaction with the IFNAR receptor stimulates 

the activation of over 400 ISGs in neighbouring cells. The response is pro-apoptotic and anti-

proliferative in nature and stimulates both innate and adaptive immune responses. DC, NK 

and T cells are activated and several of the ISGs act as chemokines attracting lymphocytes 

and monocytes (CXCL10) and T cells, basophils and eosinophils (RANTES) (243-245).  

The interaction between NleG and DDX60 might represent a novel mechanism by which this 

bacterium can manipulate the host innate immune response. This reprogramming would take 

place following infection and may compromise gut host defence leading to bacterial 
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colonization and/or proliferation and ultimately pathogenesis. In addition, it expands on the 

newly emerging role on RIG-I signalling during bacterial infection after long being considered 

a sole anti-viral immune response. 

7.1.2.2 EHEC NleG 8.1 

In this investigation of the function of the NleG family during infection, EHEC NleG 8.1, NleG 

8.2 and C. rodentium NleG 8 have been demonstrated to bind to CDC20 and inhibit the yeast 

cell cycle. Discovery of the ABBA motif found in CDC20 substrates over the course of this 

project proved to be of a significant advantage in characterising this interaction (229). A 

direct-two-hybrid showed that there are two interacting sites for NleG and the CDC20 WD40 

propeller, one of which is the ABBA binding pocket. This also meant that the interaction could 

be reduced by the mutation of the ABBA motif, linking cell cycle inhibition specifically to NleG 

8.1’s interaction with CDC20. At this stage any further development of our understanding of 

the NleG 8.1 and CDC20 interaction will most likely come from structural studies. However 

NleG 8.1 is largely insoluble, yielding only small soluble quantities to be used in the 

ubiquitination assays described, which will present a challenge to this next step. 

This pathway was investigated further with EHEC NleG 8.1 and an in vitro ubiquitination assay 

showed that NleG 8.1 conjugated ubiquitin to human CDC20. NleG 8.1 P178K proved to be a 

ligase dead mutant that could not ubiquitinate CDC20, despite its interaction which was 

demonstrated by direct-two-hybrid. The outcome of this ubiquitination event proved to be 

proteasomal degradation which most likely indicates the conjugation of K48 or K11 linked 

poly-ubiquitin chains by NleG 8.1 (246). This could be verified in future by mass spectrometry. 
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During the cell cycle two large ubiquitin ligase complexes, the APC and SCF, regulate the cell 

cycle by targeting cyclins for degradation at the appropriate time-points. Their substrate 

specificity is dictated by their interchangeable adaptor proteins, CDC20 and Cdh1 for the APC 

and F box proteins for SCF. 

A model is proposed here where EHEC, upon host cell attachment, injects NleG 8.1 into the 

host cell cytosol. NleG 8.1 then migrates to the nucleus where it binds to and ubiquitinates 

the essential cell cycle regulator CDC20 to cause an M phase arrest. As a result this may 

stabilise the gut epithelial layer and prevent the dislodgement of extracellular EHEC by cell 

growth and shedding. NleG 8.2 may perform an identical function, or have adapted to aid cell 

cycle arrest in a slightly different manner, for example, by targeting the CDC20 homologue 

and cell cycle regulator Cdh1. NleG 8 in the mouse model organism C.rodentium is proposed 

to function similarly, although it does not demonstrate as stark an inhibition of yeast cell 

growth as NleG 8.1 and NleG 8.2. 

The drastic extent of S.cerevisiae growth arrest was unexpected. Due to the high conservation 

of CDC20 and cell cycle control across eukaryotes it is highly likely that NleG 8.1 can inhibit 

the human cell cycle in the same manner, particularly considering that it has been shown here 

that NleG 8.1 can bind to, ubiquitinate, and trigger the proteasomal degradation of human 

CDC20.  
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7.2 General Discussion 

Extracellular EPEC, EHEC and C. rodentium use a T3SS to inject effector proteins into the 

mammalian host cell in order to manipulate cell-signalling pathways and subvert host cell 

responses (27). A recently identified large group of effectors, the NleG family, are ubiquitin 

ligases (184), however their role in pathogenesis has, until now, remained unknown. Because 

protein ubiquitination represents a key mechanism to regulate many cellular processes, this 

project aimed to further characterise the NleG family and investigate its impact on 

ubiquitination and cell signalling.  

The experiments described have demonstrated that the NleG family is indeed diverse in 

function and intracellular localisation. In two distinct threads, EPEC NleG was shown to inhibit 

Type I Interferon activation while EHEC NleG 8.1, and its homologues NleG 8.2 and 

C.rodentium NleG 8 inhibit the cell cycle through ubiquitination and degradation of CDC20. 

The A/E pathogens have been shown to use this large ubiquitin ligase family to effectively 

disrupt host cell signalling to their advantage during infection. This is consistent with the 

variance in function shown in the activity of other effector proteins and in the pathways 

targeted by ubiquitin mimicry by effectors described in Table 1.  

While NleG is distinct in sequence and structure from several characterised bacterial ubiquitin 

ligases, a consistent theme is the inhibition of the cell cycle by targeting the Cullin RING 

Ligases. In particular, the APC counterpart SCF has frequently been shown to be inhibited, 

resulting in cell cycle arrest by Cif mediated deamination during infection with EPEC and 

Burkholderia pseudomallei (108, 143). As NleG 8.1 and NleG 8.2 are found in EHEC but not 

EPEC, the degradation of CDC20 may have independently evolved to confer the same 
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outcome during infection. This must highlight the importance of efficient gut epithelium 

renewal during enteric infection.  

Further cases of manipulation of the cell cycle have already been identified in other 

pathogens. L. pneumophila LegU1 and LegU1 mimic a SCF F box adaptor and become 

integrated into the complex. These effectors hijack the ubiquitin ligase activity of SCF to 

degrade an apoptosis and ER stress response regulator, BAT3 (152). N.meningitidis causes a 

G1 cell cycle arrest by decreasing cyclin D1 and upregulating cyclin E (247) and 

L.monocytogenes induces a cell cycle delay during DNA replication, or S phase. On the other 

hand, H.pylori increases cell proliferation, which is implicated in its role in inducing gastric 

cancer (248). In light of the prevalence of cell cycle inhibition among pathogens, it is perhaps 

unsurprising that EHEC has also developed two effectors that can inhibit the yeast cell cycle 

by interacting with CDC20.  

A second theme among the bacterial ubiquitin ligases is the degradation of immune signalling 

factors to inhibit the host response. For example, several of the NELs such as S. flexneri IpaH 

9.8 and IpaH 4.5 have been shown to degrade the p65 subunit in the NFκB pathway, thereby 

preventing the activation of inflammatory genes (177). By targeting DDX60, NleG follows a 

similar strategy to inhibit immune activation, though a novel pathway to be found to be 

targeted in the study of bacterial effector proteins.  

Type I Interferon exists in a delicate balance in the human host, constitutive low levels of IFN 

are beneficial and, in fact, anti-inflammatory, regulating JAK-STAT signalling. Their 

dysregulation can lead to inflammatory disease. Such is their anti-inflammatory effect that 

they are artificially produced and used to treat inflammatory diseases such as Multiple 

Sclerosis (249). However, during infection, activation of Type I Interferon can lead to a pro-
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inflammatory response and the up regulation of a vast array of cytokines. For these reasons, 

both positive and negative effects of Type I Interferon during bacterial infection have been 

observed. Mouse in vivo infections with L.monocytogenes showed increased pathogenicity in 

mice deficient in interferon signalling, while survival is improved in these KO mice during S. 

typhimurium infection (250, 251). This phenotype for S.typhimurium is believed to be due to 

the inhibition of necroptosis, and thus, bacterial spread (252, 253). It is therefore debatable 

whether it is in the pathogens interest to prevent the activation of Type I Interferon, which 

appears to be the case for EPEC NleG. Further characterisation of the function of the Type I 

Interferon response during EPEC infection may shed light on this question. 

It would be ideal to investigate whether deletion and expression of NleG family members in 

Citrobacter rodentium affects pathogenesis in the mouse model of infection. EPEC NleG could 

be expressed in C.rodentium and the result of an infection compared in terms of colonisation 

dynamics, tissue specificity and neutrophil recruitment. Understanding the molecular basis of 

NleG and DDX60 in tissue culture would aid in design of this experiment and it will be vital to 

demonstrate their relevance to in vivo infection. C.rodentium infection triggers colonic crypt 

hyperplasia and elongation by an unknown mechanism (254), now that NleG 8 has been 

implicated in cell turnover it would be interesting to see whether its deletion would affect 

this phenotype. Colonisation data would also provide a straightforward indication as to 

whether it affects the overall success of the pathogenesis of C.rodentium. 

Overall characterised bacterial ubiquitin ligases have been found to target an array of 

pathways to increase virulence (Table 1) and the results of this study find that the NleG family 

has the potential to also have far reaching effects within the host cell. The successful 
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diversification and proliferation of these secreted E3 ligases is notable, and suggests that 

future investigations must pay closer attention to the role of ubiquitination in pathogenesis. 

7.3 Conclusion 

This project has made significant advances into the investigation of the largest and most 

elusive family of non-LEE encoded effector proteins in A/E pathogens and has refined 

methods for their further investigation. An additional consequence has been the 

development of our understanding of host signalling pathways which will have implications 

beyond the study of infectious diseases. The human E2 enzyme Ube2W has been shown to 

form poly-ubiquitin chains for the first time, and a new mechanism to inhibit CDC20 has been 

discovered. CDC20 inhibition is considered a prime target for future cancer therapies, due to 

its oncogenic role in breast cancer (255, 256).  

As diarrheal disease accounts for 1 in 9 deaths in children globally (257), a better 

understanding of the infection strategy of these pathogens can lead to improved healthcare 

and preventative measures. For example, discovering that EPEC actively inhibits the Type I 

Interferon response raises the question as to whether interferon therapy normally used to 

treat viral infections would also be effective against EPEC. Continued investigation of the NleG 

family is clearly warranted.   
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9.1 Materials and Methods Tables 

Ref Sequence Enzyme F/R Plasmid Insert  

BM75 GGTTCGTGACGGTGGGAGGCACAAGCTAACACGAGAACC 5'P Fwd Inverse PCR EPEC NleG P161K  

BM76 AAATGAGAAAAAGAAACCGAATCAAATAAGGTACAAACC 5'P Rev Inverse PCR EPEC NleG P161K 

BM78 CGCAACGCTCCACACAAGCTCAGCCGTGAACC 5'P Fwd Inverse PCR TUV93-0 NleG 8.1 P178K 

BM79 CTTTGCTGACAATCATTTCCGGAACAAAG 5'P Rev Inverse PCR TUV93-0 NleG 8.1 P178K 

BM80 GGCGCAATGCTTCACATAAACTCAGCCGTGAAG 5'P Fwd Inverse PCR CR NleG 8 P178K 

BM81 CTTCTTTGTGGACAATCATTCCCGGTGTAAAAG 5'P Rev Inverse PCR CR NleG 8 P178K 

CB140 GCTATGGCACAGAGCCGTGCAACCCCAT 5'P Fwd Inverse PCR NleG8.1 ABBA 

CB141 TGCACGGGCTGCCTGCAAAAAAGTATGGCC 5'P Rev Inverse PCR NleG8.1 ABBA 

BM82 CGCGGATCCGCGATGCCTATTATG BamHI Fwd pET28a CR NleG8  

BM83 GGAATTCCTCAAAGACGCGTATCCG EcoRI Rev pET28a CR NleG8  

BM130 CCCATGGGCCCTGTCATATTAAACTTTTCGAGTG NcoI Fwd pET28a NleG 8.1 Histidine tag (CT) 

BM131 CCCAAGCTTGGGAATTCTAGTGCATATATTTTGTGTGGC HindIII Rev pET28a NleG 8.1 Histidine tag (CT) 

BM40 CCGGCGAATTCATGGCACAGTCACAAGGG EcoRI Fwd pGADT7 IMMP2  

BM41 GCGCGGATCCTCATTCCTCTTCTCTCTG BamHI Rev pGADT7 IMMP2 

BM46 CCCCATGGGGATGGAAAGAAATGTTCTTACAAC NcoI Fwd pGADT7 DDX60 

BM47 CCCCCGGGGGTTAGACTTTGTTTAACTTTTCCC SmaI Rev pGADT7 DDX60 

BM50 CCCCATGGGGCAATCAAAGGTGTTCCTTGATGATC NcoI Fwd pGADT7 DDX60 CT 

BM53 CCGGCGAATTCGGCCACAGCCAGGAAGTGTGTGGG EcoRI Fwd pGADT7 CDC20 CT 

BM54 GCGCGGATCCTCAGCGGATGCCTTGGTGGATGAGGC BamHI Rev pGADT7 CDC20 CT 

BM73 CTATTCGATGATGAAGATACCCCACCAAACCC   Fwd pGADT7 
AD-LD pGADT7 Y2H hit 
sequencing 

BM74 GTGAACTTGCGGGGTTTTTCAGTATCTACGATT  Rev pGADT7 
AD-LD pGADT7 Y2H hit 
sequencing 

BM132 CCGGAATTCCGGGCGCCTGAAATCCGAAATGAC EcoRI Fwd pGADT7 CDC20 WD40  

BM133 GCGCGGATCCTCACATATTTCGAAGCCGTTTCTGC BamHI Rev pGADT7 CDC20 WD40 1&2 

BM134 CCGGAATTCCGGATGACCAGTCACTCTGCCC EcoRI Fwd pGADT7 CDC20 WD40 3&4 

BM135 GCGCGGATCCTCAAGGAACCCAGCCACCCTCTCC BamHI Rev pGADT7 CDC20 WD40 3&4 

BM101 CCGGCGAATTCATGGCACAGTTCGCGTTCGAG EcoRI Fwd pGADT7 CDC20 

BM102 GCGCGGATCCTCACACGGCACTCAGACAGGCCCC BamHI Rev pGADT7 CDC20 WD4+5 

BM103 CCGGCGAATTCGATGCCCATTCCCAGGTGTGC EcoRI Fwd pGADT7 CDC20 WD6+7 

BM5 CCGGCGAATTCATGCCAGTCATATTAAATTTTTCTA EcoRI Fwd pGBKT7 EHEC TUV93-0  NleG 8.2 Z3919  

BM6 GCGCGGATCCTTAAATACTGTTTTGTTGAAGTGGG BamHI Rev pGBKT7 EHEC TUV93-0 NleG 8.2 Z3919  

BM7 GCGCGGATCCCGATGCCTATATTTTTAAACTTCACAG BamHI Fwd pGBKT7 EHEC TUV93-0 NleG7 Z2077 

BM8 GCGCCTGCAGTTACAATGCTGTTTCTTGTTGGTCT PstI Rev pGBKT7 EHEC TUV93-0 NleG7 Z2077  

BM9 GCGCGAATTCATGCAGCCTGTAGGACTATCTAATA EcoRI Fwd pGBKT7 CR ICC168 NleG1  

BM10 GCGCGGATCCTTAACTATTTTTTATAACGAAGTTA BamHI Rev pGBKT7 CR ICC168 NleG1  

BM11 GCGCGGATCCCGATGCCTATCTTTTTAAACTTCTCCG BamHI Fwd pGBKT7 CR ICC168 NleG7  

BM12 GCGCCTGCAGTCAGTCTGTATCCAGAATTCTGAAA PstI Rev pGBKT7 CR ICC168 NleG7   

BM13 GCGCGAATTCATGCCTATTATGTTAAATTTCTCAA EcoRI Fwd pGBKT7 CR ICC168 NleG8 

BM14 GCGCGGATCCTCAAAGACGCGTATCCGACCTGGGT BamHI Rev pGBKT7 CR ICC168 NleG8  

BM15 GCGCCTGCAGTCATGAAGATAATTGAAGCATAAAATCCTG PstI Rev pGBKT7 EHEC TUV93-0 NleG 7 NT 

BM16 GCGCGGATCCTCATTTTATGACGCTCTCCTGCACAAG BamHI Rev pGBKT7 EHEC TUV93-0 NleG 8.2 NT 
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BM17 GCGCGGATCCCGATGCCATTAACCTCAGATATTAG BamHI Fwd pGBKT7 EHEC TUV93-0 NleG 2.3  

BM18 GCGCCTGCAGTCATTGTGCTTCACCTGAGTCCGAAAG PstI Rev pGBKT7 EHEC TUV93-0 NleG 2.3 NT 

BM19 CCGGCGAATTCATGCCTGTTACCACCTTAAGTATC EcoRI Fwd pGBKT7 EHEC TUV93-0 Nle6.1  

BM20 GCGCGGATCCTCAAAAATAGTTATTAACACTACTTAA BamHI Rev pGBKT7 EHEC TUV93-0 Nle6.1 NT 

BM21 GCGCGGATCCCGATGCCTGTAGATTTAACGCCTTAT BamHI Fwd pGBKT7 EHEC TUV93-0 NleG 5.2  

BM22 GCGCCTGCAGTCATTCGAGCATCTCAATTTCACGCAG PstI Rev pGBKT7 EHEC TUV93-0 NleG 5.2 NT 

BM23 GCGCGGATCCTCAGGGTGCATTTTCTTGTTGCTGTAG BamHI Rev pGBKT7 CR NleG1 NT 

BM24 GCGCCTGCAGTCACAATTGAAGCATAAAATCTCGAGACAC PstI Rev pGBKT7 CR NleG7 NT 

BM25 GCGCGGATCCTCAATTTCTGACACTTTCCTGCAAAGGCGG BamHI Rev pGBKT7 CR NleG8 NT 

BM28 GCGCCTGCAGTCAATTACCCTTTATAATGAAGTT PstI Rev pGBKT7 EHEC TUV93-0 NleG 2.3  

BM29 GCGCCTGCAGTTAATTTTTTAAAACGAAGTTACC PstI Rev pGBKT7 EHEC TUV93-0 NleG 5.2  

BM30 GCGCGGATCCTCACTTACAACAAAAAGCTTCTCT BamHI Rev pGBKT7 EHEC TUV93-0 NleG 6.1  

BM31 GCGCGAATTCATGCCATCATTAGTTTCAGG EcoRI Fwd pGBKT7 EPEC E69 NleG 

BM32 GCGCGGATCCTCATTGTGTGTTACCTGAACC BamHI Rev pGBKT7 EPEC E69 NleG NT 

BM84 CGCGGATCCGCGATGGCACAGTTCGCGTTCG BamHI Fwd 
pGEX-GST and 

pRK5 
CDC20 

BM85 GGAATTCCTCAGCGGATGCCTTGGTGG EcoRI Rev 
pGEX-GST and 

pRK5 
CDC20 

BM86 CGCGGATCCGCGATGGCCCAATTTGCC BamHI Fwd 
pGEX-GST and 

pRK5 
CDC20 Lysless 

BM87 GGAATTCCCTACCTAATCCCCTGATG EcoRI Rev 
pGEX-GST and 

pRK5 
CDC20 Lysless 

BM104 TGCGGCCGCAAATACTGTTTTGTTGAAGTGGG NotI Rev pRK5 NleG 8.2 

BM111 GGGTACCCCGCGCGCGAATTGTCGAAGCTTGGC KpnI Rev pRK5 NleG 8.1 2HA 

BM112 CCCCCGGGGGATGCCAGAAAGCTCTAGAGATAAG XmaI Fwd pRK5 yCDC20 

BM113 GCTGCAGCTCACCTGATCAAATATTGG PstI Rev pRK5 yCDC20 

BM35 GGAATTCCATGCCATCATTAGTTTCAGG EcoRI Fwd pSA10 EPEC E69 NleG  

BM36 TGCTCTAGAGCACTTATCCTTTATGAC XbaI Rev pSA10 EPEC E69 NleG  

BM89 GGGTACCCATGCCTGTCATATTAAACTTTTCG KpnI Fwd pYES2 NleG8.1 2HA 

BM90 GCGCGGATCCCGCGCGCGAATTGTCGAAGCTTGGC BamHI Rev pYES2 NleG8.1 2HA 

Table 9. Table of primers used in this study. CR: C.rodentium; 5’P: 5’ Phosphorylated and 

ligated by T4 Polynucleotide Kinase; yCDC20: yeast CDC20; F/R: Forward or Reverse Primer  
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Constructs used in this study Selection Marker Source 

pEF-BOS:ddx60 Ampicillin Gift from Tsukasa Seya 

pET28a:nleG Kanamycin This study 

pET28a:nleG P161K Kanamycin This study 

pET28a:nleG8.1 Kanamycin This study 

pET28a:nleG8.1 CT His tag Kanamycin This study 

pET28a:nleG8.1 P178K Kanamycin This study 

pET28a:nleG8.1 P178K CT His tag Kanamycin This study 

pGADT7:cdc20 WD40 Ampicillin This study 

pGADT7:cdc20 WD40 1&2 Ampicillin This study 

pGADT7:cdc20 WD40 3&4 Ampicillin This study 

pGADT7:cdc20 WD40 4&5 Ampicillin This study 

pGADT7:cdc20 WD40 6&7 Ampicillin This study 

pGADT7:cdc20 Y2H CT Ampicillin This study 

pGADT7:cullin4A Y2H Ampicillin This study 

pGADT7:ddx60  Ampicillin This study 

pGADT7:ddx60 CT Ampicillin This study 

pGADT7:ddx60 Y2H Ampicillin This study 

pGADT7:immp2 Ampicillin This study 

pGBKT7:CR nleG 1 Kanamycin This study 

pGBKT7:CR nleG 1NT Kanamycin This study 

pGBKT7:CR nleG 7 Kanamycin This study 

pGBKT7:CR nleG 7NT Kanamycin This study 

pGBKT7:CR nleG 8 Kanamycin This study 

pGBKT7:CR nleG 8NT Kanamycin This study 

pGBKT7:nleG Kanamycin This study 

pGBKT7:nleG 2.3 Kanamycin This study 

pGBKT7:nleG 2.3NT Kanamycin This study 

pGBKT7:nleG 5.2 Kanamycin This study 

pGBKT7:nleG 5.2NT Kanamycin This study 

pGBKT7:nleG 6.1 Kanamycin This study 

pGBKT7:nleG 6.1NT Kanamycin This study 

pGBKT7:nleG 7 Kanamycin This study 

pGBKT7:nleG 7 Kanamycin This study 

pGBKT7:nleG 8.1 Kanamycin This study 

pGBKT7:nleG 8.1NT Kanamycin This study 

pGBKT7:nleG 8.2 Kanamycin This study 

pGBKT7:nleG 8.2NT Kanamycin This study 

pGBKT7:nleG P161K Kanamycin This study 

pGBKT7:nleG8.1 P178K Kanamycin This study 

pGBKT7:nleG8.1NT ΔABBA Kanamycin This study 

pGBKT7:nleGNT Kanamycin This study 

pGEX6P2:cdc20 Ampicillin This study 

pRK5-HA:nleG  Ampicillin Previous study - Frankel lab 
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pRK5-HA:nleG 2.3 Ampicillin Previous study - Frankel lab 

pRK5-HA:nleG 5.2 Ampicillin Previous study - Frankel lab 

pRK5-HA:nleG 6.1 Ampicillin Previous study - Frankel lab 

pRK5-HA:nleG 7 Ampicillin Previous study - Frankel lab 

pRK5-HA:nleG 8.1 Ampicillin Previous study - Frankel lab 

pRK5-HA:nleG 8.2 Ampicillin Previous study - Frankel lab 

pRK5-Myc:gfp Ampicillin This study 

pRK5-Myc:nleG  Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 2.3 Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 5.2 Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 6.1 Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 7 Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 8.1 Ampicillin Previous study - Frankel lab 

pRK5-Myc:nleG 8.2 Ampicillin Previous study - Frankel lab 

pSA10-HA:nleG  Ampicillin This study 

pVenus:cdc20 Kanamycin Gift from Jonathan Pines 

pVenus:cdc20 Lysless Kanamycin Gift from Jonathan Pines 

pYES2:CRnleG8 Ampicillin This study 

pYES2:nleG7 Ampicillin This study 

pYES2:nleG8.1 Ampicillin This study 

pYES2:nleG8.1 P178K Ampicillin This study 

pYES2:nleG8.1 ΔABBA Ampicillin Cloned by Cedric Berger 

pYES2:nleG8.2 Ampicillin This study 

Table 10. Table of constructs used in this study. CR: C.rodentium  
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Strains used in this study Description Source 

EHEC O157:H7 TUV93-0 Wild type EHEC EDL933 with Stx deleted Frankel lab 

C. rodentium ICC168 Wild type C. rodentium Frankel lab 

EPEC O127:H6 E2348/69 Wild type EPEC Levine 1978 

EPEC O127:H6 E2348/69 ΔnleG EPEC deletion mutant NleG Frankel lab 

S. cerevisiae AH109 MATa mating type with reporters Clontech 

S. cerevisiae BY4741 MATa his3∆0 leu2∆0 met15∆0 ura3∆0 Clontech 

Table 11. Table of strains used in this study 
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9.2 Letters Requesting Permission to Reproduce Figures 

***Awaiting Response*** 

Dear [Copyright holder’s name], 

I am completing my PhD thesis at Imperial College London entitled ‘Characterisation of the 

pathogenic Escherichia coli Type Three Secretion System Effector NleG’. 

I seek your permission to reprint, in my thesis an extract from: (Paper) The extract to be 

reproduced is: (Figure) 

I would like to include the extract in my thesis which will be added to Spiral, Imperial's 

institutional repository http://spiral.imperial.ac.uk/ and made available to the public under a 

Creative Commons Attribution-NonCommercial-NoDerivs licence. 

If you are happy to grant me all the permissions requested, please return a signed copy of this 

letter. If you wish to grant only some of the permissions requested, please list these and then 

sign. 

Yours sincerely, 

Bevin McGeever 

PhD Student 

MRC CMBI 

Imperial College London 

  

Permission granted for the use requested above: 

I confirm that I am the copyright holder of the extract above and hereby give permission to 

include it in your thesis which will be made available, via the internet, for non-commercial 

purposes under the terms of the user licence. 

Signed: 

Name: 

Organisation: 

Job title: 

 

 


